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Abstract. The improvement of cloud modelling for global amedional climate and weather studies requires ceh@nrsive
information on many cloud parameters. This infoiorais delivered by remote observations of cloudsnf ground-based
and space-borne platforms using different methodspocessing algorithms. Cloud liquid water patWp) is one of the
main obtained quantities. Previously, the measunésnef LWP by the SEVIRI and AVHRR satellite instrents provided
the evidences of the systematic differences betu®¢R values over land and water areas in Northemofe. An attempt
is made to detect such differences by means ofngibased microwave observations performed neacdhstline of the
Gulf of Finland in the vicinity of St.Petersburgu$ia. The microwave radiometer RPG-HATPRO loc2t&km from the
coastline is functioning in the angular scanningdmand is probing the air portions over land (ata&fion angle 90°) and
over water area (at 7 elevation angles in the rahg§&30°). The problem of the LWP horizontal geadi detection is
examined in the measurement domain: the brighttesperatures of the microwave radiation measuredifégrent
elevation angles in the 31.4 GHz and 22.24 GHztsplathannels are analysed and compared with tiresgonding values
which were calculated under the assumption of bated homogeneity of the atmosphere. Several dpewdses, selected
on the basis of the analysis of the satellite olzg@ms by the SEVIRI instrument were consideredetail including: clear-
sky conditions, the presence of clouds over théoraeter and at the same time the absence of clouesthe Gulf of
Finland, and overcast conditions over the radiomeste over the opposite shore of the Gulf of Fidlafhe influence of the
land-sea LWP difference on the brightness temperatalues in the 31.4 GHz spectral channel has Hesronstrated and
the following features have been detected: (1ngarfering systematic signal is present in the EH¥ channel which can

attributed to the humidity horizontal gradient; @puds over the opposite shore of the Gulf of &l mask the LWP

gradient effect.Preliminary results of the retrieval of LWP overteraby statistical regression method applied to the

microwave measurements by HATPRO in the 31.4 GH¥ 2224 GHz channels are presented. The monthlyaged

results are compared to the corresponding valuégediefrom the satellite observations by the SEViitrument and from
the reanalysis data. The SEVIRI and the HATPRQ umsénts detect positive LWP land-sea gradientsnduall seasons but
the magnitude of the gradient detected by the gidased instrument is considerably smaller thaaatied by the satellite
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instrument. The LWP gradients provided by HATPR@ aeanalysis during warm season are in a very gavdement.
During cold season in contrast to the SEVIRI and HATPRO data, the reanalysis data demonstratetinegaWP
gradient.

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

horizontal gradients of atmospheric parameters

1 Introduction

The improvement of global/regional climate/weatfoeecasting models requires comprehensive infolnatin 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
Terray (2014) analysed the role of soil-atmospheteractions, cloud-temperature interactions amtldsea warming
contrast in summer European climate change. Higblugon regional climate models were used (25 kvith a good
realism of orography and coasts that could helpeducing the biases in local climate existing in-i@solution GCM
simulations. The study by Fersch et al. (2019) been 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 ok@way
coupled approach and assessed the impact of hgitalaoupling with respect to a traditional regibatmospheric model
setting. One of the important parts of the clim&tstem is cloud cover. Its variations significar@nd immediately) alter
the heat balance of the earth’'s climate systemnohoarrly time scale, but their effects are profofimin 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 gemo summer
temperature is partly explained by changes in sunmttaidiness. Europe has become less cloudy (exuapheastern
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 eitheritportant local factor influencing the summenperature changes in
Europe or a major indicator of these changes.

Clouds, as an important climate influencing factme described by a large number of parametersiafonand
macro-physics. Cloud liquid water path (LWP) is a@fi¢he main quantities being a measure of thd mtss of the liquid
water droplets in the atmosphere above a unit serdaea 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 usfifgretit methods
and processing algorithms. The principal space-tenhniques are based on the derivation of LWR freeasurements of
atmospheric self-emitted microwave (MW) radiatianfamm measurements of the reflected sunlight sibke and near-

infrared ranges. The MW satellite sensors perfoi¥PLmeasurements during day and night but only asater areas since

YnaneHo: Preliminary results
of the retrieval of LWP over
water by statistical regression
method are presented. These
monthly averaged results are
compared to the correspondi
values derived from the
satellite observations by the
SEVIRI instrument. The
agreement between satellite
and ground-based results is
very good for warm season in
terms of temporal behaviour i
systematic difference is
neglected.
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the emissivity of the land surface is highly val&@abrhe advantage of the satellite instruments ihégister the reflected
solar radiation in visible and near-infrared rangethe ability to make observations over wateaarand land surface as
well (however only in the day time). Two instrumewf this type are well-known: SEVIRI (Spinning Emced Visible and
InfraRed Imager) and AVHRR (Advanced Very High Ration Radiometer). The description of the inforioatproducts
delivered by these instruments and relevant tocciyoperties 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 arténaaeas in Northern Europe. The data from the RRHnstrument
were used for compiling regional cloud climatolofpyr the Scandinavian region (Karlsson, 2003). Asilyof 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 stalitimeof near-surface
layer of the troposphere over water bodies duértoamling by the cold fresh water from melting sndrhis explanation is
in a good agreement with the fact revealed lateh@nstudy by Kostsov et al. (2018b): the land-geslient of the mean
LWP values detected by the SEVIRI instrument in\tleénity of St.Petersburg (Russia) for the colds®@n was noticeably
lower than for the warm season. St.Petersburgcatéa 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 tve-year period of
2013-2014 was about 0.040 k¢?fmvhich was about 50 % relative to the mean valer tand.

In general, the investigation of cloud propertiesttie coastal zones is an interesting and impotsk due to
presence of specific atmospheric processes, fangbeasea breezes, which are able to generate cldbésclimatological
study of the impact of sea breezes on cloud tymesdone by Azorin-Molina et al. (2008) for the airethe southeast of the
Iberian Peninsula (province of Alicante, Spain) dod the 6-year period (2000-2005) based on clobdeovations at
synoptic station. The authors of mentioned studglesize that their findings are site-specific amougd be similar to other
coastal locations, however, cloud formation assediavith sea breezes is also influenced by geograpphysical,
meteorological, hydrological and oceanic factofserEfore 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 andamanfrared ranges are very sensitive to the olagiemal
conditions. There are specific requirements to $H\Wbservations: measurements are restricted fiestsunrise and before
sunset when the solar zenith angle (SZA) is togelamherefore, all SEVIRI measurements when SZA gvaater than 72°
were excluded from consideration in the studiesRbgbeling et al. (2008) and Kostsov et al. (2018is).a result, in the
latter study devoted to the LWP measurements dt kitudes (60°N) no measurements during wintentim® December
and January could be selected for analysis, andidh@er of measurements selected in February atabkufor analysis
was very small. Besides, the problem of the misgmetation of measurements in winter over the soowered and ice-

covered surfaces with high reflectance should betimeed (Musial, 2014; Kostsov et al., 2019). $& tonsidered satellite
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observations are impossible in the night time, inter at Northern latitudes, and there may be mwislin winter in the day
time over the snow- and ice-covered surfaces. Toerein the present study an attempt was madeéntb & kind of a
supplement to satellite measurements in a coastalia the form of detection of the land-sea LWRd@gnts by means of
ground-based microwave observations. The conceffieseE measurements is straightforward: a radiomdtieh is located
close to a coastline can probe the air portions ¢ased and water surface if it works in the angudaanning mode at
appropriate direction. Microwave measurements carcdrried out during all seasons, day and nightluging rain and
strong snowfall conditions. Ground-based MW measerdgs characterise only the local scale LWP distidns in the
close vicinity of the observational point, and tlsigheir disadvantage if compared to satellite sneaments. However they
can provide the important information on the dilrogcle of LWP over land and water surface with tigmporal
resolution, and also they can be used for validatiosatellite data on LWP obtained for the coasttirea near the ground-
based validation point. The RPG-HATPRO microwaveiagmeter, which is functioning at the observatiosaé of the
Faculty of Physics, St.Petersburg State Univel®iyssia), perfectly suits the requirements to tkgegment 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 nésuwhile doing routine observations.

The idea to use ground-based microwave radiométetee angular (elevation and azimuth) scanning entm
detecting horizontal gradients and for plotting sag atmospheric parameters is not new. The 22reHaradiometer
MICCY (Microwave Radiometer for Cloud Carthograplwijh high temporal (1 s) and spatial (antenna b&anresolution
and scanning possibilities in horizontal (0-3607) aertical (0-90°) planes was designed for mappingds (Crewell et al.,
2001). It should be noted that this radiometerasgportable and can be used for mobile measurem@mbther instrument
is a 10-channel ASMUWARA, the All-Sky MUIti WAvelgth Radiometer. It is a system designed for tropegp
monitoring and it is able to observe the sky in diflections with an angular resolution of 9° (Martt al., 2006a).
Retrieving maps of integrated water vapour andidiguater is one of the purposes of this instrum&he examples of these
maps can be found at http://www.iapmw.unibe.chaeg®@projects’ASMUWARA/online/, last access: 15 Map19. A
description of the LWP retrieval algorithm, LWP skaps and corresponding photographs of the skyresented in the
article by Martin et al. (2006b). A short overvi®efvangular scanning observations of cloud liquiatev by ground-based
MW radiometers can be found in the article by Weséw et al. (2004). Also, the tomographic appraacthe retrieval of
LWP should be mentioned which is based on MW ols@ms in angular scanning mode from moving platf®r air-
borne and ground-based. This approach was firgtgsed in the 1980s. Huang et al. (2010) demonsdtthe feasibility of
tomographically retrieving the spatial structurectfud liquid water using current microwave radidrneetechnology and

provided several general guidelines to improvertifield-based studies of cloud tomography.

