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Abstract. The improvement of cloud modelling for global aedional climate and weather studies requires celmgrsive

information on many cloud parameters. This infoiorais delivered by remote observations of cloudsnf ground-based
and space-borne platforms using different methodspaocessing algorithms. Cloud liquid water pat¥Wp) is one of the
main obtained quantities. Previously, the measuntsnef LWP by the SEVIRI and AVHRR satellite instrants provided
the evidences of the systematic differences betw®€R values over land and water areas in Northenoe. An attempt
is made to detect such differences by means ofngktdased microwave observations performed neacdhstline of the
Gulf of Finland in the vicinity of St.Petersburgu$sia. The microwave radiometer RPG-HATPRO loc&t&ckm from the

coastline is functioning in the angular scanningdmand is probing the air portions over land (avation angle 90°) and
over water area (at 7 elevation angles in the rah§&-30°). The problem of the LWP horizontal geati detection is
examined in the measurement domain: the brighttesperatures of the microwave radiation measuredifétrent

elevation angles in the 31.4 GHz and 22.24 GHztsplethannels are analysed and compared with thresqmonding values
which were calculated under the assumption of boted homogeneity of the atmosphere. Several spemkes, selected
on the basis of the analysis of the satellite alzgems by the SEVIRI instrument were consideredetail including: clear-
sky conditions, the presence of clouds over théoradter and at the same time the absence of clovdsthe Gulf of

Finland, and overcast conditions over the radioreste over the opposite shore of the Gulf of Fidlahhe influence of the
land-sea LWP difference on the brightness temperatalues in the 31.4 GHz spectral channel has deaonstrated and
the following features have been detected: (1)ngarfering systematic signal is present in the 8HE 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 retdkwf LWP over water by statistical regression rodttapplied to the
microwave measurements by HATPRO in the 31.4 GHE 2824 GHz channels are presented. The monthlyaged

results are compared to the corresponding valuegedefrom the satellite observations by the SEVili&trument and from
the reanalysis data. The SEVIRI and the HATPRQ umsénts detect positive LWP land-sea gradientsxduall seasons but
the magnitude of the gradient detected by the gtdaased instrument is considerably smaller thaaated by the satellite
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instrument. The LWP gradients provided by HATPR@ aganalysis during warm season are in a very gapdement.
During cold season in contrast to the SEVIRI and HATPRO data, the reanalysis data demonstratetinegaWP

gradient.

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

horizontal gradients of atmospheric parameters

1 Introduction

The improvement of global/regional climate/weattigecasting 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 antbdsea warming
contrast in summer European climate change. Higblugon regional climate models were used (25 kvith a good

realism of orography and coasts that could helpetucing the biases in local climate existing iwd@solution GCM

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

coupled approach and assessed the impact of hgittalcoupling with respect to a traditional regibatmospheric model
setting. One of the important parts of the climgtstem is cloud cover. Its variations significariyyd immediately) alter
the heat balance of the earth’s climate systemnonoairly time scale, but their effects are profodimuin seasonal through
decadal timescales, therefore the physical prosdeselving cloudiness—water vapor—surface tempiegainteraction need
further investigation (Groisman et al., 2000). Tagigal. (2012) have shown that the variance of pemo summer
temperature is partly explained by changes in sunotmidiness. Europe has become less cloudy (exuaqheastern
Europe) and the regions east of Europe have bectoudier in summer daytime. However, the resultsinied by Tang et
al. (2012) suggest that the cloud cover is eitherimportant local factor influencing the summeanperature changes in

Europe or a major indicator of these changes.

Clouds, as an important climate influencing factare described by a large number of parametersiafonand
macro-physics. Cloud liquid water path (LWP) is @i¢he main quantities being a measure of thd totess of the liquid
water droplets in the atmosphere above a unit serdaea on the earth, given in units of kg fihe information on LWP is
delivered mainly by remote observations of cloudsnf ground-based and space-borne platforms usiifgretit methods
and processing algorithms. The principal space#tenhniques are based on the derivation of LW freeasurements of
atmospheric self-emitted microwave (MW) radiationflom measurements of the reflected sunlight sible and near-

infrared ranges. The MW satellite sensors perfokfPLmeasurements during day and night but only mater areas since
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the emissivity of the land surface is highly val&@abrhe advantage of the satellite instruments Wwhégister 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 instrumgiof this type are well-known: SEVIRI (Spinning Emiced Visible and
InfraRed Imager) and AVHRR (Advanced Very High Raton Radiometer). The description of the inforroatproducts
delivered by these instruments and relevant toccfmoperties can be found in the papers by Stestgal (2014, 2017).

Previously, the measurements of LWP by the sadlistruments SEVIRI and AVHRR provided the evidenof
the differences between LWP values over land arngnaeas in Northern Europe. The data from the RRHnstrument
were used for compiling regional cloud climatolofr the Scandinavian region (Karlsson, 2003). Asiglyof this
climatology has shown that during spring and sumthercloud amount over land in this region is lartean the cloud
amount over the Baltic Sea and major lakes. Kanlg2003) explained this phenomenon by the staliitinaof near-surface
layer of the troposphere over water bodies duértoamling by the cold fresh water from melting 8ndrhis explanation is
in a good agreement with the fact revealed lateah@nstudy by Kostsov et al. (2018b): the land-@ealient of the mean
LWP values detected by the SEVIRI instrument inviunity of St.Petersburg (Russia) for the coldisan was noticeably
lower than for the warm season. St.Petersburgcetdnl at the estuary of the Neva River which flawthe Gulf of Finland.
The magnitude of the land-sea difference for me@fPLvalues obtained by SEVIRI in this area for the-year period of
2013-2014 was about 0.040 kgfnwhich was about 50 % relative to the mean vaiwe tand.

In general, the investigation of cloud propertiasttie coastal zones is an interesting and impot&sk due to
presence of specific atmospheric processes, fangbeasea breezes, which are able to generate cldbésclimatological
study of the impact of sea breezes on cloud tymesdene by Azorin-Molina et al. (2008) for the airethe southeast of the
Iberian Peninsula (province of Alicante, Spain) dod the 6-year period (2000-2005) based on clobdeovations at
synoptic station. The authors of mentioned studpleamsize that their findings are site-specific amoludd be similar to other
coastal locations, however, cloud formation asdediawith sea breezes is also influenced by geograpphysical,
meteorological, hydrological and oceanic factorserEfore there is a need for further research.sBaebreeze effects were
studied also on the basis of data derived fromesjpacne observations by AVHRR instrument (Azoriniia et al., 2009).

The satellite instruments working in visible andananfrared ranges are very sensitive to the oladienmal
conditions. There are specific requirements to FH\bservations: measurements are restricted fiestsaunrise and before
sunset when the solar zenith angle (SZA) is togelail herefore, all SEVIRI measurements when SZA gvaater than 72°
were excluded from consideration in the studiefRbgbeling et al. (2008) and Kostsov et al. (2018\s).a result, in the
latter study devoted to the LWP measurements dt laititudes (60°N) no measurements during wintentim® December
and January could be selected for analysis, andidh&er of measurements selected in February atablufor analysis
was very small. Besides, the problem of the miggnetation of measurements in winter over the snowered 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 mnwislin winter in the day
time over the snow- and ice-covered surfaces. Toierein 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 LWRdignts by means of
ground-based microwave observations. The concejbiesE measurements is straightforward: a radiorgtieh is located
close to a coastline can probe the air portiong ¢aed and water surface if it works in the anguaanning mode at
appropriate direction. Microwave measurements carcdrried out during all seasons, day and nightlueing rain and
strong snowfall conditions. Ground-based MW measerds characterise only the local scale LWP distigims in the
close vicinity of the observational point, and tisigheir disadvantage if compared to satellite snemments. However they
can provide the important information on the dilrogcle of LWP over land and water surface with thiggmporal
resolution, and also they can be used for validatibsatellite data on LWP obtained for the comsthrea near the ground-
based validation point. The RPG-HATPRO microwavdiagmeter, which is functioning at the observatioséié of the
Faculty of Physics, St.Petersburg State Univer&yssia), perfectly suits the requirements to tkgeement aimed at the
LWP gradient detection. It is located at a distaoic2.5 km from the coastline of the Gulf of Finthand performs angular

scanning towards the Gulf of Finland every 20 mesuvhile doing routine observations.

