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Abstract. Cloud liquid water path (LWP) is one of the targgnhospheric parameters retrieved remotely fronumgpebased
and space-borne platforms using different obseymatiethods and processing algorithms. ValidatiobWwP retrievals is a
complicated task since a cloud cover is charae@risy strong temporal and spatial variability whitamote sensing
methods have different temporal and spatial remolutAn attempt has been made to compare and an#igscollocated
LWP data delivered by two satellite instruments #&8Vand AVHRR together with the data derived fronicrawave
observations by the ground-based radiometer RPGHRQ. The geographical region of interest is thenitic of
St.Petersburg, Russia, where the RPG-HATPRO rad@nie operating. The study is focused on two motd. The first
one is the so-called scale difference problem wiidbginates from dissimilar spatial resolutions méasurements. The
second problem refers to the land-sea LWP gradigm. radiometric site is located 2.5 km from thastbne where the
effects of the LWP gradient are pronounced. A gagceement of data obtained at the microwave rad&mtgcation by all
three instruments (HATPRO, SEVIRI and AVHRR) duriwgrm and cold seasons is demonstrated (the lacgeslation
coefficient 0.93 was detected for HATPRO and AVH&&Ra sets). The analysis showed no bias of the BEMkults with
respect to HATPRO data and a large positive bia81830.017 kg M) of the AVHRR results for both warm and cold
seasons. The analysis of LWP maps plotted on tbis lnd the SEVIRI and AVHRR measurements over land water
surfaces in the vicinity of St.Petersburg revedleel unexpectedly high LWP values delivered by AVHRBR&ing cold
season over the Neva river bay and over the Sairaka and the abnormal land-sea LWP gradient inetlaesas. For the
detailed evaluation of atmospheric state and ia@rcn the considered geographical regions dutegperiods of ground-
based and satellite measurements, reanalysis data wged. It is shown that the most probable re&mothe observed
artifacts in the AVHRR measurements over waterdiedaces is the coarse resolution of the land-sdasaow/ice masks
used by the AVHRR retrieval algorithm. The influenof a cloud field inhomogeneity on the agreemestivben the
satellite and the ground-based data is studiedtHi®mpurpose, the simple estimate of the LWP taalpeariability is used
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as a measure of the spatial inhomogeneity. It e ldemonstrated that both instruments are eqaalgitive to the

inhomogeneity of a cloud field despite the fact they have different spatial resolution.

Keywords: cloud liquid water path; remote sensing; groundeda microwave radiometer; RPG-HATPRO;
meteorological satellites; SEVIRI; AVHRR

1 Introduction

Cloud liquid water path (LWP) is one of the targehospheric parameters retrieved remotely from mulehased and space-
borne platforms using different observation methadd processing algorithms. The ground-based LW&smements by
microwave (MW) radiometers are de facto the refegedata and the validation base for LWP measuresrfemin space
since they have a precision that is superior toettirsatellite remote sensing techniques (Roebelingl., 2008a). These
techniques are based on measurements from spaee eitthe self-emitted microwave radiation or loé¢ treflected solar
radiation in visible and near-infrared ranges. W radiation measurements deliver the informatimsieipendently of solar
illumination conditions but only above water arsfisce the emissivity of land surface in the micregvaegion is highly
variable. The advantage of measurements of thectefl solar radiation is the capability to monitoe atmosphere over
water areas and land surface as well. The pretgiy deals with the latter type of measurementsezhout by two space-
borne instruments: SEVIRI (Spinning Enhanced Vesileand Infrared Imager) and AVHRR (Advanced Very IHig
Resolution Radiometer).

The quantification of the accuracy of LWP retrievélom the observations by the satellite AVHRR rimstent has
been done by Jolivet and Feijt (2005) who used nptehased microwave radiometer data as a refer&exently, several
studies have been done that were focused on thpassan of the cloud liquid water path values dedifrom the space-
borne observations by the SEVIRI instrument andugdebased microwave radiometers operating at éiftefocations in
Europe (Roebeling et al., 2008ab; Greuell and Roap2009; Kostsov et al., 2018). All these studiksmonstrated the
general agreement between the compared data agaledwthe main problems relevant to the processlafation of LWP
values derived from satellite measurements. Vabdabdf satellite LWP retrievals is a complex tagkce cloud cover is
characterised by strong temporal and spatial véitialwhile remote sensing methods have differeamporal and spatial
resolution. The pixel size of the satellite obséorss is of the order of several kilometres, b thformation provided by
the ground-based microwave radiometer refers taraa of a horizontal size of a few dozen meterss Tt is the origin of
a so-called “scale difference” problem. In ordemake the results of measurements suitable for adsgns, it is necessary
to perform time averaging of ground-based data dkerinterval that is approximately equal to thaeiof the cloud
movement across the satellite pixel area. GremellRoebeling (2009) have proposed to perform avegagf the ground-
based MW measurements with a Gaussian weight iumdby using a time scale that is longer by a facfB3-15 than the

time of the cloud movement across the validatiaaHowever, the study by Kostsov et al. (2018¢ctet! no influence of
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the duration of averaging period on the resultsafiparison (20 minute and 1 hour periods were densd). There are
several factors influencing the results of LWP cangbns which are coupled with the scale differepogblem and
therefore should be mentioned: cloud field inhonmesiy, multi layer clouds, uncertainty of the wisgeed at a cloud top,

and the spatial variations of the surface reflex#an case of optically thin clouds.

Along with the scale difference problem, there aneumber of problems arising from measurement gagrifean
instrument operates onboard geostationary satatitethe measurements in the Northern latitudesarsidered:
- large viewing angles result in observation of audlérom its side rather than from top;
- large viewing angles are the reason for the corsiide parallax effect (the horizontal displacenrd cloud viewed by
a ground-based radiometer in a satellite image);
- large solar zenith angles in winter cause the asweof the retrieval errors of the satellite meshdidised on
measurements of reflected solar radiation.

It should be stressed that the specific instruniemtd algorithmic error sources are beyond the s@mur consideration.

All enumerated problems and factors are well-kncaamd have been previously analysed both qualitgtiesid
guantitatively. However some of them require furtimvestigation due to the large variety of obstoral conditions. For
example, the study by Kostsov et al. (2018) poirgethe complexity of the scale difference and kexagroblem in the
coastline area. It has been also indicated thabee rextensive database is needed for comparisogsoohd-based and
satellite LWP observations at Northern latitudepeeially for analysis of the winter season in otdeexplain, in particular,
the differences between the observational and hesiedbased LWP diurnal cycles. Additionally, reasdor occasional

very large discrepancies between the ground-bas&dadliometer and SEVIRI data have still to be aonéd.