It should be mentioned that microwave radiometems e@apable to provide the information on the spatia
inhomogeneity not only of LWP but also of air huityd Schween et al. (2011) have shown the potenofia single full-
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scanning MW radiometer RPG-HATPRO for detectingzwrtal water-vapour variability. They demonstratiedt applying
a simple linear-gradient model together with aruased vertical profile derived from the closest estinde ascent, the
strength and direction of the horizontal-humiditadjent can be determined with a temporal resailuéibout 15-20 min.
Meunier et al. (2015) performed simulated experitmefor retrieving two-dimensional water vapor figeldising a
tomographic approach and multiple ground-based Mwometers. The goal of the mentioned study wésuestigate how
the various aspects of the instrument setup (nunalper spacing of elevation angles and of instrumemisnber of
frequencies, etc.) affected the quality of theiegtd field. Stahli et al. (2011) have proposedraaging method for both
water vapour and liquid clouds which used grounsebaobservations by the SPIRA ground-based MW natier
operating at 91 GHz by continuously scanning thealer a range of elevation angles in a fixed atindirection. Marke et
al. (2020) studied the influence of a heterogendmnd surface on the spatial distribution of atniesfc water vapor: they
used ground-based remote sensing measurementtegfaited water vapour (IWV) by a microwave radicanédATPRO
during clear sky conditions at 30° elevation ar{f§ié azimuth scans with 10° step).

While the above mentioned studies considered thergéproblem of LWP mapping by means of MW obsgows,
the present study deals with the specific taskstess feasibility of detecting LWP horizontal ggats in the coastline area.
We emphasize that the retrieval of LWP over land w&ater surface in the vicinity of the radiometeddhe analysis of an
error budget is not the primary goal of our studyorder to get insight into typical qualitativeatares of the LWP land-sea
gradient in the vicinity of the radiometer and deritify the main problems relevant to quantitaivalysis of measurements
and to the solution of the inverse problem of th&R_retrieval over water area using MW angular scares start the
investigations by focusing the research on the oreasent domain. We examine the results of briglsttemperature
measurements in several spectral channels of themater and at several elevation angles in oléaentify the evidences
of the land-sea LWP gradient just in the measurethfity, i.e. MW radiation. The analysis is doneddferent seasons. To
our opinion, such an approach, while being reldigmple, is an efficient way to highlight the magioints which require
thorough investigation. Nevertheless, we also prteseme preliminary results of the LWP retrievalerowater surface.

To the extent of our knowledge, the studies devatethe detection of horizontal inhomogeneitiesatthospheric
parameters from ground-based passive microwaveurgzasnts are not numerous and ours is the firsingtt to solve the
specific problem relevant to the investigationtoé LWP gradient in the coastline area. Therefoeedecided that it would
be reasonable to present the step-by-step analiylie problem starting from the considerationha forward problem and
to demonstrate the complexity of the task that§aeeWe used the classical approach to the solutionwdrse problem of
atmospheric optics: analysis of the forward probtamthe basis of simulations, analysis of measgrehtities for several
test cases, tuning the retrieval algorithm, praogsshe experimental data with the help of thisoalhm, and the
comparison of the results to the independent ddtiough the concept of using angular measurenmtentharacterize water

vapor and liquid water path gradients is feasittiéepractical applications are very difficult duethe high variability of the
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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 imging temperature
retrievals in the lower layers rather than for suvthe problem of the LWP gradient detection. Heare we managed to

apply these measurements to the task under coasateand got promising results.

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

2.1 General formulation of the problem

The 14-channel RPG-HATPRO radiometer (Radiometeysieh GmbH — Humidity And Temperature PROfiler,
https://www.radiometer-physics.de/; last accesdia® 2019) is mounted on the top of the metal toaeithe roof of the
building of the Institute of Physics, St.PetersbB8tagte University, 59.88107°N, 29.82597°E, 56 nl.ale integration time
of an instantaneous measurement of atmospherialsigrl s. The sampling interval depends on opmratiode. 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 sgaimndone in the North-East direction with thenath of 24.7°.

Seven spectral channels located in the 0.5 cm exydsorption band (51.26, 52.28, 53.86, 54.94,6(656.30,
58.00 GHz) provide the information on atmospheeimperature profile, and seven channels locatetiarcéntre and the
wing of the 1.35 cm water vapour line (22.24, 23.23.84, 25.44, 26.24, 27.84, 31.40 GHz) provide itfformation on
atmospheric humidity profile and cloud liquid wateath. Zenith measurements are processed by thg-pardmeter
retrieval algorithm based on the optimal estimatizethod (Kostsov, 2015). Previously, the result\WP retrievals were
validated and the error analysis was made (KostsaV., 2018a). Zenith and angular measuremerteritbination are also
processed by the built-in quadratic regressioriengt algorithm developed by the instrument mantufier. Both optimal
estimation and regression algorithm independentlyvige the vertical profiles of temperature, absmland relative
humidity, integrated water vapour, and the cloggiiti water path. It is important to emphasize that angular scans are
used only for temperature retrievals in order tgriove the results at the boundary layer altitudéss is a common
procedure for radiometers of this type. The “terapime channels” are optically thick and, as a teghe angular
measurements are not affected by horizontal inh@meigies 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 thestime is 2.5 km along the horizontal viewing diten. The horizontal line
of sight crosses the opposite coastline of the Guinland at 18 km distance from the radiometerd at the 22-26 km
distance it passes over the lake Sestroretsky \R&84te radiometer is located at about 25 km distefnam the city centre

(St.Petersburg) and at about 50 km distance frenméarest radiosounding station (Voeikovo, WMO &D&3).
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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 viewingrgetry in the vertical plane is shown in Fig. 2. Tadiometer is remotely

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

Different spectral channels have different respaiasthe 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 thamhel in the so-called “transparency window” (31GH8z) provides the
information on LWP. In order to demonstrate that thWP channel” is transparent enough in the ergtraospheric 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 thlewations we took the
profiles of temperature and humidity which are ¢gbifor warm and humid days in July in St.Petergbregion. The
integrated water vapour was 31 kif.nithe LWP of the modelled cloud was equal to 0.4riéwhich 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 nuseelx1.8 for the
smallest elevation angle at a horizontal distarfce8ckm from the radiometer which is the oppositers of the Gulf of
Finland and about 10 km inland. At the oppositestioge which is 18 km from the radiometer, the opltidepth reaches a
value of about 1 in its maximum. The obtained resléad to the important conclusion: clouds inltyer 2-4 km over the
opposite shore of the Gulf of Finland at about B0fkom the radiometer are detectable at small é@vaangles (4.8° —
8.4°). In case such clouds are present, the detecfi LWP land-sea gradient for clouds in the lowsrers will become

rather complicated task.

The measured atmospheric microwave radiation isstergd as a set of brightness temperature valyes
corresponding to observations at spectral chamwigtiscentral frequencieg and elevation angles and will be designated
as Ty, Brightness temperature values which are caladilede any given set of atmospheric parameters vélldesignated
below asT,.. Data processing was done according to the afgonivhich is shown in Fig. 4. The setTy, is the basic input
to the processing and analysis but zenith and angbservations 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 ane tised for calculation of brightness temperatutaesacorresponding to
elevation angles of angular scans under the assumpit horizontal homogeneity of the atmosphereth& next step these
calculated values are compared to correspondingsumed values. The difference between measured alwilated

brightness temperatures is taken as a main qudatignalysis:
DTB (V,G’) :Tbc(vaa) _Tbm(v!a) (1)
This guantity can be considered as a sum of seterrak:

DTB(V!a) = Dg (V!a) + DTq(V!a) + Derr(V!a) ’ (2)

rad
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whereDgq iS the brightness temperature difference whicHiisctly caused by the difference between LWP afcaud
above the radiometer and LWP of a cloud observédeaglevation angle. For simplicity, this term will be referred below
as the LWP gradient signabq, is the brightness temperature difference causedhbyhorizontal inhomogeneity of
temperature and humidity. The teBg, is the interfering signal stipulated by errors amdertainties of different kind. First,
we point at the errors in retrieved profiles of agpheric parameters which are used for calculabbii,. 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 consitlerexample case with a humidity profile errort ue 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. [foaiulateT,. for zenith direction using the true and the reetk profile
the difference between the obtain@g. values will be small and comparable to the randemor of microwave
measurements and tfig. value will be very close td,,, value. However, if we calculafig for small elevation angles using
the “erroneous” profile and compare it to the cspandingTy,, value, this difference can be noticeably highee tiuthe
considerable increase of optical path through dlgerls where the retrieved profile has errors. Inexample case, the result
would be the overestimation @f,, by T,.. Here, one important note should be made: théevetr errors for profiles have
random and systematic components (the latter isethmainly by a priori information used for retaés). As a result, the
term D¢, might consist of both components also. The pogngmor (elevation angle error) can be anothercof Dy,
which is important for small elevation angles. Aléor small elevation angles, the surface emissmberference can take
place through side lobes of the antenna patternrenAdonsidering small elevation angles, one shoekpkin mind the
uncertainty of refraction calculations stipulatedthe uncertainty in the vertical and horizontatdbution of atmospheric
humidity.

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 observatiaome elevation
angle. We consider two cases: a cloudy atmosphete@aloud-free atmosphere (temperature and huradé assumed to
be the same). In the cloudy case, the radiatiam frold upper atmospheric layers is considerablpdiesi by a cloud, at the
same time a cloud itself is a strong emitter ofdiation. As a result, an instrument registersréiation 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 demse the lower layers. Hence in a clear sky caseribsured 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 eingeelling
radiation are. So the measured brightness temperédt clouds with low LWP will be smaller than folouds with high
LWP.

For characterisation of a magnitude of the LWP igraidsignalDy.q We present Fig. 5b where we modelled the

atmospheric situation with the LWP land-sea diffiee= According to LWP measurements by the SEVIRtriiment in
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2013-2014 in the vicinity of St.Petersburg, the mé&VP over the HATPRO radiometer site was 0.080rikg and the
mean LWP over the river Neva bay was 0.040 Kg(Kostsov et al., 2018b). We modelled 2D radiatremsfer for ground-
based measurements using these values and dispdsirts within 1-2 km and 3-4 km altitude layerseTartificial cloud
with LWP=0.080 kg nf was placed over the radiometer location and ttificial cloud with LWP=0.040 kg Mi was placed
over the entire water area and over the opposideeshf the Gulf of Finland. Annual mean profilesppéssure, temperature
and humidity for St.Petersburg region were takea ascessary input for calculations and and thenagion of horizontal
homogeneity of these parameters was used. FighdWssthat, as expected, the 31.4 GHz channel fmfatbest LWP
gradient signal which reaches 14-16 K for the sesalelevation angle. The signals in the 22.24 Ghid 91.26 GHz
channels, which are shown for comparison, do noeeda 6 K. The signal at 51.26 GHz is nearly zercfoallest elevation
angle because of its high opacity if compared tweotonsidered channels. For 31.4 GHz and 22.24 Gtdmnels, the
signal is higher when the cloud is located withid Bm layer than in case of lower cloud, but thi$edence is not large
(about 2 K).