The idea to use ground-based microwave radiométetee angular (elevation and azimuth) scanning enfut
detecting horizontal gradients and for plotting sagd atmospheric parameters is not new. The 22reHaradiometer
MICCY (Microwave Radiometer for Cloud Carthographyi}h high temporal (1 s) and spatial (antenna b&&nresolution
and scanning possibilities in horizontal (0-36Q7Y aertical (0-90°) planes was designed for mapplogds (Crewell et al.,
2001). It should be noted that this radiometerdagportable and can be used for mobile measursm&mbther instrument
is a 10-channel ASMUWARA, the All-Sky MUIti WAvelgth Radiometer. It is a system designed for tropesp
monitoring and it is able to observe the sky in dillections with an angular resolution of 9° (Margt al., 2006a).
Retrieving maps of integrated water vapour andidiquater is one of the purposes of this instrum&he examples of these
maps can be found at http://www.iapmw.unibe.chaed@projectssASMUWARA/online/, last access: 15 M2p19. A
description of the LWP retrieval algorithm, LWP skaps and corresponding photographs of the skypr@sented in the
article by Martin et al. (2006b). A short overvi@frangular scanning observations of cloud liquatev 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 ola&ms in angular scanning mode from moving plat®r air-
borne and ground-based. This approach was firgtgzed in the 1980s. Huang et al. (2010) demondttate feasibility of
tomographically retrieving the spatial structurectdud liquid water using current microwave radiadrngetechnology and

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

It should be mentioned that microwave radiometems eapable to provide the information on the spatia
inhomogeneity not only of LWP but also of air huityd Schween et al. (2011) have shown the potepfia single full-
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scanning MW radiometer RPG-HATPRO for detectingzumtal water-vapour variability. They demonstratiedt applying
a simple linear-gradient model together with aruasesd vertical profile derived from the closest cadinde ascent, the
strength and direction of the horizontal-humiditadjent can be determined with a temporal resalusibout 15-20 min.
Meunier et al. (2015) performed simulated experitefor retrieving two-dimensional water vapor figldising a
tomographic approach and multiple ground-based MWbometers. The goal of the mentioned study wasviestigate how
the various aspects of the instrument setup (nunalper spacing of elevation angles and of instrumemisnber of
frequencies, etc.) affected the quality of theiestd field. Stahli et al. (2011) have proposedmaaging method for both
water vapour and liquid clouds which used grounskeblaobservations by the SPIRA ground-based MW naelier
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 heterogendand surface on the spatial distribution of atnfesfc water vapor: they
used ground-based remote sensing measurementtegfated water vapour (IWV) by a microwave radiané¢dATPRO
during clear sky conditions at 30° elevation ar{fiid azimuth scans with 10° step).

While the above mentioned studies considered thergéproblem of LWP mapping by means of MW obstows,
the present study deals with the specific taskstess feasibility of detecting LWP horizontal ggatb in the coastline area.
We emphasize that the retrieval of LWP over land @ater surface in the vicinity of the radiometad dhe 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 dentify the main problems relevant to quantitatwalysis of measurements
and to the solution of the inverse problem of th&R.retrieval over water area using MW angular scaves start the
investigations by focusing the research on the oreasent domain. We examine the results of briglstriemperature
measurements in several spectral channels of themater and at several elevation angles in o atentify the evidences
of the land-sea LWP gradient just in the measurexhfity, i.e. MW radiation. The analysis is doneddferent seasons. To
our opinion, such an approach, while being rel&igemple, is an efficient way to highlight the magdoints which require

thorough investigation. Nevertheless, we also pres@me 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 microwaveurezaents are not numerous and ours is the firsingtt to solve the
specific problem relevant to the investigationtod t WP gradient in the coastline area. Therefoeedecided that it would
be reasonable to present the step-by-step analfyie problem starting from the considerationha forward problem and
to demonstrate the complexity of the task thatdaceWe used the classical approach to the solutionvarse problem of
atmospheric optics: analysis of the forward probtemthe basis of simulations, analysis of measqgrehtities for several
test cases, tuning the retrieval algorithm, prdogsshe experimental data with the help of thisoalllpm, and the
comparison of the results to the independent ddtiiough the concept of using angular measurenmentaracterize water

vapor and liquid water path gradients is feasiliéepractical applications are very difficult dwethe high variability of the
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liquid water in the clouds, the inhomogeneity oftevavapour, etc.. In addition, we would like to drapize that the
experimental setup of the HATPRO radiometer atahgervational site was initially developed for imging temperature
retrievals in the lower layers rather than for sujvthe problem of the LWP gradient detection. Hegre we managed to
apply these measurements to the task under coasaerand got promising results.

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

2.1 General formulation of the problem

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

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

Seven spectral channels located in the 0.5 cm oxwydpsorption band (51.26, 52.28, 53.86, 54.94, 6666.30,
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 itifformation on
atmospheric humidity profile and cloud liquid wateath. Zenith measurements are processed by th#-patdmeter
retrieval algorithm based on the optimal estimatioethod (Kostsov, 2015). Previously, the resultt\WP retrievals were
validated and the error analysis was made (Kost¢@aV., 2018a). Zenith and angular measuremertstitbination are also
processed by the built-in quadratic regressiorienat algorithm developed by the instrument mantfier. Both optimal
estimation and regression algorithm independentlyvide the vertical profiles of temperature, abtsland relative
humidity, integrated water vapour, and the cloagliti water path. It is important to emphasize that angular scans are
used only for temperature retrievals in order tgrove the results at the boundary layer altitudégss is a common
procedure for radiometers of this type. The “terapgme 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 Nevaypé&s shown in
Fig. 1. The distance from the radiometer to thestiime is 2.5 km along the horizontal viewing difen. The horizontal line
of sight crosses the opposite coastline of the GlUFinland at 18 km distance from the radiomeéed at the 22-26 km
distance it passes over the lake Sestroretsky \R&4tie radiometer is located at about 25 km digtdnem the city centre
(St.Petersburg) and at about 50 km distance frenméarest radiosounding station (Voeikovo, WMO BD&3).
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The set of elevation angles of the line of sighthtef microwave measurements is the following: &0, 19.2°,
14.4°, 11.4°, 8.4°, 6.6°, and 4.8°. The viewingmetry in the vertical plane is shown in Fig. 2. Trhdiometer 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 respaiesthe spatial distributions of temperature, hutgiéind cloud
liquid water. The channels in the water vapour mel oxygen band (at 22-28 and 51-58 GHz) are manfluenced by
humidity and temperature distributions while thamhel in the so-called “transparency window” (31G¥9z) provides the
information on LWP. In order to demonstrate that thWP channel” is transparent enough in the ergttreospheric region
of interest, we calculated optical depth for thisuenel along lines of sight corresponding to déferelevation angles. The
results are plotted in Fig. 3 as a 2D-map. In otdenodel maximal absorption, as an input for thkewations we took the
profiles of temperature and humidity which are ¢gbifor warm and humid days in July in St.Petergbwagion. The
integrated water vapour was 31 k§.rThe LWP of the modelled cloud was equal to 0.4ri&gwhich is the maximal value
for non-rainy clouds. Overcast conditions were nllede the cloud base and top were selected at lakwoh 2 km
correspondingly. One can see that even for thieemé case the optical depth at 31.4 GHz does roseeix1.8 for the
smallest elevation angle at a horizontal distarfc@8km from the radiometer which is the opposhers of the Gulf of
Finland and about 10 km inland. At the oppositestdoe which is 18 km from the radiometer, the oaltidepth reaches a
value of about 1 in its maximum. The obtained rssigad to the important conclusion: clouds inltheer 2-4 km over the
opposite shore of the Gulf of Finland at about 20fkom the radiometer are detectable at small &@vangles (4.8° —
8.4°). In case such clouds are present, the deteofi LWP land-sea gradient for clouds in the lovesrers will become

rather complicated task.