The present article is an extension of the studKbstsov et al. (2018) in which a joint analysistleé LWP values
obtained from observations by the SEVIRI sateliligrument and from ground-based observations ByRRG-HATPRO
(Radiometer Physics GmbH — Humidity And TemperatBRROfiler) microwave radiometer near St.PetersbRgssia
(60N, 30E) has been made. The present articlecisséd mainly on the scale difference problem atate® factors. The
collocated SEVIRI and RPG-HATPRO data sets are cosobwith the LWP measurements by the satellitérimsent
AVHRR which has noticeably higher spatial resolnttban the SEVIRI instrument. The cross-comparisbhWP values
obtained from three different sources has beenerhas an appropriate tool for an expanded anabjtise consistency of

ground-based and satellite data.

Previously, there were studies which included caispa of LWP values derived simultaneously fromfetiént
platforms. Dong et al. (2002) presented the resflts measurement campaign aimed at the invesigati the low-level
stratus cloud microphysical properties observed gogund- and satellite-based remote sensors andatiirm situ

instruments. Space-borne radiance measurementsebgighth Geostationary Operational Environmenel#igt (GOES),
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the ground-based MW radiometer, cloud radar antbroeiter measurements and the air-borne cloud dregpectra

measurements have been considered. A total of U hud simultaneous data from the three platforangetbeen analysed.
LWP is one of the target parameters for comparisoth the results derived from the aircraft obseovatiare taken as a
baseline. The mentioned study is a very good examphow multi-platform observations that have eliéint spatial and

temporal sampling can be combined, made consiatehtompared.

Also, it is necessary to mention previous studiesvhich the LWP data from SEVIRI and AVHRR have hee
intercompared, in particular the paper by Roebeéh@l. (2006) which determines if SEVIRI can bedisogether with
AVHRR to build a consistent and accurate data Setomud optical thickness and cloud liquid watettpaver Europe for
climate research purposes. Roebeling et al. (2@98)uated the effects of recalibration, spatiabk&fon, and viewing
geometry differences on the SEVIRI and AVHRR clgudperty retrievals. Several important conclusibage been made.
First of all, it has been shown that LWP valueswel from SEVIRI and AVHRR observations differ sifigantly when the
operational calibrations provided by the satelbfgerators are used. By means of recalibration etliféerences can be
considerably reduced. The differences in spatiabltgion and viewing geometry have a much smalfégce on the
comparability of SEVIRI and AVHRR retrievals. Alsit,has been suggested that over north-westernpeuttee SEVIRI
retrievals are more sensitive to errors due townfeable viewing conditions; first, because SEVHRIs a large viewing
zenith angle over this region, and second, bectngsscattering angle is close to 18Ce., backscatter direction, for about
10% of the observations. Since over north-westemofie the viewing zenith angles of SEVIRI are lafgeebeling et al.
(2006) expected that especially for early morniatg afternoon, and winter observations the clowgperty retrievals from
SEVIRI would have a much larger uncertainty thaosthfrom AVHRR. All these findings are taken inmceunt in the

present study.

2 Dataset description

The detailed description of the RPG-HATPRO and3SE¥/IRI| datasets that are used in the present stadyeen presented

in the article by Kostsov et al. (2018). Here wietly enumerate the most important points:

1) The 14-channel microwave radiometer RPG-HATPRO dpsion 3) has been routinely functioning at the
measurement site of St.Petersburg State Univeis®88°N, 29.83°E) since June 2012 with a samplitgrval about
1-2 s and an integration time 1 s. The LWP valogsther with temperature and humidity profiles deeved from the
microwave radiation brightness temperature measemésm(zenith viewing mode) by the retrieval aldaritwhich is
based on the inversion of the radiative transfaraign and uses the well known and widely applipdraach of
simultaneous retrieval of profiles of several atptesic parameters that influence the radiativestiemat frequencies

corresponding to spectral channels of a radiometer.
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2)

3)

4)

5)

6)

7)

8)

The SEVIRI-derived LWP measurements are part ottimeate data record CLAAS 2 (CLoud property dAtAssing
SEVIRI — Edition 2). It was created by the Satellpplication Facility on Climate Monitoring (CM $A based on the
SEVIRI measurements on the geostationary MSG #&atell The CLAAS data record was created from nressents
of all SEVIRI instruments onboard the MSG 1-3 daésd and covers the time-span 2004 — 2015. SE$tRins the
earth with a temporal resolution of 15 minutestHa vicinity of St.Petersburg the ground pixel sg@bout 7 km. In
the study by Kostsov et al. (2018), non-averagedPL&d CPH (cloud phase) fields (level 2 data) ftbenCLAAS 2
dataset were used for the time period of grouneédbasiginal data.

The time interval 1 December 2012 — 30 Novemberd2@as taken for the analysis. It was divided in tseasonal
periods: “WH” (warm and humid) which included Majyne, July, August, September, October, and “CbB!d(and
dry) which included November, December, Januarpylery, March and April.

Two geographical areas were considered: the seecdtirge terrain” and “small terrain”. The largarain had the size
of about 200x200 kfmwith the city St.Petersburg at its centre and aised parts of the Gulf of Finland, Karelian
Isthmus, Ladoga Lake and the region to the SouthSmuth-West of St.Petersburg. The small terrais eentred at the
MW radiometer location and its size was about 20x®0 The radiometer is located close to the shordefGulf of
Finland at a distance of 2.5 km from the coastline.

The high quality ground-based MW measurements usken as a main criterion in the selection proocedufrthe
collocated data (rain-free days only, no gaps iseolmtions, and the successful convergence ofté¢hations of the
retrieval process for every single measurement).

Simultaneously with synchronisation between the RRD and the SEVIRI values of LWP, the control af thoud
phase was made on the basis of the cloud parantskvered by SEVIRI: only clear sky cases and digyid phase
clouds were selected for the analysis.

The total number of days of the collocated measargsnwas 210, including 120 days for the WH seaswh90 days
for the CD season.

The sampling interval of the ground-based measunesngas taken as 10 s. The time averaging of tbangi-based
values was made over two intervals: 20 min and B0 rhe corresponding data sets were designatétdds,.,o and
HATlO-GO

In the present study, along with the data sets psediously, the LWP data delivered by the sateliitstrument

AVHRR are analysed. These data have been extrdiciad the Cloud_cci AVHRR-PM data set which is dédsed by
Stengel et al. (2017a). A scientific descriptiorttod data is given in the paper by Stengel e28l17b). The characteristics

of the data subset extracted for the present sitelyhe following:

1) The data version is the official V3, the accesg dafebruary 2019.
2) The AVHRR data are based on AVHRR GAC (Global Ateverage) resolution with a footprint size of 1yt knd a

sampling distance of about 4 km.
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3) The geographical region has been selected &3°3fox centred at the MW radiometer location p@s8.88107°N,
29.82597°E).
4) The subset contains sampled data on a regulargtida step of 0.05° (no averaging done). In eadt gell, the

AVHRR pixel with the smallest satellite zenith amg$ collected.

