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Abstract. Liquid water path (LWP) is one of the most impattaloud parameters. The knowledge on LWP is aiitfor
many studies including global and regional climatedelling, weather forecasting, modelling of hydgital cycle and
interactions between different components of thmate system: the atmosphere, the hydrospherethanthnd surface.
Satellite observations by the SEVIRI and AVHRR ilinstients have already provided the evidences ofstlstematic
difference between the LWP values derived overldimel surface and over the Baltic Sea and majorslakeNorthern
Europe during both cold and warm seasons. The go#te present study is to analyse the phenomeficheoL WP
horizontal inhomogeneities in the vicinity of varwater bodies in Northern Europe making focugshentemporal and
spatial variation of LWP. The objects of investigatare water bodies and water areas located ithsior Europe which are
different in size and other characteristics: GdilFmland, Gulf of Riga, the Neva River bay, lakesdoga, Onega, Peipus,
Pihkva, llmen, and Saimaa. The input data are ¥ Lvalues of pure liquid-phase clouds derived ftbm space-borne
observations by the SEVIRI instrument in 2011-2@L7ing daytime. The study revealed that in genttr@imean values of
the land-sea LWP gradient are positive during elisens (larger values over land, smaller values water surface).
However, the negative gradients were also detemted several relatively small water bodies duriotddqwinter) season.
The important finding is the positive trend of tla@d-sea LWP gradient detected within the timequk£2011-2017. The
analysis of intra-seasonal features revealed dpsmmaitions on the territory of the Gulf of Finkhnvhere in June and July
large and moderate positive LWP gradients prevwa megative ones while in August positive and tiggagradients are
much smaller (in terms of absolute values) and ioedth equal frequency. This result can lead to ¢baclusion about
possible common physical mechanisms that drivdahd-sea LWP difference in the Baltic Sea regiosraall distances
from the coastline. The diurnal cycle of the LWRdasea gradient has been detected in June andvBilly there was no
evidence for it in August. For several specificesgasatmospheric parameters over the mesoscale m@oraprising Gulf of

Finland and several lakes have been simulatedthémumerical model ICON in limited area and weafirediction mode.
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These simulations have clearly demonstrated the Lfel-sea gradient and have pointed out less yalif the
atmosphere over land surfaces.

Keywords: cloud liquid water path; horizontal inhomogeneity atmospheric parameters; interactions between the

atmosphere and underlying surface, remote sensiaggorological satellites; SEVIRI

1 Introduction

Liquid water path (LWP, the total mass of liquidteradroplets in the atmosphere above a unit surdiaee) is one of the
most important cloud parameters. The knowledge WPLis critical for many studies including globaldaregional climate
modelling, weather forecasting, and modelling ofitmogical cycle. The cloud LWP values can be aticator of the
processes of interaction between different compisnefithe climate system: the atmosphere, the lspdirere, and the land
surface. Satellite observations by the SEVIRI arMHRR instruments have already provided evidencéhefsystematic
difference between the LWP values derived overldéimel surface and over the Baltic Sea and majorslakeNorthern
Europe. The principal findings are the following:

1) During spring and summer the cloud amount oaad lin this region is larger than the cloud amawrdr the
Baltic Sea and major lakes (Karlsson, 2003).

2) The land-sea LWP gradient is positive duringsakisons (larger LWP values over land, smaller MWAIBes over
water surface) at the estuary of the Neva Rivethan Gulf of Finland but for the cold season thiadjent is
noticeably lower than for the warm season (Kostsbwal., 2018). The magnitude of the mean LWP gradie
obtained by SEVIRI in this area for the two-yearige of 2013-2014 was about 0.040 kg gabout 50 % of the
mean value over land).

3) In most cases, both SEVIRI and AVHRR instrumet@gmonstrate a similar land-sea LWP gradient, hewéwe
AVHRR data sometimes reveal an inverse (negatiWPLland-sea gradient and unexpected high LWP values
over water surface (Kostsov et al., 2019) durirggdbld season. This phenomenon was attributed lsysko et al.
(2019) to the artefacts caused by the problemstivéhice/snow mask used by the AVHRR retrieval ailym.

As an illustration of the LWP horizontal inhomoggi®s, we present Fig. 1 with the image acquiredtiny MODIS

instrument on May 1, 2013 (North-West part of Rasgarts of Finland and Estonia). The image shdwas the Gulf of

Finland and the lakes Ladoga, Onega, Peipus, Pilandllmen are cloud-free while there are multigtmuds over the land
surface. An interesting feature is the absencdanfds to the East from mentioned water bodies up déstance of several
dozen kilometres. This effect can be explainednywtind flow of the cold near-surface air from wadeeas eastward. This
cold air prevents cloud formation not only above thater areas but also above the land at a catistance from water
bodies. For simplicity, below we use the singlentéland-sea gradient” (or “land-sea differencedy tiesignation of the

difference between the LWP value over land andLtWé> value over water area regardless of its typse@ a gulf, an
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estuary, a lake, etc.). For consistency, whenrtgli@bout satellite measurement pixel over any watea we use the term
“sea pixel” (in contrast to “land pixel’).