The measured atmospheric microwave radiation isstergd as a set of brightness temperature valyes
corresponding to observations at spectral charwigthscentral frequencieg and elevation angleg 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 algonthich is shown in Fig. 4. The setTy, is the basic input
to the processing and analysis but zenith and angiiservations are treated separately. Zenithredisens at all 14
spectral channels are processed by the multi-paesmetrieval algorithm based on the optimal estiomaapproach. The
obtained profiles of atmospheric parameters are tlsed for calculation of brightness temperatutaescorresponding to
elevation angles of angular scans under the assumpft horizontal homogeneity of the atmospheretht next step these
calculated values are compared to correspondingsumead values. The difference between measured alullated

brightness temperatures is taken as a main qudotignalysis:

D (v,a) =T, .(v,a) = Tn(v, @) (1)
This quantity can be considered as a sum of setesrak:
DTB (V! 0') = Dgrad(V! 0’) + DTq(V! 0’) + Derr(V’ 0’) ’ (2)
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where Dy, is the brightness temperature difference whicHiiectly caused by the difference between LWP alcaud
above the radiometer and LWP of a cloud observédeatlevation angle. For simplicity, this term will be referred below
as the LWP gradient signab+, 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 aspheric parameters which are used for calculatibit,. under the
assumption of horizontal homogeneity. The contidyubf these errors tBe,, Nneeds more detailed explanation. In order to
make this explanation more evident, let us considerexample case with a humidity profile errort Ls 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. IfoakeulateTy,, for zenith direction using the true and the re®id profile
the difference between the obtaindg. values will be small and comparable to the randemor of microwave
measurements and tfig. value will be very close td,,, value. However, if we calculafg for small elevation angles using
the “erroneous” profile and compare it to the cepandingTy,, value, this difference can be noticeably highee thuthe
considerable increase of optical path through @lyerks where the retrieved profile has errors. Inexample case, the result
would be the overestimation @f, by T,.. Here, one important note should be made: théwvetrerrors for profiles have
random and systematic components (the latter isechmainly by a priori information used for retaés). As a result, the
term D¢, might consist of both components also. The paijntmror (elevation angle error) can be another c@of D,
which is important for small elevation angles. Al$éor small elevation angles, the surface emissierference can take
place through side lobes of the antenna patterreriMonsidering small elevation angles, one shoakpkn 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 atilosre to an instrument which makes an observatiGome elevation
angle. We consider two cases: a cloudy atmosphetealoud-free atmosphere (temperature and hyradit assumed to
be the same). In the cloudy case, the radiatiom frold upper atmospheric layers is considerablpddesi by a cloud, at the
same time a cloud itself is a strong emitter ohdiation. As a result, an instrument registersréftgation 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 casendgsured brightness
temperature is lower than it is in a cloudy cadgs Teasoning is valid also in case when clouds avadiometer and over a
water body have different LWP: the lower LWP ise ttveaker the emission by cloud and absorption efndeelling
radiation are. So the measured brightness temper&iu clouds with low LWP will be smaller than folouds with high
LWP.

For characterisation of a magnitude of the LWP gnatdsignalDy,g We present Fig. 5b where we modelled the

atmospheric situation with the LWP land-sea diffee According to LWP measurements by the SEVIRtriment in
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2013-2014 in the vicinity of St.Petersburg, the mé&VP over the HATPRO radiometer site was 0.08@kg and the
mean LWP over the river Neva bay was 0.040 Kg(Kostsov et al., 2018b). We modelled 2D radiatiamsfer for ground-
based measurements using these values and dismbsirts within 1-2 km and 3-4 km altitude layerseTartificial cloud
with LWP=0.080 kg nf was placed over the radiometer location and ttiical cloud with LWP=0.040 kg i was placed
over the entire water area and over the opposaeestf the Gulf of Finland. Annual mean profilesppéssure, temperature
and humidity for St.Petersburg region were takea ascessary input for calculations and and thenagson of horizontal
homogeneity of these parameters was used. Fighdlssthat, as expected, the 31.4 GHz channel le$athbest LWP
gradient signal which reaches 14-16 K for the sasallelevation angle. The signals in the 22.24 Ghid 51.26 GHz
channels, which are shown for comparison, do no¢ed 6 K. The signal at 51.26 GHz is nearly zercfoallest elevation
angle because of its high opacity if compared teeotonsidered channels. For 31.4 GHz and 22.24 Gtdnnels, the
signal is higher when the cloud is located withid Bm layer than in case of lower cloud, but thifedence is not large
(about 2 K).

2.2 Modelling of measurements in the atmosphere hitscattered clouds

Fig. 5b refers to an overcast atmospheric situatibich is the simplest but idealised case for ediiom of the magnitude of
the LWP gradient effect in the measurement doniainrder to be closer to reality, we simulated sbattered clouds over
land and sea in the vicinity of the radiometer gsirMonte Carlo method. The observational plane E$g. 2) was extended
and divided into cells (two rows, each row contdidecells of the 12x3.25 km size) located over @uf of Finland and
two opposite shores. In each cell, the random numgeeerator produced the values of the followirmudl parameters: the
vertical extent (0.3-2 km, uniform distribution)pttizontal size (0.5-5 km, uniform distribution)eticloud placement within
a cell (uniform distribution); LWP (lognormal digiution). It should be emphasized that the avettagdgzontal size of
generated clouds was much smaller than the sitleeoivater body under investigation. While modellthg LWP values,
we considered two situations: one with the existiMgP land-sea gradient and another without suchadignt. The mean
LWP values for the first situation were the saméaden previously for overcast conditions: (0.08 804 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 instsoua cloud spatial distribution was combined vdtte set of the
meteoparameter profiles (temperature, pressure handdity). For these meteoparameters, the assamputi horizontal
homogeneity was used. The sets of profiles weraikd in the course of 2 years of observations Hey HATPRO
radiometer (2013-2014) with the sampling intervél2omin. As a result, we obtained a statistical eemisle which

characterised all seasons.

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

view (FOV) on the interpretation of the off-zenitreasurements. The 22 and 31 GHz channels are lpptiamsparent even
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for small elevation angles. If the vertical distriions of atmospheric parameters within FOV at age distance from the
radiometer can be approximated by linear functitims effect of FOV will be negligible. The situatican change crucially
in case of scattered clouds, especially small si@gads 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 ineca$ scattered clouds are illustrated in Fig. AeQ@an see that small
clouds may appear entirely within FOV of the radaten (as shown in Fig. A for the cloud over the agfe shore). Some
clouds may be missed by observations due to theation in between the lines-of-sight (LOS) coresfing to different
elevation angles. Two or more scattered clouds faaynto FOV. Moreover, one cloud may be detededh in zenith and

off-zenith observations.

Fig. A demonstrates the large variety of atmosgh&tuations. Obviously, for scattered clouds ikesano 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 that&gd variability of clouds but also their tempoxariability, we can speak
about the LWP gradient component in measurememysimterms of mean values obtained by averagingy éarge amount
of data. Fig. B presents the statistical distritmsi of simulated brightness temperatures at 31.4 €& four elevation
angles. For each angle two situations are considenee with existing LWP land-sea gradient and ka@otvithout such
gradient. The input data for radiative transfeicakdtions were the Monte Carlo simulations of satl clouds described
above. One can see from Fig. B that for all angesdistribution “with gradient” is shifted towardsnaller brightness
temperature values if compared to the distributimithout gradient”; however this effect is less pomnced for the

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

In order to estimate the component in measured tijyawhich is related to the LWP land-sea gradieffect, we
analyse the difference between the mean valuek, datasets which were calculated for situations auithand with the
gradient. This difference is equivalent to g,y values shown in Fig. 5b and presents a measutkeofuseful 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 sedathenatic contrast to the overcast case (see F)g.Fob scattered clouds,
there is no increase of the useful signal for senalevation angles. Contrariwise, tDg.q4values for elevation angles 11.4°
and 14.4° are lower than for the angles 19.5° &fd Bhe sharp decrease Df..q at 11.4° is explained by the influence of
high LWP of the clouds over the opposite shorénefwater body.

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

results which were obtained by averaging of a \@mye number of individual measurements.
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However the effect of FOV exists and it is illusgd by Fig. D which shows the statistical distribatof the
difference between the brightness temperature rddaneglecting FOV and the brightness temperatota@ired accounting
for FOV. We suggest that this difference is a measvhich characterises in the best way the FOWaérfte on the results
of the interpretation of the off-zenith measurementThe 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 distrilmjtis less than 0.5 K for all four considered etmraangles 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 charagtdrby the standard deviation, increases for sneld@ation angles. The
obtained values of the random component can be fasetie estimation of a minimal number of indiveduneasurements
which should be sampled in order to suppress ceralidly the influence of FOV. For example, for aaatsisting of about
600 individual measurements, the random comporiethiecerror due to neglecting FOV at the elevadogle 11.4° will be
reduced to the value about 0.1 K. It means thatHercurrent experimental setup averaging overlthday time period is

enough for suppressing the random error due to FOV.