Several important notes relevant to the selectibthe AVHRR data which match the HATPRO and SEVIRI
measurements should be made. We collected onlyatbes with liquid phase clouds (the cloud phasameter cph=1) and
the clear-sky cases (cph=0). For cph=0 all LWPsaasigned zero values. The additional criteriothefdata selection is
based on the analysis of the cloud detection umicgyt (CDU) described by the cloud mask uncertaipgrameter
cmask_asc_unc (“asc” indicates the ascending mbdeasurements). All measurements with cmask_ascgreater than
30% are excluded from consideration. In the studi(éller et al. (2018), the value of 35% was takarnthe cloud detection
uncertainty limit. As stated by Keller et al. (20Q,1the value of 35% was “somewhat arbitrary butntyabased on analysing
the relative frequency of cloud detection uncettaimhich yielded a bimodal distribution when incing all cloudy pixels,
with 35% being approximately the value separathegrnore certain from the more uncertain clouds’thi present study,
we also obtain bimodal distribution of cloud deigetuncertainty for cloudy pixels (cph=1) corresgimy to land surface.
In our case, 30% seems to be a good approximafitireovalue separating the more certain from theenomcertain clouds.
For the cloudy pixels corresponding to water atba, distributions of the cloud detection uncertgiate not bimodal.
However the value of 30% looks reasonable for thpesels also. In order to be consistent, we appéy gelection criterion
based on the CDU analysis to the clear-sky pixefdh£0) also with the value of 30% as a thresholdfifeering out

uncertain measurements.

The location of the ground pixels of the SEVIRI &dHRR observations is shown in Figs. 1 and 2 far flarge and
small terrains. In the large terrain, there are felatively large water areas that are coverethbyAVHRR pixel grid: parts
of Ladoga Lake in the North-East and of Saimaa Liakélhe North-West, the Neva river bay in the cergnd part of the
Gulf of Finland in the West. The SEVIRI grid covehe Neva river bay in the centre and part of Ladbgke in the North-
East. One can notice that the density of the AVHRR is higher than of the SEVIRI grid. The smairain contains 9
SEVIRI pixels and 12 AVHRR pixels. The spacing loé SEVIRI grid is about 7 km, and the spacing efAVHRR grid is
about 4 km. The pixels with numbers 243 (SEVIRI}l 4861 (AVHRR) are the nearest to the radiometer #i should be
noted that all comparisons have been made forrdend pixels, which are nearest to the radiometer § other pixels are
considered, they will be mentioned explicitly. TBEVIRI observations are made every 15 min underiumination
conditions. The AVHRR observations over St.Peterglare made twice per day but only once under 8umination
conditions at about local noon (10-11 h UTC).

The spatial resolution of the AVHRR measurementgdber than that of the SEVIRI measurement$,km instead

of 7 km in this location. Therefore in order to @tly compare the LWP values derived from the HRTPobservations
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with the AVHRR data, the ground-based data shoeltirhe-averaged over the interval that is shofhtenthe interval used
for the comparison with the LWP values obtainedrirtihe observations by SEVIRI. We have chosen twee tintervals
equal to 5 min and 10 min. So, all in all, the prasstudy uses four HATPRO data sets with diffeeargraging intervals (5,
10, 20 and 60 min). The sampling interval of thi#giah HATPRO data is equal to 10 s, that is why theta sets are
designated as HAYs HAT10.10 HAT1006 and HATe Since the only one sampling interval of the alitdata is
considered, below we shall omit its indication d&eep only the indication of the averaging intervidie example of the
HATPRO data flow is presented in Fig. 3 in the foaihrunning average values corresponding to differ@veraging
intervals. The selected time slot of 2.5h on ¥J2014 contains 5 instantaneous measurements byIRBEAND 1
measurement by AVHRR. First of all, it should beeabthat the LWP obtained by the radiometer is lyighriable: for 5
min averaging interval, the LWP range is 0-0.4 kg fthe second important note is that none of theesbf the averaging
interval can be given an evident preference froenpbint of better agreement with the satellite défa also pay attention
to the fact that there can be gaps in SEVIRI detaf €ertain LWP values are rejected due to siledriteria (if clouds are
not purely liquid, for example). As one can sed-ig. 3, the SEVIRI measurements at about 578.46531847 fractional
day are absent. The panel “b” of Fig. 3 illustrates position of collocated measurements of akehinstruments on the
time axis. Since this study utilises the data getpared previously (Kostsov et al., 2018), the BRRD selected and
averaged data are primarily synchronised with tB¥IRI data. So, the time mismatch with the AVHRRala larger but
normally do not exceed 15 min. The HATPRO seleetadl averaged data are marked by crosses in Fi@r&bcan see that
the variability of HAT;, HAT1o and HAT, data is rather large even on the 15 min time sddle HATs, values are also far
from constant, however their range is much smg0é#30-0.065 kg /) and the SEVIRI and the AVHRR LWP values fit
into this range. Concluding this section we wolilek Ito emphasise once again the importance of thée difference

problem which has been illustrated by Fig. 3.

3 Land-sea LWP gradient

The inhomogeneity of the cloud field at scales gf@und pixel of a satellite instrument is oneha tonsiderable sources of
discrepancy between the ground-based and satgdlite This inhomogeneity can have a meteorologidgin or can be
caused by the interactions between the atmospherdifierent types of the underlying surface. THETIPRO radiometer is
located close to the coastline of the Gulf of Riwland in the previous study by Kostsov et al. 80he land-sea gradient
of LWP was clearly revealed by the SEVIRI obsexuadiin the vicinity of the radiometer site: high&¥P over land, lower
LWP over water; the magnitude of the land—sea wdiffee for mean LWP values calculated for the 2-peaiod 2013-2014
was about 0.040 kg fa which is about 50% relative to the mean valuer dard. It should be mentioned that the land—sea
differences of cloud characteristics in Northerrrdpe were detected earlier by Karlsson (2003) whimpgled regional
cloud climatologies covering the Scandinavian regio the basis of processing data from the AVHR&Rriment for the

period 1991-2000. During the spring and summeraoseasas a contrast to winter and autumn conditiomsch less



cloudiness was found over seawater and major ldkegms suggested that the cold sea surface tetopesain the Baltic
220 Sea (especially in spring and early summer dueflow of cold fresh water from melting snow) leaw @ considerable
stabilization of near-surface layer of the tropaseh This explanation agrees well with what waseded for the
St.Petersburg region in the study by Kostsov ef24118): the land—sea gradient in the mean LWPegfor the cold and

dry season was noticeably lower than for the wamthteumid season.