2.2 Modelling of measurements in the atmosphere witscattered clouds

Fig. 5b refers to an overcast atmospheric situatibich is the simplest but idealised case for eiiom of the magnitude of
the LWP gradient effect in the measurement domainrder to be closer to reality, we simulated $battered clouds over
land and sea in the vicinity of the radiometer g@arMonte Carlo method. The observational plane Fsg. 2) was extended
and divided into cells (two rows, each row contdidecells of the 12x3.25 km size) located over Gf of Finland and
two opposite shores. In each cell, the random numererator produced the values of the followinmudl parameters: the
vertical extent (0.3-2 km, uniform distribution)pitizontal size (0.5-5 km, uniform distribution);etleloud placement within
a cell (uniform distribution); LWP (lognormal digiution). It should be emphasized that the avertag@zontal size of
generated clouds was much smaller than the sitieeofvater body under investigation. While modellthg LWP values,
we considered two situations: one with the existifgP land-sea gradient and another without suchadignt. The mean
LWP values for the first situation were the saméa&en previously for overcast conditions: (0.08 &r04 kg rif for land
and sea correspondingly). For the second situatfienmean LWP value was taken as 0.08 Kgeverywhere. The number
of generated cases was about 165000. Every instoua cloud spatial distribution was combined vatte set of the
meteoparameter profiles (temperature, pressurehanddity). For these meteoparameters, the assamputi horizontal
homogeneity was used. The sets of profiles weraimdd in the course of 2 years of observations gy HATPRO
radiometer (2013-2014) with the sampling intervédl2omin. As a result, we obtained a statistical eenisle which

characterised all seasons.

The important issue which should be discussed sptcial attention is the influence of the instrutrigeid-of-

view (FOV) on the interpretation of the off-zenitteasurements. The 22 and 31 GHz channels are lgptieasparent even
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for small elevation angles. If the vertical distriions of atmospheric parameters within FOV at dage 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 oatkter. Possible
configurations of the observational geometry inecas scattered clouds are illustrated in Fig. Ae@an see that small
clouds may appear entirely within FOV of the radéten (as shown in Fig. A for the cloud over the agife shore). Some
clouds may be missed by observations due to tbedation in between the lines-of-sight (LOS) corwesting to different
elevation angles. Two or more scattered clouds fahjynto FOV. Moreover, one cloud may be detedbeth in zenith and

off-zenith observations.

Fig. A demonstrates the large variety of atmospghstuations. Obviously, for scattered clouds ikegno sense to
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 measuremerysimierms of mean values obtained by averagingr éarge amount
of data. Fig. B presents the statistical distrimosi of simulated brightness temperatures at 31.4 @ four elevation
angles. For each angle two situations are considenge with existing LWP land-sea gradient and laotvithout such
gradient. The input data for radiative transfeccakdtions were the Monte Carlo simulations of sati clouds described
above. One can see from Fig. B that for all angikesdistribution “with gradient” is shifted towardsnaller brightness
temperature values if compared to the distributiatithout gradient”; however this effect is less poanced for the

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

In order to estimate the component in measuredtiiyawhich is related to the LWP land-sea gradieffect, we
analyse the difference between the mean valu€g, datasets which were calculated for situations euithand with the
gradient. This difference is equivalent to thg,q values shown in Fig. 5b and presents a measutieeofuseful signal”
relevant to the LWP gradient contribution. Therefore use the same designation of this differendeshow it in Fig. C as
a function of the elevation angle. One can sealthenatic contrast to the overcast case (see F)g.Falp scattered clouds,
there is no increase of the useful signal for senalevation angles. Contrariwise, fDg.q values for elevation angles 11.4°
and 14.4° are lower than for the angles 19.5° &fd Bhe sharp decrease D4 at 11.4° is explained by the influence of
high LWP of the clouds over the opposite shorenefwater body.

In order to assess if the instrument FOV affecésrttagnitude of the useful signal, we present in €igheDgy.q values
which were calculated for infinitely narrow beanditi, i.e. neglecting FOV. The results show thatghae no considerable
differences between the cases “accounting for F@w! “neglecting FOV”. One should keep in mind that compare the

results which were obtained by averaging of a \erye number of individual measurements.
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However the effect of FOV exists and it is illuséd by Fig. D which shows the statistical distribotof the
difference between the brightness temperature médaneglecting FOV and the brightness temperatot@&ed accounting
for FOV. We suggest that this difference is a measthich 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 depecel of the systematic component on the elevatigieacan be seen. In
contrast, the random component, which is charaeérby the standard deviation, increases for snelBeation angles. The
obtained values of the random component can be fasdtie estimation of a minimal number of individumeasurements
which should be sampled in order to suppress cerdidly the influence of FOV. For example, for ac@tsisting of about
600 individual measurements, the random comporfathiecerror 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 thatdcattered clouds it makes no sense to comparke sirgith and off-zenith
observations since the LWP gradient signal is @eenvalue under such conditions. Second, for aesfagiantities, the
magnitude of the component of measured signal mhéted by the LWP land-sea gradient (useful sigimdase of scattered
clouds is rather small and therefore one can exgiffidulties in detecting it, especially takingtinaccount the presence of a
large number of interfering factors. Third, thetinsent FOV affects the results of the off-zenithasurements in case of
scattered clouds by introducing additional noisesystematic component is small and averaging ssral hundred cases
can minimise its random component. So the assumptioinfinitely small beam width can be used forogessing

measurements if the analysis is done for averagadtiies.

JThere isstill an emerging question: to what extent the signalveeit to_horizontal inhomogeneity of LWByaq . -
interferes with signal®rq andDe. In order to obtain the most realistic assessroktite magnitude of the latter signals we
decided to analyse the results of angular scanshaliive been made during several cloud-free dagigad 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 stefjosebsolving inverse
problems in many studies. Analysis in the measunerdemain can be especially useful when considetirgg multi-

parameter inverse problems which physically arpaed. The solution of such problems implies thgieation of a priori
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information which can affect the result to a gresttent. Besides, in case multiple parameters drieved simultaneously,
their retrieval errors are coupled in a complex walese two factors can make the analysis in theailo of sought
parameters difficult and ambiguous. Therefore wartswith the analysis in the measurement domain Hetter
understanding of the useful and interfering sign&sce clouds are atmospheric objects which amracherised by
extremely large spatial and temporal variabilitydaince the experimental setup and geometry weteopiimised for
considered task, the model simulations should biéee by comparison with experimental data. In iéidd, the theoretical

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

We analysed measurements which were made durirgyetitf atmospheric situations. These situations welexted -~

v o e e e ey I e e A T Yy A A e T Ty SR e D e R Y

on the basis of space-borne measurements of LWHiuicinity of St.Petersburg by the SEVIRI instembwhich 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) comparedethdts of LWP measurements made by SEVIRI for twougd pixels:
the one which is the nearest to the position of HREPRO radiometer and the other which is the niedgining pixel but
located over the Gulf of Finland just to the Nooththe radiometer. Measurements during four dayswealysed (6 May

2013, 6 June 2013, 5 October 2014 and 11 Octobb#)20hen large differences between LWP over lardl sea were

detected. In the present study, the consideratfoonty two mentioned pixels is not sufficient. Whéme atmosphere is

observed by the radiometer at small elevation angdlee air portions over the opposite shore ofGlodf of Finland will

make a contribution to measured radiance. Thergetbeedistributions of clouds in pixels 241 and Z&8 shown in Fig. 1)

should be taken into account as well as in pixdB @he radiometer location) and 242 (the Gulf wfldnd). Analysing the

SEVIRI LWP data in four pixels, we tried to findetifiollowing long lasting atmospheric situations:

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

B) A cloud-free atmosphere is in all pixels except ahehe radiometer location. This situation is Hestassessing the
Dgraaterm in the expression (2) during the most favbler@bservational conditions (without backgrourghai formed
by the clouds over the opposite shore of the Guficland).

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 makete concerning the accuracy of calculationthefbrightness
temperature difference. These calculations usetdtmperature, humidity and cloud liquid water pesilretrieved from
zenith observations as an input. It is well knowattthe ground-based microwave method has rathergpatial 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 helDOFS calculation (Degrees Of Freedom for Sigmhaich show the

number of independent pieces of information that lsa extracted from observations). This esserg@tiufe of the transfer
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of the downwelling microwave radiation in the calesied spectral region exhibits itself both in tbhenfard and inverse
problems. The brightness temperature calculationghfe zenith and off-zenith geometry are equailsensitive to small
scale variations of the parameter distributionsglthe line of sight. Therefore this smoothing fieatdoes not affect our
calculations and relevant conclusions. The curvergion of the retrieval setup assumes the placeofen cloud 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-atibd 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 calculatiditss fact indicates
implicitly that the placement of the cloud does péy a crucial role in forward calculations andtlire 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 tempee profile and

without any information on the cloud vertical locat Based on the above mentioned reasons, wedmntie applied

radiative transfer model accurate enough for makimgparisons between measured and calculated hegsghtemperature
values. Also, it is important to note that mostttoé cases which were selected for analysis areacteized by clear sky

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

In Fig. 6 the LWP values detected by SEVIRI in fooeasurement pixels are displayed as a functidmef for the
date 25 August 2013 (warm and humid season). Aauglsd the values of brightness temperature difieeDg for the set
of elevation angles are plotted in the form of 2Det 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 negliggéhall for
corresponding combination time/elevation angle. Té@& hue describes positive valuesfs, the blue hue describes
negative values. Fig. 6 refers to a cloud-freeospheric situation as detected by SEVIRI instrumtévg LWP values are
all equal to zero except for pixel 219 after 26ffattional day, however those values are less €h@d8 kg nf and can be
considered as negligibly small. Here and below s 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 angle®;s 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 GHid @2 GHz channels correspondingly. In general,
the brightness temperature difference for the 2Z @klinnel is noticeably larger than for the 31 GHannel. The reason
for that is the larger optical thickness of the@3az channel and higher sensitivity of this charinebater vapour variations.