So, the described Monte Carlo simulations of cloadd the brightness temperature calculations leaskveral
important conclusions. First, we reiterate thatdcattered clouds it makes no sense to comparke sirgith and off-zenith
observations since the LWP gradient signal is @oemvalue under such conditions. Second, for aesragiantities, the
magnitude of the component of measured signal mhéted by the LWP land-sea gradient (useful sigimatase of scattered
clouds is rather small and therefore one can exgiiffictulties in detecting it, especially takingtinaccount the presence of a
large number of interfering factors. Third, thetinmment FOV affects the results of the off-zenithasurements in case of
scattered clouds by introducing additional noitesystematic component is small and averaging segral hundred cases
can minimise its random component. So the assumptioinfinitely small beam width can be used forogessing

measurements if the analysis is done for averagedtijies.

There is still an emerging question: to what extdwet signal relevant to horizontal inhomogeneityL¥¥P Dgaq
interferes with signal®, andDe,. In order to obtain the most realistic assessraktite magnitude of the latter signals we
decided to analyse the results of angular scanshwiave been made during several cloud-free dagtdd of compiling
computer models of inhomogeneous temperature anddity fields suitable for the considered experitérhe obtained

estimates are presented in the next section.

3 Case study

Forward calculations and their comparisons with sueaments are the preliminary and essential stefosebsolving inverse
problems in many studies. Analysis in the measunéndemain can be especially useful when considetitey multi-

parameter inverse problems which physically arpoed. The solution of such problems implies thyaieation of a priori
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information which can affect the result to a grestent. Besides, in case multiple parameters dreved simultaneously,
their retrieval errors are coupled in a complex wakiese two factors can make the analysis in theaito of sought
parameters difficult and ambiguous. Therefore wartstvith the analysis in the measurement domain Hetter
understanding of the useful and interfering sign&8imce clouds are atmospheric objects which awwracterised by
extremely large spatial and temporal variabilityd asince the experimental setup and geometry weteopiimised for
considered task, the model simulations should biéied by comparison with experimental data. In iéidd, the theoretical

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

We analysed measurements which were made durifegetit atmospheric situations. These situationewetected
on the basis of space-borne measurements of LVl imicinity of St.Petersburg by the SEVIRI instrembhwhich 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 tvauigd pixels:
the one which is the nearest to the position of HBEPRO radiometer and the other which is the nedgiing pixel but
located over the Gulf of Finland just to the Nootithe radiometer. Measurements during four dayse\a@alysed (6 May
2013, 6 June 2013, 5 October 2014 and 11 Octobbf)20hen large differences between LWP over larmdl sea were
detected. In the present study, the consideratfoonty two mentioned pixels is not sufficient. Whére atmosphere is
observed by the radiometer at small elevation anglee air portions over the opposite shore ofGléf of Finland will
make a contribution to measured radiance. Thergtbeedistributions of clouds in pixels 241 and Z&8 shown in Fig. 1)
should be taken into account as well as in pixé3 @he radiometer location) and 242 (the Gulf midd). Analysing the
SEVIRI LWP data in four pixels, we tried to findettfiollowing long lasting atmospheric situations:

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

B) A cloud-free atmosphere is in all pixels except ah¢he radiometer location. This situation is estassessing the
Dgraa term in the expression (2) during the most favblerabservational conditions (without backgrourghai formed
by the clouds over the opposite shore of the GuFimland).

C) A cloud-free atmosphere over water area and clowds both shores of the Gulf of Finland. This is thorst case for
detection of the land-sea LWP gradient since tfecetan 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 usetdhwerature, humidity and cloud liquid water pedilretrieved from
zenith observations as an input. It is well knowattthe ground-based microwave method has rathergpatial resolution
which yields smoothed profiles and the very largeeautainty of the vertical placement of a cloudisTact is known and it
was quantified in a number of studies with the h&flpOFS calculation (Degrees Of Freedom for Sigmiaich show the

number of independent pieces of information that loa extracted from observations). This esserg@iufe of the transfer
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of the downwelling microwave radiation in the calesied spectral region exhibits itself both in tbemard and inverse
problems. The brightness temperature calculationghie zenith and off-zenith geometry are equailsensitive to small
scale variations of the parameter distributions@lthe line of sight. Therefore this smoothing fieatdoes not affect our
calculations and relevant conclusions. The curversion of the retrieval setup assumes the placeofemcloud inside the
0.5-5.5 km altitude range (low and medium clou@)tside this range, the cloud liquid water profdeconstrained to zero
values. The workability of this retrieval setup Hasen confirmed in the study devoted to cross-a#itich of different

methods of the LWP retrieval (Kostsov et al., 201&r liquid water profile, DOFS is less than atttmeans the small
influence of the liquid water distribution on thesults of the brightness temperature calculatidiss fact indicates
implicitly that the placement of the cloud does ptay a crucial role in forward calculations andtire 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 tempa®a profile and

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

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

conditions over the water area, therefore the cldadement error is absent for the off-zenith dalions.

In Fig. 6 the LWP values detected by SEVIRI in foueasurement pixels are displayed as a functigimaf for the
date 25 August 2013 (warm and humid season). Aduglsd the values of brightness temperature difieedD g 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 &atpre difference in the interval [-1 K; 1 K]. Aappearance of yellow
colour in a 2D plot means that the difference betwaneasurement and model calculation is negligéhall for
corresponding combination time/elevation angle. Té@ hue describes positive valuesf;, the blue hue describes
negative values. Fig. 6 refers to a cloud-freeoafpheric situation as detected by SEVIRI instrumtr LWP values are
all equal to zero except for pixel 219 after 26ffattional day, however those values are less th@d8 kg nf and can be
considered as negligibly small. Here and below s& the UTC for time scales and fractional days. ddyecount starts on
1 December 2012 — the first day of selected dataketal noon is at 0.416 day fraction (11:00 UTQje can see that for
the 31 GHz channdDg values are close to zero for the elevation an§fe Bor smaller elevation angldd;z becomes
negative and its absolute value increases. Thelraspnly one specific signature: at about 267 @ifvaal day the absolute
value of negativ®d+g is the largest reaching 14 K and 26 K for 31 GHid 22 GHz channels correspondingly. In general,
the brightness temperature difference for the 22 Gkhinnel is noticeably larger than for the 31 @Hannel. The reason

for that is the larger optical thickness of the@3z channel and higher sensitivity of this chartnelater vapour variations.

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

calculated brightness temperature within the whatege of elevation angles. Some negative valuesaapgccasionally at
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elevation angles below 10°. For the 22 GHz chartheldifference between measured and calculatgtitbess temperature
is negligibly small within the range of elevationgdes 10°-30°. For lower angleBys becomes negative, but its absolute
values are not large. This case is an example w&ra small influence of the humidity variations Brq and Dey 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 mentionedwab
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 ¢ (b) and (c). The LWP of the SEVIRI retrieval i®tresult of averaging over
the area of about 7x7 km while measurements b¥AREPRO radiometer are very local. In contrast t® study (Kostsov et
al., 2018b) in which only zenith observations witequent data sampling were used, we can not pertoreraging of
HATPRO measurements because sampling intervalnigular scans (20 min) was quite large for thatsThct should be
taken into account when comparisons of (a) pantl ) and (c) panels are made. One should noto¢xpe precise
agreement of signatures on a time scale. Fig. &dstrates large number of positive value®gf for the 31 GHz channel.
The largest of them reach 4 K and correspond tgpthéeod 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 ab&1ed 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 apaece of negativBg
values with the largest absolute brightness tentperadifference at small elevation angles. For 22e GHz channel,

negativeDrg were detected at small elevation angles all dag.lo

Let us consider the most interesting case whideseribed by Fig. 9. This is the case with heavudiness (LWP is
reaching 0.3 kg if) 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 distiitn of clouds only from the SEVIRI observatiotdnfortunately, the
ground-based measurements for 25 July 2013 ardableistarting only from 236.34 fractional day, edheless the
observational period is long enough for analysisstFwe point at the large amplitude of the brigdds temperature
difference: from -18 K to 24 K. The reason for ttsathe presence of clouds with high LWP. Secorelpaint at the mixture
of positive and negativ®g values for 31 GHz channel within the time perid#b6234-236.6 fractional day. As it was
already noted, the ground-based measurements ayelogal, instantaneous and not averaged. Therefbrine cloud
distribution is fragmented, the disposition of sgpa clouds over the radiometer, over water areeoaar the opposite shore
of the Gulf of Finland may be considered to a éeréxtent random. This fact manifests itself asigtume of positive and
negativeD+g. As a result, the LWP land-sea gradient, whichialisly existed during the considered day according
SEVIRI observations, is completely masked due &s@nce of cloudiness over the opposite shore oGtiieof Finland.
Starting from 236.6 fractional day, clouds disappdaeverywhere and for this period tig 2D map is more