In order to check whether this effect is presenthen AVHRR observations in the vicinity of St.Pstaurg, we plot

225  the maps of mean LWP values obtained by AVHRR lier small terrain (12 pixels) for three scenaribg: whole 2-year
period, the WH season and the CD season, see.Rigshbuld be noted that we use all available mesaments when liquid
water clouds or clear cases were detected regardfethe synchronisation with the HATPRO selectezhsurements. It
means that rain events with high LWP might havenbakso included. The calculations for each pixed amade
independently; therefore the number of averagedesaper AVHRR pixel slightly varies: 248-305 foetR-year period,

230 166-224 for the WH season and 70-90 for the CDaseaBhe average time of AVHRR measurement overeStrBburg is
0.454 in terms of the day fraction (10 h 53 min JTWth the standard deviation of 0.021 which is @thb80 min. For
plotting the SEVIRI LWP maps, in order to keep dstaicy between the spatial distributions obtaifnech the two satellite
instruments, we select one LWP value per day fr&WI®I observations which was measured at a tim@.458 in terms of
the day fraction. The number of averaged valueStYIRI pixels also slightly varies: 487-509 foetB-year period, 313-

235 333 for the WH season and 166-179 for the CD sedlas spatial distributions derived from these dataalso plotted in
Fig. 4.

Fig. 4 clearly demonstrates that the LWP spatiatrithutions over the small terrain obtained by tve satellite
instruments are very similar for the WH season,miiceably differ for the whole 2-year data seig] @onsiderably differ
for the CD season. The most important fact is thposite direction of the LWP gradients for the GE&ason: while the

240 AVHRR observations revealed the general increada\® from south-west to north-east, the SEVIRI obatons show a
decrease of LWP in this direction. It means thatAWVHRR measurements for these time period shoapposite effect to
the one described by Karlsson (2003) and Kostsal.€R018): the LWP amount derived by AVHRR oveater area is
higher than over land. It is important to empha#isd we do not analyse the detailed structurd@ftean LWP maps since
the number of initial data is not large. The gratiégemonstrated by the AVHRR observations is thetmstriking for the

245 CD season: the lowest LWP value over land is ath060 kg if and the highest LWP value over water reaches
0.170 kg rif. In contrast, the mean LWP values obtained froe@SEVIRI observations are within much smaller ranfje
0-0.06 kg rif for the CD season. For the WH season, the ranfjlseomean LWP values obtained by the two satellite
instruments are nearly the same (0.05-0.11 Kgaon SEVIRI and 0.07-0.13 fhfor AVHRR) and the gradients are similar
and demonstrate in general lower LWP values ovéenaaea (the North-Western part of the terraim) higher LWP values

250 over land (the South-Eastern part of the terrdih)s behaviour is in accordance with the resultthefstudies by Karlsson
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(2003) and Kostsov et al. (2018). One importantctgion can be derived from the obtained maps efrttean LWP
guantities: the comparison of data should be madelately separately for the WH and CD seasons,saedial attention
should be paid to winter conditions when differenbetween the SEVIRI and AVHRR data are the mamtqunced. The
reason for these differences is discussed below.

4 Seasonal features at the radiometer location

The number of synchronised HATPRO-SEVIRI-AVHRR mgasnents is 63 during the WH season, and 53 dthegD
season. The main statistical characteristics raleteathe agreement of the data are given in Tablasd 2. The bial, the

RMS s and the standard deviatispare calculated as follows:

N

b:%;(xj - yi) "
_\/%ZN:(X _y])z

= )

%:\/%ZN‘,(X,-—Y; —b)2 (3)

j=1

whereN is the number of data pairs,andy are the compared quantities. First of all, thera iclear difference in the
correlation coefficients for the satellite and #®und-based data for the WH and CD seasons: thdRREHATPRO
correlation coefficients for the warm season aghér than for the cold season, and for the SEVIRIFARO datasets the
situation is opposite. However for both seasons,ARHRR-HATPRO data sets have the highest corglatioefficients
reaching values of 0.88-0.93. For the WH seasoereths a clear dependence of the SEVIRI-HATPRO etation
coefficient and of the RMS from the averaging iaédrof HATPRO measurements: the longest averagimgrial
corresponds to the highest correlation coefficiemd to the lowest RMS. At the same time, thereoidnfluence of the
averaging interval on the bias for the WH seasan.tke CD season, there is no influence of theamipg interval on any
of the considered statistical characteristics fodatasets.

The bias of the SEVIRI data is nearly zero for bedasons of observations. The bias of the AVHRR: dst
considerable and it is larger for the CD season fioa the WH season. The RMS values for the difieeebetween the
satellite and the ground-based data (SEVIRI-HATRRA@ AVHRR-HATPRO) are noticeably larger for the €&ason than
for the WH season. However these RMS values ardleanthan the RMS of the difference between theadgabvided by
two satellite instruments (SEVIRI-AVHRR). Standatdviation values are very close to the RMS forcabes. This is a
kind of indication of the dominant character of taadom component of the total discrepancy betwkemresults obtained

by all instruments.
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To our opinion, the difference between total nurskmrdata points for the WH and CD seasons is samallis not
the reason for the obtained seasonal featuresp@seible explanation of the results presented abawebe the following:
during the warm and humid season, the convectiveds are much more frequent than during the coddday season and,
as a result, the cloud field can be fragmentedhenstale of several kilometres. In this case the of a ground pixel of a
satellite instrument plays an important role. H tixel size is large and the fragmented cloudifielviewed from a satellite,
one can imagine a situation when the ground-basgidmeter located inside the pixel observes ordyalor only clear sky
depending on wind direction. In this case the d@jancy between the satellite and ground-basedslat@ected to be very
large. The smaller the pixel size is, the betteeament between the satellite and ground-basedsidttected. Therefore,
for the WH season, the agreement between the AVH&RR and the HATPRO data is much better than bettveeSEVIRI
data and the HATPRO data. For the cold and dryoseaghen the clouds are predominantly stratiforme should expect
less influence of the pixel size of a satellitetimsient on the agreement between the satellite gnodnd-based
measurements. And we notice that the SEVIRI instrimwvith lower spatial resolution demonstrates érgtorrelation with

the radiometer data during the cold season thanglthe warm season.

In order to have the impression of the agreememh®fground-based and the satellite data durirfgrdifit months,
we examine Fig. 5 where these data are shown asdidn of day sequence number, which correspondbed simple
consecutive enumeration of days in the data sdtn, Ahe figure presents the distribution of dayshe data sets over
months: there are two sequences of consecutivehsmavhiich correspond to 2013 and 2014 years. Firall,owe note the
overall good agreement of all measurements durotg beasons. The agreement for situations when S/A#ro or very
close to zero (clear-sky cases) is almost perfhetmismatches are very rare: for example, on dayAlduring the WH
season, HATPRO and AVHRR showed clear case and BIEdfd not; and on day No 39 during the CD seatius SEVIRI
and HATRO detected clear sky but AVHRR did not.wdweer in both of these two cases the detected Lefires were low
and constituted 0.033 kg'mThe bias of the AVHRR results for cloudy situasacan be very well seen in the plots for both

seasons.