Fig. 7 is similar to Fig. 6 and also refers to cdtee conditions but during cold and dry seasoMé2ch 2013). In
contrast to 25 August 2013, the results for 31 @Hannel demonstrate negligibly small differenceMeetn measured and

calculated brightness temperature within the whatege of elevation angles. Some negative valuesaappccasionally at
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elevation angles below 10°. For the 22 GHz chartheldifference between measured and calculatgtithess temperature
is negligibly small within the range of elevationgdes 10°-30°. For lower angleB;g becomes negative, but its absolute
values are not large. This case is an example &g small influence of the humidity variations Brq and D, in the

31 GHz channel in a dry atmosphere.

The next plot (Fig. 8) corresponds to the case § @13 which is the combination of the mentioned\eh
atmospheric situations A and B. It is very impott® note that it would be wrong to directly compéhe signatures in the
LWP plot (a) and in the 2D time charts 19f5 (b) and (c). The LWP of the SEVIRI retrieval itresult of averaging over
the area of about 7x7 km while measurements biA&EPRO radiometer are very local. In contrast ® $study (Kostsov et
al., 2018b) in which only zenith observations witBquent data sampling were used, we can not perforeraging of
HATPRO measurements because sampling intervalrfgular scans (20 min) was quite large for thatsThact should be
taken into account when comparisons of (a) pangl @) and (c) panels are made. One should notcéxpe precise
The largest of them reach 4 K and correspond tgp#ted of time when SEVIRI detected clouds over ginound-based
radiometer (about 151.3-151.4 fractional day). Bhessitive values observed for all elevation anglesthe LWP land-sea
gradient signal which is perfectly seen in the abered case despite the fact that it is not largk does not exceed 4.5 K.
For the cloud-free part of the day (starting apprately from 151.45 fractional day) we see the appece of negativBrg
values with the largest absolute brightness tentpeyadifference at small elevation angles. For 22e GHz channel,

negativeDyg were detected at small elevation angles all dag.lo

Let us consider the most interesting case whiceseribed by Fig. 9. This is the case with heavydiness (LWP is
reaching 0.3 kg i) over both shores of the Gulf of Finland and cleamditions over water area (25 July 2013). Wesstre
that we have the information on the spatial distitn of clouds only from the SEVIRI observatiotnfortunately, the
ground-based measurements for 25 July 2013 ardablaistarting only from 236.34 fractional day, esheless 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. Secorelpwint at the mixture
of positive and negativ®g values for 31 GHz channel within the time perid®®634-236.6 fractional day. As it was
already noted, the ground-based measurements ayelogal, instantaneous and not averaged. Therefbréne cloud
distribution is fragmented, the disposition of sey@ clouds over the radiometer, over water aréeoaer the opposite shore
of the Gulf of Finland may be considered to a ¢eréxtent random. This fact manifests itself asigtune of positive and
negativeDyg. As a result, the LWP land-sea gradient, whichialsly existed during the considered day accordmg
SEVIRI observations, is completely masked due &s@nce of cloudiness over the opposite shore o6thieof Finland.
Starting from 236.6 fractional day, clouds disappdaeverywhere and for this period ti¥g 2D map is more
homogeneous. Similar to cloud-free situations duvimrm and humid season described by Figs. 6 atite®;g values are
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predominantly negative for this period and the &lisodifference of brightness temperatures is lafge small elevation

angles.

Fig. 10 illustrates atmospheric conditions simttaig. 8 but the LWP values of the clouds overrddiometer are
much larger (up to 0.25 kg At the same time there are some clouds with nsuchller LWP over the opposite shore of
the Gulf of Finland. We see that for the 31 GHzrote positiveDyg prevail showing the evidence of considerable LWP
land-sea gradient even for small elevation angkes. the 22 GHz channel, in contrast to Fig. 8, g are also
predominantly positive even for small elevation lasgThe reason for that is high signal originafirgm the clouds with
large LWP. The “separation of variables” in chasri22 GHz and 31 GHz is obviously not perfect, thathy the 22 GHz
channel is also sensitive to cloud liquid water343GHz 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 ters, andDe, (especially for small elevation angles).

Concluding this section, we can formulate the folfoy statements:

1) As predicted, the LWP land-sea gradient (higher L&VEr land, lower LWP over water) is detectable shows up as
positive values of the difference between modedied measured brightness temperatures of the MVétradi These
positive values can be seen in the whole considenege of elevation angles (4.8°-30°). The expenimevealed that
the magnitude of the useful sign@llyf,9 can vary from 2 K to 24 K depending on elevatammgle 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 statdhnefatmosphere over the water body (the Gulf ofaiith) was unknown:
the SEVIRI instrument provided averaged data on L\&/R there was no information on corresponding e,

temperature, humidity profiles and type of clouvdge -

2) The effect of LWP land-sea gradient can be maskethé signal from clouds over the opposite shoréhef Gulf of
Finland.

3) There is a systematic negative component of thghbwess temperature differendez which is clearly revealed under
cloud-free conditions and can reach in the warmtamdid season 20K by its absolute value at smaliation angles.
So far, we do not have enough information for aataurdentification of the origin of this negativensponent. Pointing
error (elevation angle systematic error) shouldeharoduced signal which is constant in time, gs itot the case. 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 antqraitern is very unlikely to be the reason sinceetfiect depends on
air humidity. So, the only two explanations remaihe humidity horizontal gradient or the amplificat of the
systematic error of humidity retrieval when brigkés temperatures are calculated for elevation argileer than 90°.
The presence of the negative componeridgf can make it difficult to detect LWP land-sea geads if these gradients

are not very pronounced.
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=



475

480

485

490

495

500

505

4 Statistical characteristics: seasonal features

The main idea of this statistical analysis is tmpare the monthly mean values of two quantiiizg;r andD+g. Here, D wp

is the difference between LWP obtained by SEVIRpixels 243 (land, radiometer location) and 242 (ggulf 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 begfined in section 2 and contains the componenectfig the LWP
land-sea gradient.

In order to minimise the influence of the interfeyisystematic negative component@fg attributed to the humidity
horizontal gradient, in statistical analysis we sider only the elevation angles larger than 10%® ®ther advantage of this
limitation is the missing of most clouds over thgposite shore of the Gulf of Finland, over seconwhls water area
(Sestroretsky Razliv) and the land at about 28 istadce, because the atmospheric layers below sippately 4 km are
not scanned. For the sake of correct comparisoth@fground-based and space-borne measurementsmittecd all
HATPRO and SEVIRI measurements made for solar zemigle (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 &gutations of
monthly mean values contained all available highalityay measurements. The elements of these dataveets not
synchronised, which means for example that when PRRO did not produce the data because of rain o stihe SEVIRI
data set might have had no gaps.

The monthly mean values &fyp andDrg are plotted in Fig. 11 separately for 2013 and42fat warm and cold
seasons. Prior to discussion of Fig. 11 two impuartaotes should be made. First, due to presenctheofsystematic
component (interfering signal) originating, as sesjgd, from the horizontal inhomogeneity of watepaur, the attention
should be paid to the qualitative temporal behavafDg rather than to the specific values of this qugn#tnd second,
one should account for possible influence of seaswariation of the interfering systematic compadnen the temporal

dependence dbrg.

As one can see from Fig. 11a, the LWP gradientotiedeby the SEVIRI instrument during the WH seakas two
maxima (in May-June and in October) and one minimaonAugust-September. Comparii e and D1z for the WH
season we note similar temporal behaviour of tiesetities within the time interval May — Augushelbest agreement is
observed for 2014. For 2013 the agreement is ngioad as in 2014 since the ground-based measurerdentonstrate
profound minimum in June which is not present ia $atellite measurements. For the CD season, ithhargood agreement
of temporal behaviour ob,wpr 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 showinitsease. There is one interesting feature thatildhbe also noted: the
monthly mean values dbrg 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 14Rjgher than for large elevation angles (19.2° 2019).
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It should be reiterated that both water vapour elndd liquid water affect the brightness tempemtulues which
are registered in the so-called “humidity channé®? — 31 GHz, K-band). When we analyse Fig. 11keep in mind the !
interfering influence of atmospheric humidity oretlalues ofDrg. In order to perform a separation of variableum ‘
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 parametershvim our case are LWP and IWV (integrated watgoous). The

simplest and commonly used method to solve therssveroblem of the LWP and IWV retrieval from miamve !

observations in the K-band of microwave spectréhés application of regression algorithms — linearqoadratic. Both |
algorithms have advantages and disadvantagesfdhenge decided to apply both of them and to compplae results. The

regression formulae for the LWP value are as fadlow

L
LWP, =3 86T + 8Ly, @
k=1 |
L L , “
L\NPn = sznTkn + Z b(L+k)nTkn + b(2L+1)n 4) “
k=1 k=1 I

where Egq. (3) refers to linear regression, Eq.i@fers to quadratic regression; identifies the elevation angle of
observations, in our case0,...,7 (zero refers to zenith viewing);andb are the regression coefficients, indeklentifies

the spectral channel, is the total number of spectral channels which amesidered in the regression schefds the |
brightness temperature. In the present study, veel tisr retrievals only two of seven spectral chdmme the K-band: |

22.24 GHz and 31.40 GHz, £62 in Egs. (3) and (4). !
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algorithm separately for each of the seasons aarsynd considered only the overcast case withedmange of variations |
of the cloud base and the cloud vertical extensidns approach appeared to be ineffectual and didproduce robust ‘
results. It was found that extensive forward madgllof scattered clouds with highly variable partene was necessary.