homogeneous. Similar to cloud-free situations dyvimrm and humid season described by Figs. 6 atiee87g 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 simtla~ig. 8 but the LWP values of the clouds over riddiometer are
much larger (up to 0.25 kgfh At the same time there are some clouds with nsmsaller LWP over the opposite shore of
the Gulf of Finland. We see that for the 31 GHzroted positiveDrg prevail showing the evidence of considerable LWP
land-sea gradient even for small elevation angkas. the 22 GHz channel, in contrast to Fig. 8, Dy are also
predominantly positive even for small elevation lasgThe reason for that is high signal originatiram the clouds with
large LWP. The “separation of variables” in chasrg®2 GHz and 31 GHz is obviously not perfect, thavhy the 22 GHz
channel is also sensitive to cloud liquid water3&a95Hz channel is sensitive to humidity distribati As a result, in the
considered case the positive signal of the LWP -l gradienDg,,g dominates in the 22 GHz channel over the negative

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

Concluding this section, we can formulate the folly statements:

1) As predicted, the LWP land-sea gradient (higher LoVEr land, lower LWP over water) is detectable shdws up as
positive values of the difference between mode#lad measured brightness temperatures of the MVétiadi These
positive values can be seen in the whole considerege of elevation angles (4.8°-30°). The expemnimevealed that
the magnitude of the useful signély(.g can vary from 2 K to 24 K depending on elevatiogle and LWP land-sea
difference (as it is provided by the SEVIRI satellinstrument). Obviously, thorough quantitativealgais is
problematic due to the fact that the true statdhefatmosphere over the water body (the Gulf ofalRid)) was unknown:
the SEVIRI instrument provided averaged data on L\&R there was no information on correspondingune,
temperature, humidity profiles and type of cloudme

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

3) There is a systematic negative component of thghtiress temperature differendgg which is clearly revealed under
cloud-free conditions and can reach in the warmtandid season 20K by its absolute value at smallation angles.
So far, we do not have enough information for aairdentification of the origin of this negativensponent. Pointing
error (elevation angle systematic error) shouldehanoduced signal which is constant in time, ge itot the case. The
uncertainty of accounting for refraction is smalbgr more than the order of magnitude. The intemfgsignal coming
from the surface through side lobes of the antquattern is very unlikely to be the reason sincedtfiect depends on
air humidity. So, the only two explanations remaihe humidity horizontal gradient or the amplificat of the
systematic error of humidity retrieval when brigégs temperatures are calculated for elevation aragheer than 90°.
The presence of the negative componeidgfcan make it difficult to detect LWP land-sea geaud$ if these gradients

are not very pronounced.
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4 Statistical characteristics: seasonal features

The main idea of this statistical analysis is tmpare the monthly mean values of two quantiti®g;e andDtg. Here,Dywp

is the difference between LWP obtained by SEVIRpixels 243 (land, radiometer location) and 242 (<&ulf of Finland)
and this quantity in our study is the reference suea of the LWP land-sea gradieBg is the brightness temperature
difference in the 31.4 GHz channel which has begfindd in section 2 and contains the componenectfig the LWP
land-sea gradient.

In order to minimise the influence of the interfeyisystematic negative component®fy attributed to the humidity
horizontal gradient, in statistical analysis we sider only the elevation angles larger than 10% dther advantage of this
limitation is the missing of most clouds over theposite shore of the Gulf of Finland, over seconthls water area
(Sestroretsky Razliv) and the land at about 28 kstadce, because the atmospheric layers below xippately 4 km are
not scanned. For the sake of correct comparisoth@fground-based and space-borne measurementsnitteco 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 dtoutations of
monthly mean values contained all available highalitgy measurements. The elements of these datavests not
synchronised, which means for example that when PRRD did not produce the data because of rain o stie SEVIRI
data set might have had no gaps.

The monthly mean values &fwr andDsg are plotted in Fig. 11 separately for 2013 and42fat warm and cold
seasons. Prior to discussion of Fig. 11 two impurtaotes should be made. First, due to presencihenfsystematic
component (interfering signal) originating, as segfgd, from the horizontal inhomogeneity of watapaur, the attention
should be paid to the qualitative temporal behavafDg rather than to the specific values of this qugn#nd second,
one should account for possible influence of sealsweariation of the interfering systematic compadnen the temporal
dependence dqg.

As one can see from Fig. 11a, the LWP gradientcotiedeby the SEVIRI instrument during the WH seakas two
maxima (in May-June and in October) and one mininmianAugust-September. Comparii wr and Dg for the WH
season we note similar temporal behaviour of tigesatities within the time interval May — Augusheérbest agreement is
observed for 2014. For 2013 the agreement is ngoad as in 2014 since the ground-based measurgrdentonstrate
profound minimum in June which is not present ia satellite measurements. For the CD season, ithargood agreement
of temporal behaviour oD wp and D+g 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 withine interval
February-April while the ground-based data showritsease. There is one interesting feature thatildhbe also noted: the
monthly mean values dbg for different elevation angles are very close #mhe other for all seasons. However, the
variability of D in 2013 at small elevation angles (11° and 14Rjgber than for large elevation angles (19.2° 30%).
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It should be reiterated that both water vapour elodd liquid water affect the brightness tempemtualues 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 orethalues ofDtg. In order to perform a separation of variableim
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 parametersiwim our case are LWP and IWV (integrated watguous). The
simplest and commonly used method to solve therssveproblem of the LWP and IWV retrieval from misave
observations in the K-band of microwave spectréhés application of regression algorithms — linearqoadratic. Both
algorithms have advantages and disadvantagesfdrenge decided to apply both of them and to comphe results. The

regression formulae for the LWP value are as fadtow

L
LVVPn = ZaknTkn + a(L+1)n (3)
k=1
L L )
I-\NF)n = z h(nTkn + Z b(L+k)nTkn + b(2L+1)n (4)
k=1 k=1

where Eq. (3) refers to linear regression, Eq.r@ers to quadratic regression; identifies the elevation angle of
observations, in our case0,...,7 (zero refers to zenith viewing);andb are the regression coefficients, indeidentifies
the spectral channel, is the total number of spectral channels which @residered in the regression schefds the
brightness temperature. In the present study, veel fer retrievals only two of seven spectral chémne the K-band:
22.24 GHz and 31.40 GHz, &e2 in Egs. (3) and (4).

In the course of developing the retrieval algoritwe used two variants of training data sets. it fiwe trained the
algorithm separately for each of the seasons aasyand considered only the overcast case witldithrange 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 aitfuims was performed on the basis of the Monte cCarbdelling of the
atmosphere with scattered clouds described in stibse2.2. The complete training dataset includesl values of LWP
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.@4Z5Hz and 31.40
GHz were calculated accounting for the instrumedVFThis training dataset was used to derive tigeassion coefficients.
As a result, for each of the regression algoritliiinear or quadratic) of the LWP retrieval we hadar disposal 8 sets of
regression coefficients corresponding to 8 elewatangles. Testing of the regression algorithms hHa tumerical
experiments conducted for simulated overcast cmmditand scattered clouds has shown that the Higwioverestimate
the true LWP for off-zenith observations with thasin the range 0.003-0.006 k¢'rfor elevation angle 60°). The bias
slightly increases for smaller elevation angles: Eenith observations, the bias is negligibly sm@b, we can make the

conclusion that the algorithms can not overestirttzeel WP gradient, if it is detected while procagsiield measurements.
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After applying the regression algorithms to thegbtness temperature values measured at differematédn angles
we could estimate the land-sea LWP difference &aidd from ground-based MW observations usindahaula:

D,,, = LWP, — LWP, )
wheren stands for elevation angle and zero refers tatzemewing as it was in Eqs. 3 and 4, the indextidates that the
data refer to HATPRO. The results of estimatiorthef land-sea LWP difference both by space-borne gradnd-based
observations are presented in Fig. 12. This plarganised similar to Fig. 11, but contains onlg asertical axis D wp).