We have to remind that the high quality of groureddd observations was the basic criterion for Sefeof data for
comparisons. The collocated data triplets (HATPREMRI-AVHRR) were filtered out only in cases whelmet satellite
observations reported the presence of ice cloudsix@d phase clouds. So, the evaluation of the giaddity of space-borne
measurements was not carried out except the asalf/she cloud detection uncertainty reported byHRR (the data with
CDU larger than 30% were removed). Now we analjigellWP retrieval uncertainty which is one of theimguantities
characterising the data quality and which is predidy both SEVIRI and AVHRR data processing alfong. The LWP
retrieval uncertainty (LWPU) is plotted as a funatiof the LWP value in Fig. 6 for the AVHRR and SBRY instruments
and for different seasons. The general comparigdheodistribution of data points shows the follagrimain differences
between the AVHRR and SEVIRI data:
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- for AVHRR, there is only one data point with the Pless than 0.01 kg frwhile for SEVIRI there are many of them
(the cases with LWP=0 are not taken into account);

- the LWP uncertainties reported by AVHRR are muakdpthan reported by SEVIRI;

- for SEVIRI, there are several measurements of IMPLwhich have the relative uncertainty higher th@6%, and
the number of such measurements is larger duriegadid season while there is only one AVHRR meanerg with
an uncertainty higher than 100%.

There are also common features in the distributmfndhe AVHRR and SEVIRI data. First, the dependent LWPU on

LWP on a logarithmic scale is very close to linarboth instruments. Since the analysis of the Li&fieval algorithms

used for processing satellite data is beyond tbpesof our study, we can not discuss the reasorsufdh dependence. And

second, the data points for the cold season are swattered than for the warm season. The reasahdbis the larger

number of unfavorable observational conditions inter.

In order to analyse how the data agree within thetd of their declared uncertainty, in Fig. 7 wktped the
histograms of the ratio of the absolute differebeéween the satellite and the ground-based datiaeté WP uncertainty
reported by the satellite instruments:

_Lwe -Lwe,

4
LWPU, @

where “s” and “g” denote the satellite and the gubbased measurements correspondingly. It shoulddsgioned that the
clear sky cases were excluded from this analystbdfe cases were detected by a satellite instturAsna result, the
number of remaining data pairs was rather smal2@8or the CD season and 23-35 for the WH seaEbe.distributions
demonstrate that all SEVIRI measurements agree thithHATPRO measurements within the limit dl\&/PU. For
AVHRR, the distributions have longer “tails” andr filne WH season the value d&® reaches 4-8 in some cases. This is a
kind of indication of the fact that in these caske LWPU can be strongly underestimated by the AYRHRtrieval
algorithm. For both satellite instruments, the maxin of distributions corresponds to the intervalnirO to 1 and this
maximum is well pronounced. The majority of spaocede results match the ground-based measuremethis wie limit of
2[WPU: 80-95% during the CD season and 66-73% duttiegWWH season. The mean valueRRdbr the CD season for
both instruments constitute 0.93. For the WH seadenmean value @R constitutes 2.8 and 1.3 for AVHRR and SEVIRI
correspondingly. Accounting for all these quangitiwe can come to the conclusion that the declamedrtainties match the
differences between the satellite and the groursg:dbaata during the cold season better than dtiimgvarm season. The
reason for such a result can be the differencéoindy conditions in summer and in winter which wiiscussed above. Due
to the large probability of cumulus clouds, a cldigld can be fragmented on a scale of a grounelpiX a satellite
instrument. Fragmentation of a cloud field can bsarce of additional discrepancy between the lgateind the ground-

based measurements.
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5 Seasonal features over water areas

The most remarkable feature is the behaviour ofA¥eIRR results during the cold season over wateadn the small
terrain as described in section 3, i.e. the unewrpgeland-sea gradient of LWP obtained by AVHRR &ady high LWP

values over water area if compared to the SEVIRAsneements. In order to find out the reasons fisrghenomenon, we
analysed the LWP maps for the large terrain assadtep. Fig. 8 shows the LWP maps based on thdR¥¥ observations
and plotted separately for the cold and warm seaeb2013 and 2014. The attention is focused onWater areas which
are relatively large and are covered by the AVHREIpgrid: the Neva river bay, parts of the Laddgée, Gulf of Finland,

and Saimaa Lake. There is a striking differendgvben the maps corresponding to cold seasons & &0d 2014. For the
cold season of 2013, high LWP values were deteoted three of four water areas mentioned above. éXtieemely high

LWP values can be seen over the Neva bay and beeSaimaa Lake. The LWP values over the Gulf ofalfith are

considerably lower, but still noticeably exceed tNgP values over the surrounding land surface. Anlg the LWP values
over the Ladoga Lake are the same as the valuestev@eighbouring land surface. For the cold cead 2014, the LWP
over the Ladoga Lake and the Gulf of Finland asgelothan for the land surface. And there is noaaatble difference
between the LWP over land surface and LWP oveB#dimaa Lake and the Neva bay. The LWP maps foMHeseason of
2013 and 2014 shown in Fig. 8 are similar and destnate low LWP values over all four mentioned wateyas if compared

to the land surface.

In order to understand the reasons for the land-8#R differences obtained by AVHRR during cold seesof 2013
and 2014, we compare two months — March 2013 anattM2014. For characterisation of the weather damd in the
vicinity of St.Petersburg in 2013-2014, we use theather reviews of the Russian North-West Admiaigin on
Hydrometeorology and Environmental Monitoring (b#pww.meteo.nw.ru/articles/index.php?id=720, ascedate
29 November 2018). In March 2013, the weather dm over the European part of Russia were det@unimainly by
anticyclones. As a result, March 2013 was abnogn@ld on the territory of the European part of Rgssian Federation
and over the Central and Eastern Europe. Cleacskyitions with large diurnal temperature rangesvalled. There were
only 3 overcast days. On average, the temperatasdawer than normally in March by 2-7 K. The lotais temperature in
St.Petersburg was 256 K, the monthly mean temperatas 266 K. The temperature diurnal magnitudehee 15-25 K.
Total precipitation in St.Petersburg was 28% ofrtbemal value. The weather in March 2014 was cotaplalifferent from
March 2013 and was determined mainly by cyclonesidver during the first and the last week of thenthahe clear-sky
conditions prevailed. The temperature was 267-278tknight and 274-279 K in the day time. The meaontmy
temperature in St.Petersburg was 275.5 K whichighdn than the normal value by 4.4 K. In 2014, $ipeing season in
St.Petersburg started 3-4 weeks earlier than nbrnigthe differences in weather conditions in spr2@l3 and 2014 are
illustrated by the ECMWF reanalysis data for the iee area fraction, see Fig. 9. The average mprtiues of the sea ice
fraction for March 2013 for two pixels (A and B) igh refer to the Gulf of Finland were the highesthe winter season

and constituted 0.7. For March 2014, these questitiere 0.014, which means that almost all iceahazhdy melted. The
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situation for the Ladoga Lake (pixel C in Fig. 8)different. In March 2013 and in March 2014, tbe fraction for pixel C
was the same and constituted 0.96. It means thdtdtloga Lake can be considered as a kind of azage tank which was

not influenced by the early spring of 2014.