There was an attempt to detect the LWP land-sdaréifces by means of ground-based microwave olgmrsa
performed near the coastline of the Gulf of Finlandhe vicinity of St.Petersburg, Russia (Kostsival., 2020). The
microwave radiometer RPG-HATPRO located 2.5 km fithie coastline was remotely probing the air podioner land
(zenith viewing geometry) and over water area feffith viewing geometry). The ground-based retievaf LWP
demonstrated that the LWP land-sea gradient exétedg all seasons and was positive. This resuft agreement with the
space-borne SEVIRI measurements in this region. édew it should be emphasized that the magnitudénefgradient
obtained by the ground-based instrument was coraijesmaller than detected by SEVIRI. Kostsov let (2020) also
reported that the LWP land-sea gradient providedth®y ERA-Interim reanalysis for the area and tinegiqa under
investigation was noticeably smaller than detette&SEVIRI during warm season and, in contrast ® $&EVIRI and the

ground-based data, it was negative during coldoseas

So far, not much attention was paid to the invesiign of physical mechanisms which drive the LWRdisea
differences in Northern Europe. The reason fordifferences in spring and summer has been suggkgtEdrisson (2003):
the inflow of cold water from melting snow and isecooling the near-surface atmospheric layer dvemwater bodies. As a
result, in contrast to the land surface, this layeer the water bodies becomes very stable prewgrtbie formation of
clouds. This mechanism, however, does not explanekistence of the LWP land-sea gradient duriid season when
both land and water surfaces are covered with srahice.

In our opinion, the necessary prerequisite for yhgl physical mechanisms which drive the LWP lagd-s
differences in Northern Europe is the special tkdaanalysis of the LWP data provided by the s&elhstruments over
various water bodies and over land near these Watdies. The focus should be made on the tempodatpatial variations
of LWP at different scales. The goal of the presstdy is to analyse the phenomenon of the LWPzbotal
inhomogeneities in the vicinity of a number of waldies in Northern Europe which are differentsine and in other
characteristics: Gulf of Finland, Gulf of Riga, thieva River bay, Lake Ladoga, Lake Onega, LakeUReipake Pihkva,
Lake llmen, and Lake Saimaa. The study is basedVBR data over Northern Europe obtained from sewesrs/ (2011-
2017) of the space-borne measurements by the SEN$SRUmMent. We try to answer the following mairegtions:

= What are the statistical distributions of the LVERd-sea gradient during different seasons at diftavater

bodies?

= Does the LWP land-sea gradient always exist dusiagm and cold season at water bodies with different

properties, and what is its magnitude for large smdll water bodies?

= How strong is the inter-annual variability of th&VP land-sea gradient and are there any long-temus?
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= Are there any characteristic features in the diuadations of the LWP land-sea gradient (for dag time when
space-borne measurements by SEVIRI are available)?

= |s there any correlation between the ice/snow cpeend and the magnitude of the LWP gradient?

= Can we distinguish artefacts in the LWP gradieta govided by SEVIRI and, if yes, when and hovenoftlo
these artefacts appear?

One important remark should be made. The spacesddMiP measurements over land by the SEVIRI instnime
were validated extensively by ground-based remaasurements (Roebeling et al., 2008ab; GreuellRoabeling 2009;
Kostsov et al., 2018, 2019). To the best of ourvkedge, there were no validations of SEVIRI measuats over water
areas and over water bodies covered by ice/snow.aldorithm of the cloud properties’ retrieval ussdSEVIRI is based
on measurements of the reflected solar radiatiaming cold season, the LWP retrieval over highlflective surfaces
(snow and ice) is a complicated problem (Musialet2014), and, as a consequence, the retriek@isetan increase. The
mechanism of the error amplification is describgdHan et al. (1999) and Platnick et al. (2001): rfiljitiple reflections
occur between a cloud and underlying surface;h@)iicrease in reflectance contributed by a cleuetlatively smaller in
case of highly reflective underlying surface. Theljem becomes more complicated due to the vaitialod the ice/snow
properties. It has been noted by Platnick et 2012 that, as shown in a number of studies, thedallof the sea ice is
dependent on several factors, for example on tbgepice of air bubbles. Besides, if ice is coventld avsnow layer greater
than several centimetres the overall reflectanc®isinated by this snow layer. The melting proaesscause the decreases
in reflectance. Accounting for the above mentioredsons, we kept in mind possible effect of theienedl error

amplification while analysing the data obtainedidgrcold season both over land and water bodies.