The results obtained by linear and quadratic algos appeared to be very similar, so we presentasdts of the linear
algorithm only.

Prior to analysis of Fig. 12, several preliminagmarks should be made. First, in order to excluasiple rainy
conditions from the satellite data we removed ANWR. greater than 0.4 kg'mfrom the SEVIRI dataset before plotting
Fig. 12. The second remark concerns possible infleef the clouds over the opposite shore of thié @Winland on the
results of the estimation of the land-sea LWP diffee from ground-based observations. In order &xema proper
comparison of ground-based and satellite datauoh & situation, we have calculated the land-se& Idifference from the
SEVIRI data using three different formulae:

D51 = L\NP243 - L\NP242 (6)
D, = LWR,,;— (LWR,,, + LWP,,,)/2. )
D, = LWP, 5~ (L\sz42 +LWR,, + LVVP219)/ 3. (8)

Eq. 6 corresponds to pure land-sea LWP gradientiwisi estimated as the difference between LWPHerland and sea
pixels. Eq. 7 models the situation when the HATPIRSlrument is probing air portions over sea andrdkie opposite

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

equal contributions by pixels 242 (sea) and 24bd¢sjie coastline are). And Eq. 8 is intended fodeliing the HATPRO

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

from the opposite coastline, i.e. over pixel 219ai, as for the previous case, the contributidrels to the “sea value”
of LWP are equal.

We would like to emphasize that the extensive &otdough comparison of the HATPRO and SEVIRI datd WP
for pixel 243 has already been made and the relsalts been published (Kostsov et al., 2018b, 20&6dd agreement for
daily mean LWP of the ground-based and satellita tlas been revealed. Moreover, the cross-compaoisthe HATPRO
LWP data with the data from two space-borne insenits SEVIRI and AVHRR confirmed the agreement naiy dor
averaged values, but also for single measurem#&uistgov et al., 2019). To date, there were no giternto compare the

satellite and ground-based data on LWP over watdaces. However, the validity of the satellite adatver large water
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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, weacatyse Fig. 12. First of all, we pay attentiorthe 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 in1Bigor the complete datasets. However the temploehbviour
remains the same as in Fig. 11 for all seasonsifowk atDs;. If we look atDs, and Ds3 we can notice the increase of
values from February to March 2013 instead of dss®eas shown in Fig. 11. The most important refdtvn in Fig. 12 is
that the ground-based microwave measurements tdfirdetect the LWP land-sea gradient during adisses and this
gradient is positive as in case of the satelliteasneements (larger LWP values over land and smalier 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 gradieuntsgl cold season
are smaller than during warm season and not aghlaras during warm season. For warm season, #doéegt derived from
microwave measurements at the 60° elevation arsgkmaller than the gradients obtained from measmesmat other
elevation angles. It is interesting to note thar¢hare no noticeable differences between the satoeresponding to
elevation angles 11.4°, 14.4° and 19.2° during waeason and between the values corresponding ¢oraidered angles
during cold season. This fact leads to the conmfughat the clouds over the opposite shore do mmdyze a noticeable
influence on the results. Therefore hereafter wdwnparing the SEVIRI and HATPRO data we shall adersonly theDg,

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 satellitsureaents show
two local maxima in June-July and in October whhie ground-based measurements demonstrate maxif&ynand
August-September. The maximal values of the gradierived from satellite observations are muchdathan the maximal
values of the gradient derived from ground-basestenkations. In contrast to the warm season, dutiageold season the
temporal behaviour of the gradient is the samelerSEVIRI and the HATPRO results. In order to famy explanations
for the agreement of the results in terms of temlploehaviour 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 ¢jtias in the measurements
domain demonstrated several similar patterns irpteai behaviour obtg andD, e during warm season of 2014 and cold
season of 2013.

It is interesting to compare the obtained valueshef LWP land-sea gradient with the data which@vided by
reanalysis, namely ERA-Interim from ECMWEF (Dee kt 2011). The main shortcoming of such comparisotihe coarse
spatial resolution of the reanalysis data. Therivaeresolution of the ECMWEF data is 0.75 deg, &lgout 80 km which is
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too poor to describe the scene of our experimesthigher resolutions of the reanalysis data, titerpolation procedure is
applied, but the highest recommended resolutidh2s deg (28 km). So we have chosen the 28 kmugsnlbut even in
this case we could not apply the reanalysis datahéo scene of our experiment. Therefore we seletied areas
0.25¢0.25 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 showngnB:iThe ECMWF data for land surface refers totdratory located
about 30 km to the south from the HATPRO radiometdre ECMWF data for the water surface refers ® trritory
located about 120 km to the west and 30 km to thighrfrom the measurement site. The ECMWF data\wPlfor 6 and 12

UTC were collected and averaged over a period efroanth.

The comparison of the LWP gradient from SEVIRI, HMO and the ECMWEF reanalysis is presented in Fipue
to large displacement of the reanalysis data wencaexpect the agreement in temporal behavioumeutan compare the
average magnitude of the LWP gradient. For a wagas@n, one can see a very good coincidence of éigmitnde of the
LWP gradient derived from the ground-based obsemsatand provided by reanalysis. The best agreen@nbe seen for
the period May-July/August. The discrepancies iaseeduring the period August-October 2014. Forcibld season in
contrast to SEVIRI and HATPRO, the reanalysis ptesinegative LWP land-sea gradients. However,libelate values of
these gradients are not large. The HATPRO resigfday positive gradients and the temporal pattemessimilar to the
patterns shown by the SEVIRI data. In general, @e make three main conclusions from this comparisarst, the
SEVIRI and the HATPRO instruments detect positi¢R. land-sea gradients during all seasons but tignitoge of the
gradient detected by the ground-based instrumertrisiderably smaller than detected by the sadhistrument. Second,
the LWP gradients provided by HATPRO and reanalgisisng the warm season are in a very good agreemaird, the
reanalysis data demonstrate negative LWP gradigimiglicold season in contrast to the SEVIRI andHAd PRO data. The
mean values of the LWP land-sea gradient for alls@ered time periods are given in Table T1. Omesee that there are
no noticeable seasonal differences in the SEVIR4& déhile the HATPRO results demonstrate lower valdaring cold
season. The analysis of physical reasons for #sosal differences in the LWP land-sea gradiebéejgnd the scope of the
present study. To our opinion, such analysis reguinuch more data including the satellite data tednpver various water

bodies.

Also, Fig. F demonstrates how some factors affeetabtained results. We preséntyp obtained by the HATPRO
instrument at the elevation angle 14.4° for threenarios of training the regression algorithm. Tifen scenario describes
scattered clouds, existing LWP land-sea gradient,the microwave measurements with the account@v. The second
scenario neglects FOV and the third one descritesdnditions without LWP land-sea gradient. One s@e both factors
produce negligibly small effect on the obtaineduhss The conclusion was expected since negledidy is equivalent to
the presence of additional random noise which ppressed by averaging. Also, it is important to tieenthat the presence

of the LWP land-sea gradient in the training da&tadoes not automatically provide its detection nvpeocessing the field
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campaign data. The training was performed witheesfpo LWP values rather than the gradient valBesides, the training

was performed for each elevation angle separately.

5 Discussion and identification of problems

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 perfdrevery 20 min. This time interval is very large &oud 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) havéneated the optimal
value of sampling interval of ground-based microgvatservations by HATPRO using the information apph: the values
of the information volume calculated for measurensmguences with different sampling intervals Hagen compared. The
integration time was always the same and equalstalie lower sampling rates were obtained by sbasampling the data.
The sampling interval that corresponded to the mari of the information volume was considered asngit Kostsov et
al. (2016) have made the conclusion that eventfiyle atmospheric situation the sampling intervedusd not be greater

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

For detection of land surface induced atmosphedterwvapour patterns, Marke et al. (2020) usediypaddwW
measurements by the HATPRO radiometer in zenitbction and in azimuth scanning mode at the elenaitngle 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) ingeded only clear sky cases without any consideratiection.