Taking into account different weather conditionsinlg cold seasons of 2013 and 2014 we can sugges$bliowing
explanation of the AVHRR measurement results. TMHRR retrieval algorithm uses a land-sea mask, aad it uses a
sea-ice and snow mask. Due to low temperaturesarc2013, the snow and ice cover of the land aamareas was
preserved. Probably, there were problems with ##eicse and snow mask in areas 1 and 4, and theréiigitctance of ice
and snow in combination with the large viewing &ngf the AVHRR instrument resulted in erroneoushhiglues of LWP
during clear-sky-conditions. That is why AVHRR puoed unexpected very high abnormal land-sea LWHigmain the
vicinity of the radiometer location in the cold sea of 2013. The spring season in 2014 starteg aad the snow and ice
cover disappeared quickly. Due to absence of tthectance from ice and snow, the AVHRR measuremesgisrted correct
values of LWP. We should note that during the CBsse of 2013 there were no unexpected LWP resulistbe Ladoga
lake and the abnormal land-sea LWP gradient foQhk of Finland was not very pronounced. Takingpiaccount that the
Neva bay and the Saimaa Lake are relatively snealjpphical objects while the Ladoga Lake and thé @& Finland have
the scale of one hundred kilometers, we can suglgasthe coarse resolution of the sea-ice maslbeanpossible reason of
the problem in areas 1 and 4.

The analysis and discussion of the problem of ifleation of clouds and ice/snow covered surfacebdyond the
scope of our study. We only note that it is an intgoat problem which attracted much attention in shalies relevant to
remote sensing of atmospheric state and compodition satellites. A very detailed overview on eixigtalgorithms for
cloud and snow detection on AVHRR imagery can heébin the paper by Musial et al. (2014). Basedhism paper, we
outline several principal features relevant todbesidered problem:

1) A cloud mask allows discrimination between surfacd cloud signals and it is a common input to teeegation of
satellite products.

2) A misclassification in a cloud/snow mask propagéddsigher-level products and may alter their usgbi

3) The majority of algorithms for cloud and snow détat incorporate a series of spectral, textural/antemporal tests
which are arranged in a decision-tree scheme.

4) Ancillary data are required for a threshold pararisation, which might be divided into meteorol@diand surface
data sets. An instantaneous atmospheric state eastbmated either by climate models or by roughr@pmations
based on climatological mean values. Usually, ssichulations are of low spatial resolution. Anottsrurce of
inaccuracies is temporal sampling of a climate rhode

We do not have ice/snow data used in the AVHRRenal algorithm at our disposal, but item (4) i fresented list is a

kind of confirmation of our suggestion about tharse resolution of the ice/snow data being theoreégsr abnormal LWP
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land-sea gradients over two relatively small watadies.

It should be specially noted that we checked if M¥HRR data selection criterion based on the cldetection
uncertainty parameter influenced the results amgtlasions which were obtained in the present stityevidence of such
influence has been noticed. However, in order tadmgsistent with previous studies that used the RRHlata selection
criterion based on CDU (Keller et al., 2018) we dat discard the CDU control and rejected the AVHRRP results when

CDU was larger than 30% as described in Section 2.

Concluding this section, we present Figs. 10 anthMhich the LWP maps obtained from the AVHRR &&VIRI
retrievals are compared. The intersection of tlxelgirids of the two instruments includes only tefahe four investigated
water areas: the Neva bay and the Ladoga lakearitrast to AVHRR, SEVIRI detected low LWP valuegpthe Neva bay
during the cold season of 2013 and of 2014 as Bellthe LWP land-sea negative gradient is clesen in 2014. It is not
so pronounced in 2013 due to the fact that clegresinditions prevailed over the whole region. lbgld be noted that
AVHRR reported considerably higher LWP values olaard during the CD season of 2014. For the WH seaddoth
2013 and 2014, the differences between the AVHRRtha SEVIRI results are not so noticeable. Botklkiz instruments
demonstrate negative LWP land-sea gradient andasitthVP values over the Ladoga lake. The LWP valuwes the Neva
bay obtained by SEVIRI are lower than those obthimg AVHRR. The same situation exists for the landface: AVHRR

delivers higher LWP values everywhere.

6 Discussion of the scale difference problem

We already started the consideration of the scHference problem when we analysed Fig. 3 and &abland 2. The
preliminary conclusion has been made that nondef/alues of the averaging interval for the grobaded measurements
can be given an evident preference from the pdittetter agreement with the satellite data. Howelfewe consider the
measurements during the WH season and the SEVIR$unements only, the better correlation betweenrgtdased and
satellite data is detected for the averaging pedbd h. This conclusion is obtained for the cadeemvthe HATPRO
measurements are synchronised with the SEVIRI neamnts (the time gap between measurements ithi@s? minutes),
but not with the AVHRR measurements. So, therehiggs a larger time mismatch between the HATPRO AW#IRR
measurements which however did not exceed 15 ndirintall cases. The RMS value of the time misma&chmin. Since
the spatial resolution of the AVHRR measurementhigher than of the SEVIRI measurements, one cae@xsome
influence of the time mismatch on the results ef data comparison. In order to check if this efedsts, we synchronise
the HATPRO data with the AVHRR measurements andyaeahe data agreement in this case. After symisation, the
RMS value of the time mismatch decreases from 9tmi83 s. The analysis has shown the absence @xihected effect:
the AVHRR-HATPRO bias and RMS are close to the @slindicated in Tables 1 and 3. The new values®VHRR-

HATPRO correlation coefficients agree with the dmé#nts indicated in Tables 1 and 3 within the lde=d uncertainties.
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The same situation is true for the SEVIRI measurgméiowever one note should be made: when the HRETResults are
synchronised with the AVHRR results first, the etation coefficients SEVIRI-HAJ and SEVIRI-HAT, change
considerably compared to the values in Tables 13afdhis is not surprising since time averagingrdvand 10 minutes is

440 done in order to study the agreement between thERMRO and the AVHRR data rather than between the PR and the
SEVIRI data because of higher spatial resolutiothefAVHRR measurements.