2 Input data

For detailed description of the SEVIRI instrumentidhe data set containing SEVIRI-derived cloudapaeters, we refer to
the articles by Stengel et al. (2014) and Benas. €2017). The SEVIRI data which we used in thalgthave the following
most important features:
= The geographical region for investigation is cethtse St.Petersburg (Russian Federation) and iterians are
approximately 700 km x 700 km.
= Non-averaged cloud parameters from the level 2 skttaovering the time-span 2011 — 2017 were used.
= The ground pixel size in the vicinity of St.Petenghb(at the approx. centre of selected domainp@ia7 km.
= The temporal resolution of the SEVIRI measuremani$ minutes.
= The data selected for analysis refers to liquididlphase only, ice and mixed-phase cloud casesfitered out.
= The data selected for analysis include all clegrcsises over land and water surfaces which occurred
simultaneously and not simultaneously.



125

130

135

140

145

150

https://doi.org/10.5194/acp-2021-387 Atmospheric
Preprint. Discussion started: 17 May 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

= The data acquired when solar zenith angle wasrdnga 72° were excluded from consideration siheeliVP
retrieval errors are larger in this case than foalter solar zenith angles. This is a widely usedstraint for data
selection (Roebeling, 2008a; Kim, 2020).

In this study, we consider only the averaged LWdlgamt values which are defined as:

1 N
D==>d,, 1)
N

where N is the number of pairs of simultaneous nmegents of LWP in the sea pixel and in the lanelpdluring any
selected time periodk is the index of this pair of measuremeditss the instantaneous value of the LWP land-sedigm&

d =W, —W.

land sea (2)

where W is the liquid water path value measureithénpixel selected over the land or water area.ditamtity d is the small
difference of two large quantities. Due to averggih), the random component of the gradient esationgly suppressed
and the error of D depends mainly on the biasddNP over land and over water surfaces. The LWRengt errors of the
SEVIRI measurements including bias were assesssévieral studies. For the complete field of views&VIRI (so-called
“the SEVIRI disk”), the bias of the LWP measurenseby SEVIRI was specified to be 0.00007 kg/m? famithly mean
values compared to MODIS and the standard deviatinounted to 0.0101 kg fr(Finkensieper et al. 2016). It is important
to note that Finkensieper et al. (2016) reportedaverall tendency for SEVIRI to detect higher LWéitues over sea and
lower LWP values over land, compared to MODIS. Hegrethese differences were not large: the bigh®@#5° W-E and
S-N area-averaged all-sky (clear cases and cloaskysctogether) LWP from SEVIRI with respect to MODRIid not exceed
0.005 kg rif. A comparison with AMSR-E showed a bias of 0.0&84m* over an ocean and a bias-corrected root mean
square error of 0.034 kg'm Roebeling et al. (2008a) compared the LWP datan fSEVIRI with the ground-based
microwave measurements at three sites for timeseafi 4 years and the bias was found to be 0.0082kg summer and
0.010 kg rif in winter while the variance was stable with 0.080m?% The comparison of the daily median LWP values
obtained by SEVIRI and a ground-based microwavenaeter (Kostsov et al., 2018) has demonstratedRii& difference
of 0.016 kg rif for warm season that is considerably lower thanRMS difference for cold season which is 0.048Kg
The bias was small and negative for the warm se@8db03 kg rif), and positive for the cold season (0.002 kf).rifaking
into account all these estimations, we can asshatefdr warm season, when water areas are noted\®rice and snow,
the bias of D is unlikely exceeding 0.010 kg.rdowever, the recent study by Kim et al. (2020wt be mentioned also,
in which the estimations of the bias of the SEVIRVP with respect to LWP from three CloudNet stagiqheipzig,
Lindenberg, and Juelich) were presented for a dichitlata set and purely liquid phase clouds. Theimaions have
demonstrated that the bias varies depending oirstat a wide range, approximately 0...0.050 k§.ror cold season,
when the surfaces are covered by ice and snow, aveodl have any bias estimation, but we can expeetetrror