Taking into account the above mentioned findindsvant to the sampling interval studies we can hatethat the
shortest possible sampling interval would be thst Iselution. The clouds are a highly variable afphesic object. The
problem of detection of the LWP gradient can beswagred as an estimation of a small differencenaf large quantities.
These quantities are the LWP values over land seirféend water body. The solution of the problem iregusimultaneous
and frequent measurements of these quantities wdriehvariable in space and time. Obviously, thebi@m can not be
solved without averaging of measurements over 8pdane periods. The long averaging periods arel ghort sampling
intervals are preferable for obtaining accurataredes of the LWP gradient. The value of 10 s fongling interval seems
to be the optimal trade-off; the short-period viiwias can be registered keeping the amount of miattaery large. However,
the angular scanning procedure itself consumes gone for HATPRO, one angular scan takes 4.5 niitmus, several
practical suggestions can be made, for example:

- to implement scan-by-scan observational mode withllsnumber of elevation angles in order to inceetiee sampling

rate, in this case the sampling interval couldhmrtened to 1-2 min;
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- to alternate 20 min period of zenith observatiotitt @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 rdsjpethe problem of comparison of the ground-bamed satellite data.

Such a comparison requires time averaging of toergi-based data. Different studies recommend diffetime periods

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

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

5.2 Orientation of the instrument

It has been shown by the case study (see sectittraBlouds 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 daestnates geometrically
that clouds located over the opposite shore inattijude layer 2-4 km can be detected by obsermatimt three smallest
elevation angles. The lake Sestroretsky Razlivtextaot far from the opposite coastline is a swaller body (see Fig. 1).
Therefore one can not expect strong influence isfwhater body on cloud properties, and the entiea avithin 18-28 km

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

If we look at both Figures 1 and 2 we can comeht® ¢onclusion that the optimal orientation of treizontal
projection of the line of sight could be strictty the North. In this case the line of site wouldp#he long distance (up to
about 30 km) over the Gulf of Finland which is thain water body in our research. The interferirfuence of clouds over
the opposite shore of the Gulf of Finland wouldrbi@imized. At the same time the line of sight woulok pass over the
island Kotlin which can be a source of heat asd kBurface and as an urban area (the city of Kadbstccupies part of the
island territory). However it should be noted ttia@ HATPRO instrument operating at St.Petersburiyéisity is firmly

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

5.3 Data processing algorithm

In the present study we considered only one alyoriof the derivation of LWP from microwave obseiwas which was
based on regression relationships linking meadirigtitness temperature values and LWP. The regiresdgorithm (linear
or quadratic) is widely used for processing therowave observation data. Simplicity and computatiafficiency are its
main advantages. The other algorithm is called §pdal” 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 watapour (IWV) from

two-channel microwave observations was done by druehal. (2007). In general, the superiority af ghhysical algorithm
over regression algorithm originates from the fhett this method accounts for the spatial distidyubf all parameters

which influence the radiative transfer in the cdesed spectral channels. In particular, the infdgilonaabout temperature in
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cloud layers helps to reduce the LWP retrieval rstrdhe applicability of the physical method to ireblem of the LWP

and IWV retrieval by two-channel radiometers imgltbat the a priori profiles of pressure, tempesand humidity are
available from external data sources and the cliowétd 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 measuretisamulated brightness temperatures. For multi-nBhradiometers,
all mentioned profiles, including temperature andespure ones can be derived from microwave obsengt
simultaneously. Also, the microwave measurementshesacombined with other measurement data and reamist Such

approach is called IPT (integrated profiling tecfug) or general approach to solution of multi-patemninverse problems
(Loehnert et al., 2008; Kostsov, 2015ab).

Since the physical approach is more accurate ti@neigression approach its application to the densd problem of
the detection of LWP land-sea gradient seems @ fr@mising direction of a further research. Oneuthkeep in mind that
measurements at different elevation angles aretetteaeparately due to horizontal inhomogeneity thoaspheric
parameters. Therefore the considered inverse probiéts general formulation through the radiatixensfer equation will

be the classical strongly underdetermined ill-pgsedblem which will require a system of constraints

5.4 Systematic component of signal

Last but not least we discuss the systematic comgonhich was detected in measured brightness tetype. First of all,
we note that when azimuth scans at different elewaingles are performed the directional depenagetference can be
present in measured signal. For example, Markd. §2@20) registered such interference in the umgmted 26.24 GHz
channel at four specific azimuth directions. Cquoegling measurements were filtered out and missaiges were filled
with linear interpolation. In our case, we can determine whether the systematic component is titrgadly dependent or
not, since there is no possibility to perform azinal scanning (the radiometer is firmly attachedhe stand and has no
appliance for the azimuthal rotation). In Sectionv®@ have made the statement that so far we do ae¢ lenough
information for accurate identification of the drigof the negative component of brightness tempeeah the water vapour
channel and the LWP channel of the radiometer. Wewethere is a high probability that this compadneaflects the
horizontal gradient of the air absolute humiditlythis hypothesis is accepted, then we have toa@xpghe origin of high
absolute humidity over the Gulf of Finland and/eeothe territory located between the radiometer thie Gulf of Finland.
High content of water vapour over the water body lba explained either by the evaporation or byatheection of humid
air. Considering the problem of the quantificatafrevaporation 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 surroundiidso the stored heat can be transported withenvtater body itself
and into and out of it.
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— Seasonal variations in the evaporation rate dementhe heat storage capacity of the water body hvigcgreatly
determined by its depth.

— Seasonal variations of the evaporation rate atenecessarily synchronised with seasonal variatafrihe net solar
radiation; as the water depth increases, the marimwaporation can be observed within the periothfone to four
months after the summer solstice.

— The significant factor influencing the evaporatiaite is the heat which is transferred into a whtaty by inflows and
outflows. The variety of inflows includes seepage groundwater bodies, changes in bank storaggrsrilowing into
the water body and land surface run off. Enumegatiutflows, one can mention rivers, controlled witwals
(reservoirs) and leakage to groundwater.

The Neva bay, the part of the Gulf of Finland owich the line of sight of the radiometer passesieiry shallow, its depth

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

to a first approximation, the Neva bay may be abergd 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 selvepecial passages
in the dam. Taking into account all factors presdrdabove, one can suggest that investigation ofe¢lsonal behaviour of

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

The land surface territory between the radiometerthe nearest coastline of the Gulf of Finland lsaralso a source
of evaporation. This territory is covered by theeki (park). In the study by Marke et al. (2020yated to land surface
induced atmospheric water vapor patterns, it hankshown that less water vapour seems to be preseelfevated
deciduous forest. In our case the forest is notagéel, however one can not expect a pattern obdwamidity over the

forest.

The systematic component of the brightness temperatn be caused not only by high absolute huynéing 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 byeaiperature directly through the emission of réolimand indirectly
through the temperature dependence of the absodpyiavater vapour and liquid water. The line othsigt elevation angles
other than 90° passes in its horizontal projecéibaut 150 m over the roof of the building of thetitute of Physics which
can be a kind of heat source, especially duringngutays when the roof is warmed up. In additioereéhshould be an air

temperature gradient over the coastline itself.sEHactors can also contribute to systematic coeioof signal.

5.5 Measurement geometry and data quality control

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

during a certain period after a rain event. Theatlon of this period is taken equal to 4 hourse®mmended in the special
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study (Kostsov et al., 2018a). At the next step dbevergence of the iterative process of the inearsf the radiative
transfer equation is analysed. The convergence iénsiet to 12 iterations. All data correspondingihconverged processes
are filtered out. It should be noted that normdiilg number of iterations before successful convergevaries from 5 to 9.
The last check refers to the analysis of the redidatween measured brightness temperature vahgetha corresponding
values calculated on the basis of the retrievedsgpmeric parameters. In case the RMS residual dgck&, the results are

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

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

similar to the case with zenith observations.

There is another aspect relevant to the measuregemnetry which should be mentioned. The solutibrihe
problem of the detection of the LWP land-sea gradienplies the combination of zenith and angularcnmivave
observations. While zenith observations deliver #iesolutely 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 cloptise direct comparison of the results of zenitd angular observations
made during one scan can be erroneous. Probabhg ngmrous way of comparison would require tempaxeeraging of
the results of zenith observations over a certaniog of time as it is done, for example, when gbbased measurements
of LWP are compared to the satellite data. Thellgatdata are spatially averaged over a grounelpixea and in order to
perform proper comparison the ground-based datdraszaveraged over a period approximately equa tione of an air
parcel movement at a given wind speed through arngtgixel of a satellite measurement. For the mnoblwhich is
considered in the present study, one could suggedbrming zenith measurements with high sampliatg rand the

subsequent averaging of them just before makirgnguilar scan.