Since temporal averaging of the ground-based meammnts is a necessary prerequisite for compari thith the
satellite data, the inhomogeneity of a cloud fiall the uncertainty of a wind speed can be theoreéw observed
discrepancies. In order to investigate how thesefa can affect the data agreement, in Fig. 1have plotted the absolute

445  difference between the ground-based and the $ateiitasurements of LWP as a function of the vafug/\P variability
estimateV,, which has been defined as follows:
V,= 3" [HAT, - HAT 5)

i%]
whereHAT is the result of the LWP measurement by HATPR@&nd]j indicate the averaging interval, in our case 5,200
and 60 min. It is evident that in the case of a bigemeous cloud field thHdAT values for different averaging intervals will

450 be equal to each other, avidwill be equal to zero. The higher tigvalue is, the stronger is the variability of auddield.
Since there are several terms in the sum (5), W lvariations of different temporal scales are anted for. In our case
the number of terms was 6:
V, = [HAT, - HAT, |+ [HAT, — HAT, |+ [HAT, - HAT, |+
HAT,, — HAT,o [+ [HAT,, - HAT, |+ [HAT,, - HAT, | ©
We analysed both the WH and CD seasons and obtaingldr results, therefore only the results cquoesling to
455  the WH season are demonstrated and discussed.d&slpoint in Fig. 12 shows the LWP variabilityiestte V. at the
moment of a measurement and the correspondentutdsbiferenceD between the satellite measurement of LWP and the

ground-based measurement averaged over 5, 10,&Draim defined as follows:
D =|LWR,, —HAT, (7)

wheresat refers to SEVIRI or AVHRR] indicate the averaging interval as in Eq. (5). iDbsly, one can not expect that the
460 points will form any definite functional dependensince the variability estimate is not perfect dpesides, there are many
factors affecting the data agreement other thaonmgeneity of a cloud field. Therefore, we can &&g 12 only for
gualitative comparative analysis. In Fig. 12 thgalothmic scale is used and for both satelliterimaents we can notice the
approximate linear relation between logarithmsDofind of V.. The parameters of the linear fit I)(=B In(Ve) + A are
similar for all data sets. The valuesBfre in the range 0.76 — 0.87 and the values arfe in the range (-1.9) — (-1.2). We

465 calculated the correlation coefficients fory(and In/.) datasets and obtained that for the WH seasondieein the range
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0.65-0.70 for the SEVIRI measurements and in thgea.64-0.75 for the AVHRR measurements. For thes€ason, they
are 0.50-0.65 for SEVIRI and 0.65-0.73 for AVHRRhig correlation is an indication of the noticealiituence of the
inhomogeneity of the cloud field on the differengetween the ground-based and the satellite dataedtimate this
influence as “noticeable” since it is not maskeddbyer error sources which are obviously presentt avas mentioned

470 above. It might be possible to see the pure impacioud inhomogeneity if the two satellite expegims are completely
identical except pixel size, however this is not case. Similarity of the obtained values of therelation and the fit
coefficients can be an indication of the fact tfat both considered instruments the results arealggsensitive to the
inhomogeneity of a cloud field. This conclusionidsa certain degree surprising since the SEVIRASueements have lower
spatial resolution than the AVHRR measurementghsoresults of LWP retrieval by SEVIRI were expeécte be more

475 influenced by the inhomogeneity of a cloud fieldowever these results stay in agreement with thelasions made by
Roebeling et al. (2006) who have shown that thiedifices in spatial resolution have a small eféecthe comparability of
SEVIRI and AVHRR retrievals.

7 Summary and conclusion

The aim of the study is to compare and analysedtiecated cloud liquid water path (LWP) data pdmd by two satellite
480 instruments SEVIRI and AVHRR together with the daferived from microwave observations by the grobaded
radiometer RPG-HATPRO. The geographical region mi&rest is the vicinity of St.Petersburg, Russideme the
RPG-HATPRO radiometer is operating. The radiomediie is located 2.5 km from the coastline of theff ®f Finland
where the effects of the LWP horizontal gradier pronounced. Two seasons are analysed: the wadnmamid (WH,
May-October) and the cold and dry season (CD, NdeswApril). Since the time averaging of the groiwabed
485 measurements is a necessary prerequisite for thepamison procedure, four time intervals for avemggiof the
RPG-HATPRO data are considered: 5, 10, 20, and 80 Whe number of synchronised HATPRO-SEVIRI-AVHRR

measurements is 63 during the WH season, and &3ydtie CD season.

The results of the comparison of the LWP valuedgenatd from the HATPRO, SEVIRI, and AVHRR obseroas
have shown the following:

490 1) The comparison of data should be made absolut@lgrately for the WH and CD seasons, and speciatainh should
be paid to winter conditions when there are comalnle differences between the SEVIRI and AVHRR daitained
over several specific water areas.

2) The AVHRR and HATPRO data sets for the WH seasoe ltlae highest correlation coefficients reaching ¥alue of
0.93. The overall good agreement of measurementidyhree instruments is detected for both seadmwever the

495 bias of the AVHRR data with respect to HATPRO i818-0.017 kg il while the SEVIRI data have no bias. For the

WH season, the RMS values SEVIRI-HATPRO and AVHRRTRRO are in the range 0.031-0.045 kg rand
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0.035-0.037 kg i correspondingly. For the CD season, the RMS vatwedarger than for the WH season, especially
for AVHRR, and constituted 0.44-0.45 kg?for SEVIRI and 0.058-0.060 kg frfor AVHRR.

3) The LWP uncertainties provided by the retrievaloaitthms of both instruments match the differencesmMeen the

500 satellite and the ground-based data during the seédon better than during the warm season. In sases during the
WH season the LWP retrieval uncertainty is strongigerestimated by the AVHRR algorithm.

4) Both SEVIRI and AVHRR instruments demonstrate samHorizontal gradient of the mean LWP values & dhea of
the coastline in the vicinity of the radiometerdtion during the WH season: the larger LWP oved land the lower
LWP over water surface.

505 5) During the CD season, the analysis of the AVHRRadatthe vicinity of the radiometer location revesalan abnormal
LWP land-sea gradient and unexpected high LWP gabwer water surface. This effect stands in contmathe results
obtained by the SEVIRI instrument.

6) In order to find out the reasons for the abnornamidisea LWP gradient in the vicinity of the radidenelocation
demonstrated by the AVHRR results, the LWP mapdHerlarge terrain are analysed. Attention is paidour water

510 areas: the Neva bay, parts of the Ladoga Lake, @W#fnland, and Saimaa Lake. Abnormal land-sea LgkéRlients are
detected for the ice-covered Neva bay and the %almke. This phenomenon is attributed to the astefeaused by the
problems with the ice/snow mask used by the AVHRiReval algorithm.