Therefore, finally, training of the regression algfums was performed on the basis of the Monte Carbdelling of the
atmosphere with scattered clouds described in stibee2.2. The complete training dataset includeel alues of LWP j‘
calculated along the line-of-sight and converteth®LWP in the vertical column. In case of crogsseveral clouds by the

line-of-sight the LWPs from all these clouds weaken into account. The brightness temperature2.@425Hz and 31.40
GHz were calculated accounting for the instrumeédVFThis training dataset was used to derive tigeagsion coefficients. ‘f
As a result, for each of the regression algoritifingar or quadratic) of the LWP retrieval we hadar disposal 8 sets of ““
regression coefficients corresponding to 8 elewatamgles. Testing of the regression algorithms Ha tumerical ‘
experiments conducted for simulated overcast cmmditand scattered clouds has shown that the Ehgmioverestimatej“
the true LWP for off-zenith observations with thiasin the range 0.003-0.006 k& rtfor elevation angle 60°). The biqé
slightly increases for smaller elevation angles: Eenith observations, the bias is negligibly smab, we can make the

performed separately for each
of the considered seasons and

YnaneHo: Since we treat
measurements at each
elevation angle separately, the
regression algorithm can be
trained using the ensemble of
atmospheric states based on
simple model of the
horizontally homogeneous
atmosphere. The only one
requirement to this ensemble
the sufficiently wide range of
atmospheric parameters which
are included in a dataset.
Obviously, if we solved the
problem of detecting
horizontal gradients without
knowing their nature at all, we
would definitely use the
horizontally homogeneous
model. It should be noted tha
in our specific case the attem
could be made to train the
algorithm using the statistical
ensemble which contains mo
sophisticated model with
proper geometry of land/wate
surfaces, randomly generated

separate clouds, assiq M1

YpaneHo: Training of the
regression algorithms was

is

years. At the first step, for
every single measurement
which was performed within
the selected time period, the s
of retrieved profiles of
atmospheric parameters was
used for calculation of

T(v,a) under the
approximation of horizontally
homogeneous atmosphere.
Thus, the complete training
dataset included the retrieved
values of LWP during the
selected season of the select
year and the corresponding
calculated brightness

temperatures in two spectral
channels and at eight elevatiq
angles. This training dataset
was used for derivation of the
regression coefficients. As a

pt

brightness temperature values

ed

=]

conclusion that the algorithms can not overestirtta#éd WP gradient, if it is detected while procesgsiield measuremen;sj
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After applying the regression algorithms to thegbthess temperature values measured at differewatédn angles -

observations are presented in Fig. 12. This plarganised similar to Fig. 11, but contains only arertical axis D wp). ‘,

The results obtained by linear and quadratic algaois appeared to be very similar, so we presentesdts of the Iineali“ !
algorithm only. h

,,in order to excludg possible rain‘y‘]

conditions from the satellite data we removed aNR. greater than 0.4 kgfrom the SEVIRI dataset before plonir'nd{
Fig. 12. The second remark concerns possible infleef the clouds over the opposite shore of thié @urinland on th

Prior to analysis of Fig. 12, several preliminagmarks should be madEgirst

[
e

results of the estimation of the land-sea LWP déffiee from ground-based observations. In order éema proper‘;\ \‘\““

comparison of ground-based and satellite datatfchn & situation, we have calculated the land-se# Idifference from the| '\

SEVIRI data using three different formulae:

Dg; = LWB,;; = LWR,,, |

®
Ds, = LWP,,5 - (L\sz42 + LVVP241)/ 2 ™ ‘\“‘
Ds, = LWR,3— (L\NP242 +LWB,,, + LVVleg)/ 3. ®

Eqg. 6 corresponds to pure land-sea LWP gradientiwisi estimated as the difference between LWPHerland and sea |
pixels. Eq. 7 models the situation when the HATPRS&Irument is probing air portions over sea andrdlie opposite |
coastline of the Gulf of Finland for medium eleeatiangles. The “sea value” of LWP in this caseambined from the |
equal contributions by pixels 242 (sea) and 24b¢sfie coastline are). And Eq. 8 is intended fodelling the HATPRO
observations at small elevation angles. In thig d¢here can be an additional contribution from dinland relatively far

from the opposite coastline, i.e. over pixel 21ga, as for the previous case, the contributidrsels to the “sea value”
of LWP are equal.

We would like to emphasize that the extensive &odough comparison of the HATPRO and SEVIRI datd dfP
for pixel 243 has already been made and the rekaits been published (Kostsov et al., 2018b, 2026pd agreement for
daily mean LWP of the ground-based and satellita Has been revealed. Moreover, the cross-compaoisthe HATPRO
LWP data with the data from two space-borne insttis SEVIRI and AVHRR confirmed the agreement nay dor
averaged values, but also for single measurem&atstgov 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 satelliteadater large water

18

YpnaneHo: Table 1 contains
several characteristics of
training datasets and regress
algorithms. All datasets have
more than 8000 elements
which can be considered
sufficient for training. The
mean LWP values for all
datasets are very similar except
for the WH season of 2013
with lower mean LWP. For the
sake of comparison, the mean
LWP values obtained from the
satellite observations are alsq
shown. One can see that the
mean LWP values used for
training represent well the
satellite-derived values for all
seasons and surfaces except
cold seasons of 2013 and 2014
over sea when SEVIRI
registered very small LWP.
The quadratic regression

N \ | algorithm demonstrates its
superiority over the linear

.1 | algorithm in terms of standard
deviation, and this superiority
.1 | is most pronounced for the

WH season than for the CD
season. The bias for both

\‘ algorithms is similar ar q
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I\ | YaaneHo: We note once agai
|| that the LWR values are

11, | identical for the regression

\'| algorithms and the algorithm
based on the inversion of the
radiative transfer equation
11| since the bias of regression
algorithms was removed.
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| | YaaneHo: First of all, if we
compare the mean LWP value
in Table 1 obtained from

ground-based and satellite
|| observations over land, we cd
notice that for the warm seaso
| there is a large positive bias @
“‘ SEVIRI data. We can W’
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bodies was confirmed implicitly by the comparisdntlte SEVIRI and AVHRR results over the Gulf of Eind and the
Lake Ladoga (Kostsov et al., 2019).

Taking into account the remarks made above, weacalyse Fig. 12. First of all, we pay attentiorthie fact that
after removing the LWP values greater than 0.4 l@gfmmm the SEVIRI datasets thB,wp derived from satellite
observations became much smaller than shown inl1Bigor the complete datasets. However the temploehkviour
remains the same as in Fig. 11 for all seasonsifowk atDs;. If we look atDs, andDsz we can notice the increase of
that the ground-based microwave measurements dyirdetect the LWP land-sea gradient during adlsses and this
gradient is positive as in case of the satellitesneements (larger LWP values over land and snalier sea). The gradient
is negative only for March 2013 but its correspogdabsolute value is small. Comparing the gradiebtsined by the
ground-based measurements during warm and coldrseage may conclude that in general the gradiemisgl cold season
are smaller than during warm season and not asblaras during warm season. For warm season, dagegt derived from
microwave measurements at the 60° elevation amsgkmaller than the gradients obtained from measemtsmat other
elevation angles. It is interesting to note thatréhare no noticeable differences between the satoeresponding to
elevation angles 11.4°, 14.4° and 19.2° during waeason and between the values corresponding ¢oraidered angles
during cold season. This fact leads to the conoiughat the clouds over the opposite shore do rudyte a noticeable
influence on the results. Therefore hereafter wtwmparing the SEVIRI and HATPRO data we shall abersonly theDs;

values.

For the warm seasons of 2013 and 2014, temporahvimir of the LWP gradient revealed by the satellit
measurements completely differs from that obtaibgdhe ground-based measurements. The satellitsurezaents show
two local maxima in June-July and in October whhe ground-based measurements demonstrate maxirynand
August-September. The maximal values of the gradierived from satellite observations are muchdatban the maximal
values of the gradient derived from ground-baseskplations. In contrast to the warm season, duhegeold season the
temporal behaviour of the gradient is the sameaHerSEVIRI 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 involvimgrough assessment of the error budget of thetsesuiot only ground-
based but also derived from satellite observatitirshould be noticed that the analysis of the gjtias in the measurements
domain demonstrated several similar patterns irpteai behaviour oDz 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 whichmovided by
reanalysis, namely ERA-Interim from ECMWF (Dee kt 2011). The main shortcoming of such comparisothe coarse

spatial resolution of the reanalysis data. Theringkeresolution of the ECMWF data is 0.75 deg, aleout 80 km which is
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YpaneHo: The agreement
between satellite and ground-
based results is very good for
warm season if we compare
temporal behaviour only.
Analysing the values we see
that there are only positive
ones for SEVIRI while the
differences for HATPRO can
be positive and negative as
well. So even after applying
the regression method the
negative differences for
HATPRO corresponding to th
abnormal LWP gradient still
remain. This fact should be
discussed. In our case we
consider the satellite data on
the LWP gradient as the

reference due to complexity of

the problem of detecting LWP
gradient from the ground-
based observations. So we c3
say that the HATPRO results
are negatively biased with

respect to the SEVIRI results

for both warm seasons of 2013

and 2014 by about
0.015 kg rit. Our first guess

=}

was that the reason for that was

the systematic component in
signal which we attributed to
the humidity gradient. If it
were so, after applying the
regression algorithm to the
measurements in two channe
one of which is sensitive
mainly to humidity variations,
we could expect compensatio
of the effect. However it did
not happen in our case.
Therefore the conclusion can
be made that the origin of the
systematic component is mor
complicated. This problem is
discussed in Section 5.
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too poor to describe the scene of our experimeanthigher resolutions of the reanalysis data, therpolation procedure is
applied, but the highest recommended resolutidh45 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 seletiexl 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 showngnEziThe ECMWF data for land surface refers totdrdtory located
about 30 km to the south from the HATPRO radiometdére ECMWF data for the water surface refers @ térritory
located about 120 km to the west and 30 km to @mthrirom the measurement site. The ECMWF data\Plfor 6 and 12

UTC were collected and averaged over a period efroanth.

The comparison of the LWP gradient from SEVIRI, H®O and the ECMWF reanalysis is presented in Fipue
to large displacement of the reanalysis data wencamexpect the agreement in temporal behavioumeutan compare the
average magnitude of the LWP gradient. For a wagasan, one can see a very good coincidence of dgaitnde of the
LWP gradient derived from the ground-based obsemstand provided by reanalysis. The best agreensmnbe seen for
the period May-July/August. The discrepancies iaseeduring the period August-October 2014. Fordbid season in
contrast to SEVIRI and HATPRO, the reanalysis piesinegative LWP land-sea gradients. However ,likelate values of
these gradients are not large. The HATPRO resisfslay positive gradients and the temporal pattemessimilar to the
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 ttgnituale of the
gradient detected by the ground-based instrumertrisiderably smaller than detected by the saetistrument. Second,
the LWP gradients provided by HATPRO and reanalgisisng the warm season are in a very good agreeraind, the
reanalysis data demonstrate negative LWP gradiemmgicold season in contrast to the SEVIRI andHAG PRO data. The
mean values of the LWP land-sea gradient for alkimtered time periods are given in Table T1. Omesee that there are
no noticeable seasonal differences in the SEVIRA déhile the HATPRO results demonstrate lower valdaring cold
season. The analysis of physical reasons for theosl differences in the LWP land-sea gradiebej®nd the scope of the
present study. To our opinion, such analysis reguinuch more data including the satellite data &inpver various water

bodies.