6 Summary and conclusions

Previously, the measurements of the cloud liquidewaath (LWP) by the SEVIRI and AVHRR satellitestruments
provided the evidences of the systematic differermmween LWP values over land and water area®ith&n Europe. In
the present study an attempt is made to detect diftdrences by means of ground-based microwavesrghions

performed near the coastline of the Gulf of Finlandhe vicinity of St.Petersburg, Russia. The meave radiometer
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RPG-HATPRO located 2.5 km from the coastline ifioning in the angular scanning mode and is prpliie air portions
over land (at elevation angle 90°) and over watea dat 7 elevation angles in the range 4.8°-3& data obtained within

the time period December 2012 — November 2014 tedeen for analysis.

In this study we used the classical approach tastthation of inverse problem of atmospheric optasalysis of the
forward problem on the basis of simulations, arialyd measured quantities for several test casgsnd the retrieval
algorithm, processing the experimental data with belp of this algorithm, and the comparison of thsults to the
independent data. The decision to make such stegtepyanalysis was stipulated by the fact thatoalgh the concept of
using angular measurements to characterize waper\and liquid water path gradients is feasibk pitactical applications
are very difficult due to the high variability dfie liquid water in the clouds, the inhomogeneitynater vapor, etc.. The
high temporal and spatial variability of cloud pagers (vertical and horizontal placement, horiabsize, LWP, vertical
extension) are the reason for solving the problénhetection of the LWP land-sea gradients only le ltasis of averaging
of a large number of measurements.

At the first stage on the basis of simulationsudahg the Monte Carlo simulations of the atmosplhwith scattered
clouds, the assessment was done of the magnitudbeoEWP land-sea gradient signal in the brightniessperature
measurements. The estimations show that the mdae whthis signal at 31.4 GHz can vary in a widage from 2.5 K for
scattered clouds up to 4-14 K for overcast conatiorhe instrument field-of-view (FOV) affects thesults of the off-
zenith measurements in case of scattered cloudstimglucing additional noise. The systematic congdrof this noise is
small and averaging over several hundred casesn@g@mise its random component. So the assumptidnfufitely small

beam width can be used for processing measureiifi¢iésanalysis is done for averaged quantities.

At the second stage of investigations the problérthe LWP gradient detection is examined in the sneament
domain in the special case study. The brightnampeaeatures of the microwave radiation measuredfi@rent elevation
angles in the 31.4 GHz and 22.24 GHz spectral aflarare analysed and compared with the correspgndilues which
were calculated under the assumption of horizamwahogeneity of the atmosphere. The difference betweeasured and
calculated brightness temperatuleg is taken as a main quantity for analysis. Sevapaktific cases, selected on the basis
of the satellite observations by the SEVIRI instemtnwere considered in detail including: clear-s&nditions, the presence
of clouds over the radiometer and at the same timeabsence of clouds over the Gulf of Finland, #Hrel overcast
conditions over the radiometer and over the oppadibre of the Gulf of Finland. As predicted, th¥R. land-sea gradient
(higher LWP over land, lower LWP over water) shows as positive values of the difference between ethed and
measured brightness temperatures of the MW radiafibe analysis of the test cases revealed thamtmgmnitude of the
LWP gradient signal in brightness temperature nmegsents can vary from 2 K to 24 K depending on aien angle and
LWP land-sea difference (as it is provided by tEa/BRI satellite instrument). These positive valwes be detected in the

whole considered range of elevation angles (4.8j-3the effect of LWP land-sea gradient at smadlation angles can be
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masked by the signal from clouds over the oppaditere of the Gulf of Finland. Besides, there ig/steanatic negative
component of the brightness temperature differemitieh is clearly revealed under cloud-free condisiand can reach in
the warm and humid season 20K by its absolute \atlisenall elevation angles. So far, we do not fenaugh information

for accurate identification of the origin of thisgative component.

The analysis of monthly mean valueshag at 31.4 GHz (the LWP gradient signal in the meaisiemt domain) does
not lead to unambiguous conclusion about the exgésteof the LWP land-sea gradient since the sigthe$e values is
alternating. However, several similar patterns wageected in the temporal behaviouag and the LWP gradient derived
from the satellite observations by the SEVIRI instent (in particular for May-August of 2013 and 2Gnd for February-
April 2013). The presence of these similar patteodirmed the conclusion that the systematic campbin measurements
makes the analysis in the brightness temperatumaiio(i.e. measurement domain) complicated. Thgestgpn has been
made that this systematic component is caused bgrwapour inhomogeneity. In order to perform aasafion of variables
in our problem, we abandoned the analysis of thenfjies in the measurement domain and startecatiadysis in the
domain of sought parameters. Linear and quadraticessions have been selected as suitable reta@a@ithms for the

LWP retrievals.

Training of the regression algorithms was performadthe basis of the Monte Carlo modelling of th@asphere
with scattered clouds which was used for extensinailations of the microwave measurements wheridiveard problem
was analysed. In the present study, we used faevats only two of seven spectral channels inkhgand: 22.24 GHz and
31.40 GHz. Testing of the regression algorithmghi numerical experiments conducted for simulategt@ast conditions
and scattered clouds has shown that the algorittvasestimate the true LWP for off-zenith observadiavith the bias in the
range 0.003-0.006 kg fn(for elevation angle 60°). The bias slightly ireses for smaller elevation angles. For zenith
observations, the bias is negligibly small. So,caa make the conclusion that the algorithms carowetestimate the LWP
gradient, if it is detected while processing figtetasurements. The linear and quadratic regres$gomitams produced

similar results, therefore the results obtainedh®ylinear regression algorithm only are preseiteate article.

The most important result is that the LWP retrisvdEfinitely demonstrate the existence of the LVdRdisea
gradient during all seasons and this gradient sitige as in case of the satellite measurementgdtd 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 tild season are smaller than during the warm seasdmot as variable as

during the warm season.

The intercomparison of the LWP land-sea gradierth deom the HATPRO and SEVIRI measurements and the
ECMWEF reanalysis has been carried out. The SEViRItae HATPRO instruments detect positive LWP laed-gradients
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during all seasons but the magnitude of the gradietected by the ground-based instrument is cerelidy smaller than
detected by the satellite instrument. For the wagasons of 2013 and 2014, temporal behaviour oL@ gradient
850 revealed by the satellite measurements completéfgr drom that obtained by the ground-based meam@nts. In contrast
to warm season, during cold season the temporavimlr of the gradient is the same for the SEVIRd ¢he HATPRO
results. The LWP gradients provided by HATPRO awmhalysis during warm season are in a very gooekaggnt. During

cold season in contrast to the SEVIRI and the HADRRta, the reanalysis data demonstrate negativieé gk&dient.

The main conclusion of the study is the followirtbe approach to detection of the land-sea LWP gradrom

855 microwave measurements by the HATPRO radiometeratipg at the observational site of St.PetersbuageSJUniversity
has been successfully tested and the results owdithe presence of the horizontal land-sea LWHBignain the vicinity of

the radiometer. Further research is needed in aiwédncrease the accuracy of the retrieval method # find the
explanations for the revealed differences in thgmitade and temporal behaviour of the LWP gradabtained from the
ground-based, satellite and reanalysis data. Tindy shas identified several problems: sparse dateplag in angular
860 scanning mode, not optimal azimuthal orientatiorthef instrument, the necessity to improve the gabaessing algorithm

and the need to find the origin of the systematimgonent in signhal measured in angular scanningemod
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Table T1. Mean values of the LWP land-sea gradiemm?) for different time periods derived from the SEVid
the HATPRO observations and provided by the ECM#hatysis.

Season SEVIRI HATPRO ECMWF
2013WH 0.022 0.011 0.009
2014WH 0.025 0.013 0.006
2013CD 0.018 0.003 -0.005
2014CD 0.022 0.005 -0.003
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Figure 4: The algorithm for data processing and ankysis.
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Fig. A: Possible configurations of the observatioageometry in case of scattered clouds (a schemaiitustration). Solid lines
designate the line-of-sight (LOS) of the observatis 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.
Input data: the Monte Carlo model of scattered clods.
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Figure F: Monthly mean land-sea LWP differenceD_wp as a function of time for various time periods okined from the satellite
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