7) The majority of the results of the study have bebtained when the HATPRO measurements are synaeeniith the
SEVIRI observations first: average HATPRO-SEVIRhd& mismatch is less than 2 min while the HATPRO-ARR

515 time mismatch is 9 min. It is shown that time mischain the range 2-9 minutes does not affect tiselt® of the data
comparison.

8) An attempt is made to evaluate qualitatively tHeugnce of the cloud field inhomogeneity on theesgnent between the
satellite and the ground-based data. In order tecti¢he effect, the simple estimate of the LWPgeral variability is
proposed as a measure of a cloud field inhomogerHiis estimate is based on the LWP values obddiyethe ground-

520 based radiometer and averaged over different titegvials. It is found that for both considered Kiggeinstruments the
results are equally sensitive to the inhomogerdity cloud field. This conclusion is to a certaggcee surprising since
the SEVIRI measurements have lower spatial resoiutian the AVHRR measurements, so the resulta\d® leetrieval
by SEVIRI were expected to be more influenced leyitthomogeneity of a cloud field.

As a final conclusion, we can assert that the LWHasarements by both satellite instruments SEVIRI AMHRR

525 agree well with the ground based observations ley rtficrowave radiometer RPG-HATPRO during all seasdrhe
AVHRR results have some preference if the cormfatiwith ground-based measurements are compareithdSEVIRI
observations have the smaller bias. Besides, thdR® LWP data of the version considered in the prestidy may have

problems in winter over ice-covered water surfaces.
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Table 1.Characteristics of the data agreement: correlatiafficientr., biasb (satellite data minus ground-based data and
SEVIRI data minus AVHRR data), and RM®btained for the WH season (standard deviajas given in
brackets). Total number of data points N is 63,miean LWP values for HATPRO data sets are in thgaa
0.021-0.023 kg o

Compared data sets re b, kg m* s, kg m?

SEVIRI - HATs 0.45+£0.10 -0.002 0.045 (0.045)
SEVIRI - HATg 0.55+0.09 -0.001 0.037 (0.037)
SEVIRI - HATy 0.63 £0.08 -0.001 0.033 (0.033)
SEVIRI - HATgg 0.66 £ 0.07 -0.003 0.031 (0.031)
AVHRR - HAT; 0.85+£0.04 0.014 0.036 (0.034)
AVHRR - HAT 0.91 £ 0.02 0.014 0.035 (0.032)
AVHRR - HAT, 0.93£0.02 0.015 0.037 (0.033)
AVHRR - HAT¢ 0.92 +0.02 0.013 0.036 (0.034)
SEVIRI - AVHRR 0.66 £ 0.07 -0.016 0.049 (0.047)

Table 2. The same as Table 1 but for the CD season. Totabar of data points N is 53, the mean LWP valoes f
HATPRO data sets are in the range 0.022-0.023kg m

Compared data sets re b, kg m* s, kg m*

SEVIRI - HAT; 0.70 £ 0.07 0.003 0.044 (0.044)
SEVIRI - HATyq 0.70 £ 0.07 0.003 0.044 (0.044)
SEVIRI - HATyq 0.70 £ 0.07 0.003 0.045 (0.044)
SEVIRI - HATg 0.69 + 0.07 0.002 0.044 (0.044)
AVHRR - HAT; 0.88 £0.03 0.017 0.058 (0.055)
AVHRR - HAT g 0.88 £0.03 0.017 0.058 (0.055)
AVHRR - HAT, 0.85+£0.04 0.017 0.060 (0.058)
AVHRR - HATg 0.84 £ 0.04 0.016 0.059 (0.057)
SEVIRI - AVHRR 0.63+0.08 -0.014 0.070 (0.068)
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Figure 1: The location of 441 SEVIRI measurement piXe (a) and 3721 AVHRR measurement pixels (b) select for analysis in
the large terrain. The position of the HATPRO radiorreter is marked by the red cross. The black numberglentify the following
objects: 1 — the Neva bay, 2 — the Ladoga Lake, 3 ket Gulf of Finland, 4 — the Saimaa LakeMap data ©2019 Google.
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Figure 2: The location and numbers of 9 SEVIRI (blak squares) and 12 AVHRR (blue circles) measuremenixels closest to the
position of the HATPRO radiometer (marked by the redcross). The small terrain is shownMap data ©2019 Google
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Figure 4: The map of the mean LWP values (kg i colour scale) calculated for the small terrain ad for the complete 2-year data
set (a,b), the WH season (c,d) and the CD seasonf)(emeasurements by the AVHRR instrument (a,c,e) rd the SEVIRI

instrument (b,d,f). The position of the HATPRO radiometer is marked by the red cross, the coastline isarked by the red line.
Vector shoreline data: (GSHHG, 2017).
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Figure 6: The LWP retrieval uncertainty (LWPU) as afunction of LWP value for the AVHRR and SEVIRI instruments and for
different seasons (cloudy conditions only).
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based data to the LWP uncertainty reported by the atellite instruments (cloudy conditions only).
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Figure 8: The maps of the mean LWP values (AVHRR measements, colour scale, kg M) calculated for the large terrain for the
CD and WH seasons of 2013 and 2014. The location BATPRO radiometer is marked by the red cross. The ack numbers
identify the following objects: 1 — the Neva bay, 2 the Ladoga Lake, 3 — the Gulf of Finland, 4 — thé&aimaa Lake. Vector
shoreline data: (GSHHG, 2017).
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the radiometer site and plotted for the period of bservations considered in the present study. (b) Lation of the three pixels,
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Figure 10: The maps of the mean LWP values (AVHRR ahSEVIRI measurements, colour scale, kg i) calculated for the large
terrain for the CD season of 2013 (a, b) and 2014,(d). The location of HATPRO radiometer is marked ly the red cross. The
black numbers identify the following objects: 1 —lhe Neva bay, 2 — the Ladoga Lake. Vector shorelineth: (GSHHG, 2017).
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Figure 11: The maps of the mean LWP values (AVHRR ahSEVIRI measurements, colour scale, kg /) calculated for the large
terrain for the WH season of 2013 (a, b) and 2014,(d). The location of HATPRO radiometer is marked ly the red cross. The
black numbers identify the following objects: 1 —lhe Neva bay, 2 — the Ladoga Lake. Vector shorelineth: (GSHHG, 2017).
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Figure 12: The absolute differenced between the ground-based and the satellite measunents of LWP as a function of the value
of LWP variability estimate V. (see text). The data refer to the WH season. Dashdidue lines show the fit of the form
In(D)=BIn(Ve)+A.
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