Also, Fig. F demonstrates how some factors affteetdbtained results. We presé&htyp obtained by the HATPRO
instrument at the elevation angle 14.4° for threenarios of training the regression algorithm. Tire@n scenario describes
scattered clouds, existing LWP land-sea gradiemt,the microwave measurements with the account@v. The second
scenario neglects FOV and the third one describesonditions without LWP land-sea gradient. One s2e both factors
produce negligibly small effect on the obtainedutss The conclusion was expected since negledidy is equivalent to
the presence of additional random noise which ppeessed by averaging. Also, it is important to tiwenthat the presence

of the LWP land-sea gradient in the training datadoes not automatically provide its detection mvpeocessing the field
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campaign data. The training was performed witheesp LWP values rather than the gradient valBesides, the training

was performed for each elevation angle separately.

5 Discussion and identification of problems

635 5.1 Data sampling

Data sampling issue seems to be of primary impoetdor the solution of the problem of detecting thed-sea LWP
gradient. In our case, the angular scan is perforevery 20 min. This time interval is very large @doud studies. Rose et
al. (2005) has noted that the integration times@mpling interval) should not be greater than 20 arder to register the
short-period variations of tropospheric humiditydasioud liquid water. Kostsov et al. (2016) havénested the optimal
640 value of sampling interval of ground-based microgvabservations by HATPRO using the information apph: the values
of the information volume calculated for measurensaguences with different sampling intervals haeen compared. The
integration time was always the same and equalktatie lower sampling rates were obtained by spasmampling the data.
The sampling interval that corresponded to the mara of the information volume was considered asnmgt Kostsov et
al. (2016) have made the conclusion that eventhirles atmospheric situation the sampling intervedudd not be greater

645  than 100-200 s. In this case maximum informatiandbe extracted form MW measurements.

For detection of land surface induced atmospheatemwapour patterns, Marke et al. (2020) used passive MW
measurements by the HATPRO radiometer in zenitbcdon and in azimuth scanning mode at the elevatitgle of 30°.
The interval between scans varied from 10 to 3Q s interval is similar to the interval in ouudy. However, it should

be specially noted that Marke et al. (2020) ingegtd only clear sky cases without any consideradivection.

650 Taking into account the above mentioned findindsvant to the sampling interval studies we can katethat the
shortest possible sampling interval would be thst Iselution. The clouds are a highly variable atohesic object. The
problem of detection of the LWP gradient can besatered as an estimation of a small differencenaf farge quantities.
These quantities are the LWP values over land seréamd water body. The solution of the problem iregusimultaneous
and frequent measurements of these quantities wdrighvariable in space and time. Obviously, theéblgra can not be

655  solved without averaging of measurements over &pdane periods. The long averaging periods arel gshort sampling
intervals are preferable for obtaining accurateveses of the LWP gradient. The value of 10 s fampling interval seems
to be the optimal trade-off: the short-period véias can be registered keeping the amount of miattaery large. However,
the angular scanning procedure itself consumes gonege for HATPRO, one angular scan takes 4.5 riinus, several
practical suggestions can be made, for example:

660 - to implement scan-by-scan observational mode withlisnumber of elevation angles in order to inceedse sampling

rate, in this case the sampling interval couldh@rtened to 1-2 min;
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- to alternate 20 min period of zenith observatioits ®0 min period of observations at one selectedation angle and to
use the sampling rate of 10 s within these periods.

These suggestions could be helpful also with resjpethe problem of comparison of the ground-baemed satellite data.

Such a comparison requires time averaging of tohergt-based data. Different studies recommend diftetime periods

and weighting functions for averaging. Our expere(Kostsov et al., 2018b, 2019) has shown thapéned of 20 min is a

good choice for comparisons with the data delivéngdatellite instruments SEVIRI and AVHRR.

5.2 Orientation of the instrument

It has been shown by the case study (see sectitiraBlouds over the opposite shore of the GulFiofand can play an
interfering role and mask the effect of the LWPda®a gradient in angular observations. Fig. 2 aestnates geometrically
that clouds located over the opposite shore inaftiride layer 2-4 km can be detected by obsermatit three smallest
elevation angles. The lake Sestroretsky Razlivtemtaot far from the opposite coastline is a swaller body (see Fig. 1).
Therefore one can not expect strong influence isf water body on cloud properties, and the entiea avithin 18-28 km

distance along horizontal projection of the linesigfht can be assumed as “land”.

If we look at both Figures 1 and 2 we can comehi® tonclusion that the optimal orientation of theitontal
projection of the line of sight could be strictty the North. In this case the line of site wouldgéhe long distance (up to
about 30 km) over the Gulf of Finland which is thain water body in our research. The interferirfyance of clouds over
the opposite shore of the Gulf of Finland wouldrb@imized. At the same time the line of sight woulot pass over the
island Kotlin which can be a source of heat amd Burface and as an urban area (the city of Kadhstccupies part of the
island territory). However it should be noted thie@ HATPRO instrument operating at St.Petersburyéssity is firmly

attached to the metal tower and has no appliana®fation azimuthally, so changing its orientatiequires special actions.

5.3 Data processing algorithm

In the present study we considered only one algoriof the derivation of LWP from microwave obseiwas which was
based on regression relationships linking measorrigitness temperature values and LWP. The regresdgorithm (linear
or quadratic) is widely used for processing therovi@ve observation data. Simplicity and computatiaificiency are its
main advantages. The other algorithm is called &§mal” or “physical-iterative” and it is based dmetinversion of the
radiative transfer equation, usually by optimalreation method (Rodgers, 2000). The detailed amalysthe applicability
of both algorithms and of their combination to greblem of derivation of LWP and integrated watepour (IWV) from

two-channel microwave observations was done by drueh al. (2007). In general, the superiority af gihysical algorithm
over regression algorithm originates from the fiaett this method accounts for the spatial distidyubof all parameters

which influence the radiative transfer in the cdesed spectral channels. In particular, the inféionaabout temperature in
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cloud layers helps to reduce the LWP retrievalrstrdhe applicability of the physical method to @ireblem of the LWP
and IWV retrieval by two-channel radiometers imglibat the a priori profiles of pressure, tempemtand humidity are
available from external data sources and the cliquitl water profile is assigned in a model form.the process of solving
the inverse problem by the physical method, clogdid water and humidity profiles are modified ineoway or another to
deliver minimum to the residual between measuretisiamulated brightness temperatures. For multi-obhradiometers,
all mentioned profiles, including temperature andespure ones can be derived from microwave obsengat
simultaneously. Also, the microwave measurementshEacombined with other measurement data and reamtst Such
approach is called IPT (integrated profiling teclus@) or general approach to solution of multi-parteninverse problems
(Loehnert et al., 2008; Kostsov, 2015ab).

Since the physical approach is more accurate tianreigression approach its application to the densd problem of
the detection of LWP land-sea gradient seems @ fim®mising direction of a further research. Oneushkeep in mind that
measurements at different elevation angles aretetteaeparately due to horizontal inhomogeneity thoapheric
parameters. Therefore the considered inverse prolbiléts general formulation through the radiativ@nsfer equation will

be the classical strongly underdetermined ill-pgz@dblem which will require a system of constraints

5.4 Systematic component of signal

Last but not least we discuss the systematic coemtonhich was detected in measured brightness tatype. First of all,
we note that when azimuth scans at different elewangles are performed the directional depeniieatference can be
present in measured signal. For example, Markd. €2@20) registered such interference in the urgmted 26.24 GHz
channel at four specific azimuth directions. Cquoesling measurements were filtered out and miseaiges were filled
with linear interpolation. In our case, we can determine whether the systematic component is titireadly dependent or
not, since there is no possibility to perform aihal scanning (the radiometer is firmly attachedhe stand and has no
appliance for the azimuthal rotation). In Sectiomw®8 have made the statement that so far we do ae¢ lenough
information for accurate identification of the drigof the negative component of brightness tempegah the water vapour
channel and the LWP channel of the radiometer. Wewethere is a high probability that this compdnesflects the
horizontal gradient of the air absolute humiditiythis hypothesis is accepted, then we have toa@xghe origin of high
absolute humidity over the Gulf of Finland and/eenthe territory located between the radiometer the Gulf of Finland.
High content of water vapour over the water body lba explained either by the evaporation or byattheection of humid
air. Considering the problem of the quantificatarevaporation from lakes Finch and Calver (200&gnin particular, that:
— There are a number of factors that can affect trepa@ration rates; first of all, one can mention thienate and
physiography of the water body and its surroundifdso the stored heat can be transported witrénatater body itself
and into and out of it.
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- Seasonal variations in the evaporation rate dempenthe heat storage capacity of the water body hviscgreatly
determined by its depth.

— Seasonal variations of the evaporation rate atenecessarily synchronised with seasonal variatafnthe 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 whtaty by inflows and
outflows. The variety of inflows includes seepagmf groundwater bodies, changes in bank storagersrflowing into
the water body and land surface run off. Enumegatntflows, one can mention rivers, controlled widwals
(reservoirs) and leakage to groundwater.

The Neva bay, the part of the Gulf of Finland owéich the line of sight of the radiometer passesery shallow, its depth

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

to a first approximation, the Neva bay may be abei®id 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 sevsp&cial passages
in the dam. Taking into account all factors presdrabove, one can suggest that investigation o$ehsonal behaviour of

the systematic component would be reasonable aictiorder to attribute it to the evaporation frame Neva bay.

The land surface territory between the radiometdrtae nearest coastline of the Gulf of Finland lbaralso a source
of evaporation. This territory is covered by thee&i (park). In the study by Marke et al. (2020yaled to land surface
induced atmospheric water vapor patterns, it han kshown that less water vapour seems to be preseelevated
deciduous forest. In our case the forest is notagéel, however one can not expect a pattern ofdximidity over the

forest.

The systematic component of the brightness temperaan be caused not only by high absolute huyniddng the
line of sight but also by the larger air temperattiman expected under the approximation of the ¢eatpre horizontal
homogeneity. The measured signal is affected byeanperature directly through the emission of réaoliaand indirectly
through the temperature dependence of the absorpyiovater vapour and liquid water. The line othsigt elevation angles
other than 90° passes in its horizontal projecéibout 150 m over the roof of the building of thetitute of Physics which
can be a kind of heat source, especially duringigutays when the roof is warmed up. In additioere¢hshould be an air

temperature gradient over the coastline itself.seHfactors can also contribute to systematic comaptoof signal.

5.5 Measurement geometry and data quality control

When the HATPRO measurements in the zenith dinectice processed routinely, the data quality conproicedure
includes several steps. The first step is filterong the data obtained during rain events (as tedduy the rain sensor) and

during a certain period after a rain event. Theatian of this period is taken equal to 4 hoursee@mmended in the special
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study (Kostsov et al., 2018a). At the next step dbrvergence of the iterative process of the ingarsf the radiative
transfer equation is analysed. The convergence insiet to 12 iterations. All data correspondiogubhconverged processes
are filtered out. It should be noted that normdtig number of iterations before successful convergearies from 5 to 9.
The last check refers to the analysis of the redidatween measured brightness temperature vaheetha corresponding
values calculated on the basis of the retrievedsjineric parameters. In case the RMS residual dgce&, the results are

considered erroneous. This 3-step procedure helpsdap only the good quality data.

Measurement geometry which is used and analys#tipresent study is based on angular scannindy §ametry
gives the possibility to probe remotely the airtjpors which are located very far from the radiometethe horizontal
direction. In this case a situation may occur wiienline of sight passes through a rain event ¢aveh) while there is no
rain at the radiometer location and the rain sewlgtects no rain. When the regression algorithrasisd for the LWP
retrieval, it is difficult to ensure the sufficiedata quality control. However, the applicatiortloé physical method (already
discussed in section 5.3) would allow implementimg described above second and third steps oftgualhtrol procedure

similar to the case with zenith observations.

There is another aspect relevant to the measuregeametry which should be mentioned. The solutibrihe
problem of the detection of the LWP land-sea gnadienplies the combination of zenith and angularcnmivave
observations. While zenith observations deliver #isolutely local “spot” data over the radiomettre( horizontal
dimension is determined by the beam width), the datained at angular observations may be consideraveraged over a
certain horizontal distance. For small elevatiogles this distance can reach dozen of kilometfeseltake into account
the high temporal and spatial variability of clopttse direct comparison of the results of zenitd angular observations
made during one scan can be erroneous. Probabhg nigmrous way of comparison would require tempaseeraging of
the results of zenith observations over a certaiiod of time as it is done, for example, when gabased measurements
of LWP are compared to the satellite data. Thellgatdata are spatially averaged over a grounélpgxea and in order to
perform proper comparison the ground-based datéiraeeaveraged over a period approximately equal tane of an air
parcel movement at a given wind speed through argtgixel of a satellite measurement. For the moblvhich is
considered in the present study, one could suggedbrming zenith measurements with high sampliage rand the

subsequent averaging of them just before makirengular scan.

6 Summary and conclusions

Previously, the measurements of the cloud liquidewpath (LWP) by the SEVIRI and AVHRR satellitestruments
provided the evidences of the systematic differsrimsween LWP values over land and water area®ithdrn Europe. In
the present study an attempt is made to detect diftdrences by means of ground-based microwavesrgbtions

performed near the coastline of the Gulf of Finlandhe vicinity of St.Petersburg, Russia. The micave radiometer
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785 RPG-HATPRO located 2.5 km from the coastline ifioning in the angular scanning mode and is pmltfire air portions
over land (at elevation angle 90°) and over watea dat 7 elevation angles in the range 4.8°-301%¢ data obtained within
the time period December 2012 — November 2014 vedten for analysis.

In this study we used the classical approach testhation of inverse problem of atmospheric optasalysis of the

forward problem on the basis of simulations, analys measured quantities for several test casesng the retrieval

790 algorithm, processing the experimental data with kelp of this algorithm, and the comparison of tksults to the
independent data. The decision to make such stegtepyanalysis was stipulated by the fact thatalgh the concept of

using angular measurements to characterize wapar\and liquid water path gradients is feasibke pitactical applications

are very difficult due to the high variability die liquid water in the clouds, the inhomogeneityaiter vapor, etc.. The

high temporal and spatial variability of cloud paeters (vertical and horizontal placement, horiabsize, LWP, vertical

795  extension) are the reason for solving the probléatetection of the LWP land-sea gradients only fom hhasis of averaging

of a large number of measurements.

At the first stage on the basis of simulationsudahg the Monte Carlo simulations of the atmosplveite scattered
clouds, the assessment was done of the magnitudeeocEWP land-sea gradient signal in the brightniessperature
measurements. The estimations show that the méae ohthis signal at 31.4 GHz can vary in a widage from 2.5 K for

800 scattered clouds up to 4-14 K for overcast conastiorhe instrument field-of-view (FOV) affects thesults of the off-
zenith measurements in case of scattered cloudistimglucing additional noise. The systematic congmirof this noise is
small and averaging over several hundred casesng@mise its random component. So the assumptianfofitely small

beam width can be used for processing measurernfi¢hésanalysis is done for averaged quantities.

I { YnaaneHo: first

805 domainin the special case stugyhe brightness temperatures of the microwave radiatieasured at different elevation- -~ | YaaneHo: :

angles in the 31.4 GHz and 22.24 GHz spectral aflarare analysed and compared with the correspgndilues which o ‘[Y.qaneuo:t

were calculated under the assumption of horizambahogeneity of the atmosphere. The difference betweeasured and

calculated brightness temperatules; is taken as a main quantity for analysis. Sevapatific cases, selected on the basis

of the satellite observations by the SEVIRI instamiwere considered in detail including: clear-skpditions, the presence
810 of clouds over the radiometer and at the same thmeabsence of clouds over the Gulf of Finland, &l overcast

conditions over the radiometer and over the oppdadiore of the Gulf of Finland\s predicted, the LWP land-sea gradient

(higher LWP over land, lower LWP over water) shows as positive values- of the-difference-between-athed aHd//{Yp,aneHo:'ﬂ

measured brightness temperatures of the MW radiafibe analysis of the test cases revealed that #ggnitude of the
LWP gradient signal in brightness temperature megsents can vary from 2 K to 24 K depending on aien angle and

815 LWHP land-sea difference (as it is provided by tE8/8RI satellite instrument)These positive values can be detected in the

26



820

825

830

835

840

845

whole considered range of elevation angles (4.8}-3he effect of LWP land-sea gradient at smadlvation angles can be
masked by the signal from clouds over the oppasite of the Gulf of Finland. Besides, there isystesmatic negative
component of the brightness temperature differevitieh is clearly revealed under cloud-free condisi@and can reach in
the warm and humid season 20K by its absolute vatlsenall elevation angles. So far, we do not fenaugh information

for accurate identification of the origin of thisgative component.

The analysis of monthly mean valuesDag at 31.4 GHz (the LWP gradient signal in the measiemt domain) does
not lead to unambiguous conclusion about the existeof the LWP land-sea gradient since the sigthe$e values is
alternating. However, several similar patterns wieected in the temporal behaviourDafs and the LWP gradient derived
from the satellite observations by the SEVIRI instent (in particular for May-August of 2013 and 2Cind for February-
April 2013). The presence of these similar patt@ordirmed the conclusion that the systematic camepbin measurements
makes the analysis in the brightness temperatureaiio(i.e. measurement domain) complicated. Thgestgpn has been
made that this systematic component is caused bsr wapour inhomogeneity. In order to perform aasapion of variables
in our problem, we abandoned the analysis of thenftijties in the measurement domain and startecatiadysis in the
domain of sought parameters. Linear and quadragjcessions have been selected as suitable retala@ithms for the

LWP retrievals.

Training of the regression algorithms was perforroadthe basis of the Monte Carlo modelling of theasphere
with scattered clouds which was used for extensimrilations of the microwave measurements wheridiveard 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 algorithmshim numerical experiments conducted for simulatestaast conditions
and scattered clouds has shown that the algoridvaxestimate the true LWP for off-zenith observadiavith the bias in the
range 0.003-0.006 kgfn(for elevation angle 60°). The bias slightly immses for smaller elevation angles. For zenith
observations, the bias is negligibly small. So,oaa make the conclusion that the algorithms carometestimate the LWP
gradient, if it is detected while processing figlgtasurements. The linear and quadratic regressgamitams produced

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

The most important result is that the LWP retrisvekfinitely demonstrate the existence of the LVERdisea
gradient during all seasons and this gradient &itipe as in case of the satellite measurementggiid WP values over land
and smaller over sea). The gradient is negativey éml March 2013 but its corresponding absoluteugais small.
Comparing the gradients obtained by the groundébasierowave measurements during warm and cold ssase may
conclude that in general the gradients during tilé 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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ECMWEF 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 cerglidy smaller than
detected by the satellite instrument. For the waeasons of 2013 and 2014, temporal behaviour oLWPE gradient
revealed by the satellite measurements completffsr drom that obtained by the ground-based mea®ents. In contrast
to warm season, during cold season the temporaviimlr of the gradient is the same for the SEVIRd éhe HATPRO
results. The LWP gradients provided by HATPRO asmhalysis during warm season are in a very gooceeaggnt. During
cold season in contrast to the SEVIRI and the HADRRta, the reanalysis data demonstrate negativie gi&dient.

The main conclusion of the study is the followinge approach to detection of the land-sea LWP_ gradirom .

microwave measurements by the HATPRO radiometeratipg at the observational site of St.PetersbuageSJniversity

has been successfully tested and the results owdithe presence of the horizontal land-sea LWHBign&in the vicinity of

|
explanations for the revealed differences in thgmitade and temporal behaviour of the LWP gradabttined from thg
ground-based, satellite and reanalysis .d@tse study has identified several problems: spdeta sampling in anguldr
scanning mode, not optimal azimuthal orientatiorthef instrument, the necessity to improve the gataessing algorlthme‘

and the need to find the origin of the systematimgonent in signal measured in angular scanningemod !

I
|
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The LWP data derived from the RPG-HATPRO observatiat the measurement site of Saint Petersburg Staversity U
are available upon request (please write to ViadiKoistsov at v.kostsov@spbu.ru). The LWP data éerivom the
SEVIRI observations are available at https://wwwsafreu, last access: 15 May 2019 (EUMETSAT CM SXH,9).

Author contributions

VSK conceived the study, made the cloud liquid wptgh retrievals from ground-based microwave olzt@ns and

prepared the draft of the manuscript. DVI and AKevim charge of the satellite data analysis. VSK| Bnd AK together
interpreted the results, reviewed and edited theuseipt.

Competing interests

The authors declare that they have no conflichterest.

28

-

'| season is very small, so the

\

YpaaneHo: Preliminary
retrievals of LWP over water
area by statistical regression
method were made. After
applying the regression

algorithms to the brightness

at different elevation angles
and at the zenith direction we
estimate the land-sea LWP
gradient as the difference
between the LWP values
detected at zenith direction a
at specific elevation angle. Th
obtained values are then
averaged over one month
periods and compared to the
corresponding values derived
from the satellite observations
by the SEVIRI instrument. Th
agreement between satellite
and ground-based results is
very good for warm season if
we compare temporal
behaviour. The HATPRO
results are negatively biased
about 0.015 kg i with
respect to the SEVIRI results|
For cold seasons, the situatio|
is not as clear as for warm
seasons. In this respect it
should be noted that the
number of satellite
measurements during cold

n

|| comparison can not be very
| reliable

YpaneHo: It has been shown
| that f

temperature values measured

® o

by

[yAaneHo: applied method }
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Table T1. Mean values of the LWP land-sea gradianti?) for different time periods derived from the SEVd
the HATPRO observations and provided by the ECM#hadysis.

Season SEVIRI HATPRO ECMWEF
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

YnaneHo: Table 1.
Characteristics of the
regression algorithms:
number of elements in each
training dataset N, mean
LWP (kg m), and the
standard deviations (kg m?)
of the difference between
true and retrieved LWP
values estimated for each
training dataset for the
elevation angle 11.4°. Mean
LWP values obtained by
SEVIRI for pixels 243 (land)
and 242 (sea) are given for
comparison.q

1

Parameter 5]
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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
the lines of sight for different elevation anglessge the legend). Blue boxes designate the atmospbédayer 0.3-5.5 km over water
areas (see text).
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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 rif.
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Brightness temperature measurements, one zenith
observation and one angular scan
Tom(¥,0), a=4.8,...,90°

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

relevant to LWP
land-sea gradient

Figure 4: The algorithm for data processing and anlgsis.
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Figure 5: (a) A simplified scheme of the MW radiaton transfer from the atmosphere to an instrument iustrating the origin of the
LWP gradient signal. (b) The LWP gradient signal Dy,q @s a function of the elevation angle in three sptal channels.
LWP 1,¢=0.080 kg m? LWP.=0.040 kg m?. Solid and dashed lines correspond to the clouddated within 1-2 km and 3-4 km
layers correspondingly.
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Figure 6: (a) The LWP in four SEVIRI pixels as a fuction of time. (b,c) The difference between calcated and measured
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.

38



(@)

5 0.008 — SEVIRZI 1p£i)xe|s
i [ ooememeeeeees 241

X 0.004  ——— — 242 (sea)

g | ——— 243 (HATPRO)

=

-l 0

91 91.1 91.2 91.3 91.4 91.5 91.6 91.7 91.8

Time (fractional day)

(b)

2 16 12 8 4 1 -1 4 -8 -12 -16 -20

30

El 31 GHz
T 254
W
2 20+
©
5 15+
S 10
k7]
|

5 T T T T T T T

91 91.1 91.2 91.3 91.4 915 91.6 91.7 91.8

Time (fractional day)
()
20 16 12 8 4 1 -1 4 8 -12 -16 -2

.. 30
o 22 GHz
o 254
o
2 20+
©
,S 15+
g 10
K
w

5 T 1 1 = T T T

91 91.1 91.2 913 91.4 915 91.6 91.7 91.8

Time (fractional day)

Figure 7: The same as Fig. 6 but for 2 March 2013.
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Figure 11: Monthly mean brightness temperature diferenceDrg (left y-axis, colour lines correspond to differentlevation angles,
see the legend) and monthly mean LWP land-sea diffsnce D wp (right y-axis) as functions of time for warm and lumid season of
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and the ground-based observationsDy; (j=1,...,4) denoteD, yp obtained by the HATPRO instrument at four elevation angles
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Radiometer Water area Opposite shore

Fig. A: Possible configurations of the observatiorlageometry in case of scattered clouds (a schemaiitustration). Solid lines
designate the line-of-sight (LOS) of the observatit at various elevation angles. Dashed lines shohetfield-of-view (FOV) of the
radiometer.
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Fig. B: Statistical distributions (in terms of relative frequency of occurrence R) of brightness tempatures at 31.4 GHz simulated
for four elevation angles and for two situations: ae with existing LWP land-sea gradient and anothemwithout such gradient.
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Fig. C: The LWP gradient signal Dg,q 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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Fig. D: Statistical distributions (in terms of relative frequency of occurrenceR) of brightness temperature differenceEgoy “Tg
neglecting FOV minusTg accounting for FOV” at 31.4 GHz simulated for four elevation angles. Input data: the Monte Carlo
model of scattered clouds.
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body (blue).

49



@ (b)

2013 WH
0.04 |- 004 2014 WH
0.02 |- 002 -
£ o000 £ o000
£ : g :
a a
-0.02 - -0.02 -
0.04 - 004 |-
[ S N N R [ R R N
5 6 7 8 9 10 5 6 7 8 9 10
Month Month
(c) (d)
2013 CD 2014 CD
0.04 |- 0.04 |-
0.02 - 0.02 -
€ om0 = € g
g . & L
a a
0,02 |- 0.02 -
0.04 |- 004 -
| | | | | |
2 4 2 4
Month Month

Dy, (14.4°) with FOV nd LWP gradient — ee— 0
------- D, (14.4°) neglecting FOV
seseessscesccnecees D (14.4°) without LWP gradient

Figure F: Monthly mean land-sea LWP differenceD,ywp as a function of time for various time periods oktined from the satellite
and the ground-based observationD,, denotesD, yp obtained by the HATPRO instrument at the elevationangle 14.4° for three
scenarios of training the regression algorithm (gren lines, see the legendRs; denotesD, p Obtained by the SEVIRI instrument
and calculated by formula (6).D,e is the LWP land-sea gradient provided by the ECMWHFreanalysis.
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Crtp. 17: [1] YoaneHo VSK 13.05.2020 13:44:00

Since we treat measurements at each elevation seggately, the regression algorithm can be tlairséng
the ensemble of atmospheric states based on simgde! of the horizontally homogeneous atmosphehne. dnly
one requirement to this ensemble is the sufficjewile range of atmospheric parameters which agkided in a
dataset. Obviously, if we solved the problem ofed&ng horizontal gradients without knowing theature at all,
we would definitely use the horizontally homogeneauodel. It should be noted that in our specifisecéhe
attempt could be made to train the algorithm usiregstatistical ensemble which contains more stiphted model
with proper geometry of land/water surfaces, rarigagenerated separate clouds, assigned LWP gradiedtthen
we could expect higher accuracy of training. Howesteeh investigations are beyond the scope of thgent study.

Below we describe the process of training in detail

Crtp. 17: [2] YoaneHo VSK 22.05.2020 13:24:00

Training of the regression algorithms was perforreeparately for each of the considered seasongesand.

At the first step, for every single measurementolthivas performed within the selected time peribe, set of
retrieved profiles of atmospheric parameters wasl digr calculation of brightness temperature valuég a) under
the approximation of horizontally homogeneous aphese. Thus, the complete training dataset incluthed
retrieved values of LWP during the selected seaddhe selected year and the corresponding catulilatightness
temperatures in two spectral channels and at eighation angles. This training dataset was usedéddvation of
the regression coefficients. As a result, for eatlihe regression algorithms (linear or quadratit}the LWP
retrieval we had at our disposal 32 sets of regrassoefficients: 4 seasonal periods (2013WH, 2084\2013CD,
2014CD)x 8 elevation angles. In order to estimate the bfake regression algorithms and to eliminate &, wveed
the reference LWP values. As the reference, we L¥éd derived from zenith measurements by the madtimeter
retrieval algorithm based on the inversion of thdiative transfer equation. These values were cogdpaith the
values of LWP obtained by regression algorithm wwhigas applied to the same zenith measurements. This
comparison helped to assess the bias of the régmesigiorithm. We assumed that the bias for alaien angles

was equal to the bias for zenith observations, sgcould correct all regression formulae.
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Table 1 contains several characteristics of trgimiatasets and regression algorithms. All datdsets more
than 8000 elements which can be considered suffiét training. The mean LWP values for all datasse very
similar except for the WH season of 2013 with loweran LWP. For the sake of comparison, the mean Lsiies
obtained from the satellite observations are algiws. One can see that the mean LWP values usettafoing
represent well the satellite-derived values foisalisons and surfaces except cold seasons of B02Da4 over sea
when SEVIRI registered very small LWP. The quadratigression algorithm demonstrates its superianigr the
linear algorithm in terms of standard deviationd &lnis superiority is most pronounced for the Widssm than for

the CD season. The bias for both algorithms islaimaind rather small for all datasets: 0.001-0 Kgén>.
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First of all, if we compare the mean LWP valuesTiable 1 obtained from ground-based and satellite
observations over land, we can notice that fomthem season there is a large positive bias of SEW#a. We can

attribute this bias to the possible influence dafiyalouds on statistics. |
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Table 1. Characteristics of the regression algoritims: number of elements in each training datasel, mean
LWP (kg m™), and the standard deviations (kg m? of the difference between true and retrieved
LWP values estimated for each training dataset fothe elevation angle 11.4°. Mean LWP values

obtained by SEVIRI for pixels 243 (land) and 242 @a) are given for comparison.

Parameter Algorithm Season
2013WH 2014WH 2013CD 2014CD
N - 9393 8074 8806 8679
Mean LWP HATPRO 0.040 0.058 0.052 0.059
Mean LWP SEVIRI 0.091 0.087 0.062 0.041
(land) - 0.045 0.049 0.011 0.007
Mean LWP SEVIRI
(sea)
Linear 0.006 0.001 0.004 0.002
bias Quadratic 0.006 0.002 0.004 0.002
Linear 0.020 0.022 0.008 0.011
s Quadratic 0.014 0.014 0.006 0.006