amplification due to the effect of highly refleatigurfaces.
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Fig. 2 shows the geographical domain and the wstdies under investigation. As an example, the ofdpe mean
LWP values for summer period averaged over all &ry®f observations (2011-2017) is also shown:caresee that the
LWP land-sea differences exist for all considerexter bodies. Despite the fact that Lakes PeipusPénkiva are located
near to each other and are connected, we conbieler separately since the area of Lake Pihkva istahoee times smaller
than the area of Lake Peipus. The present studgiosrnan analysis of the LWP maps of the whole doraad of the LWP
gradient values at several specific locations dt Whese locations (pairs of the SEVIRI groundgl$} were selected to a
certain extent arbitrarily but we tried to considbe following two cases: the land and the sealpixé the satellite
measurements are far from a coastline with lontadée between them (case 1) and they are nearsdiweavith short
distance between them (case 2). For cases 1 ahd #8jstance between each of two measurementdosasind a coastline
is about 40 km and 10 km respectively. So, totslagice between measurement locations is about §8dsa 1) and 20 km
(case 2). Also, we tried to select the land andpdesls in such a way that the line which connéletsn is oriented close to
the South-North direction. The reason for that wassintention to avoid the influence of the effe€the cold air transport
by westerly winds from the water bodies to the lafige westerly and south-westerly winds are predantiin the area of
the Gulf of Finland (Monzikova et al., 2013). Theographical coordinates of the selected pixelgpegsented in Tables 1
and 2 together with other characteristics of th&a d&ts. The data sets are named as ML with otne@@numbers. ML
stands for “measurement location”. The first numiglentifies the location and the second numbertifies long (1) or
short (2) distance, if applicable. Table 2 presaduitional measurement locations which have betatted in the course of
the analysis to investigate the Gulf of Finlandriare detail (see subsequent sections). The locatiorthe domain map are

shown in Fig. 3.

The data selection algorithm worked sequentiallydib measurements during 2011-2017 and includextiihg of
the quality flag, solar zenith angle, and the cl@ihse. Clear sky cases were included in the ddsaas well. For the
mentioned specific locations, all data selectioiteda should have been satisfied simultaneously tfe land pixel
measurement and the sea pixel measurement whickspond to a single SEVIRI scan; if not, both thed and sea
measurements were filtered out. Finally, we haveuatdisposal the good quality data on LWP corradpay only to liquid
phase clouds and clear sky cases and acquired saf@mnzenith angle was smaller than 72°. In ordeeveal the principal
features of the LWP gradient, in this study we tadithe analysis by taking into consideration dnlg time periods. The
first period consists of three summer months, dedsiecond period includes February and March. Tioé&ce of summer
months is evident, but the choice of February aradil needs some explanation. Since we explore Blortlatitudes, the
solar zenith angle is very large during winter t&ésg in a very small number of SEVIRI measurementitable for analysis.
Such measurements are completely absent in DeceamuerJanuary. There are only few measurements limu&ey.
Luckily, March is well applicable for analysis dteesufficiently high SZA values and at the samegetitncan be considered
as a winter month since during March the landilscsivered by snow and water bodies are still cedeby ice in the region

of our interest. Table 1 presents the total nunobeselected measurements within two mentioned per@ds. One can see
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that for all measurement locations the number &dcsed measurements during warm season is largecamslderably
exceeds the number of measurements during coldrse@le datasets for lake Onega contain the srmalfesunt of data

for cold season which is however sufficient for ghatistical analysis.

3 Seasonal and inter-annual features of the LWP gdient

Figs. 4-6 present statistical distributions of th&/P gradient for specific measurement locationsviarm season and for
cold season (all years together). It is obvious ifithe prevailing positive or negative LWP gradtiexists it will show up as
the asymmetry of a distribution. One can see ssgmmetry in Fig. 4 for measurement locations ML#l L2 (the Gulf
of Riga and the Gulf of Finland) for both seascdrise central peak which indicates the zero gradientery sharp in all
plots; therefore for better visibility the verticakes are broken and have different scales inaverland upper part. Both
negative and positive values of the gradient aesemt in the distributions; however positive valoégradient have the
higher frequency of occurrence in all cases. Ihisresting that for cold season and small-distagreglients (ML1-2 and
ML2-2) the relative frequency of occurrence of rtegagradients is negligibly small while it is nttie case for large-
distance gradients (ML1-1 and ML2-1).

In contrast to the distributions for gulfs of Rigad of Finland (Fig. 4), the LWP gradient stataitidistributions for
lakes Ladoga and Onega are almost symmetrical excepcase: ML3-1 (Lake Ladoga, large-distance igragfor the
warm season (Fig. 5). This result is surprisingngkinto account the fact that both Lake Ladoga hale Onega are
featured by low temperature of water in summerthsoland-sea contrast of the near-surface temperatiexpected to be
noticeable for both of these lakes. Also, attensbaould be paid to the shape of distributions lier ¢old season: extremely
sharp central peak at the zero gradient and molessruniform distributions of negative and positgradients values with
very small frequency of occurrence. For the locativL1 and ML2 (Fig. 4), the distributions for cadason look different,

although they are also characterised by a shatpat@eak.

Fig. 6 shows the LWP gradient distributions for m@ament locations ML5 - ML9. For warm season, e o
distributions with very pronounced asymmetry: foL®4and for ML9. The case with ML5 (Lake Pihkva)tlse most
interesting, the negative gradients are almost ¢etely absent for both seasons. For ML9 (the NeusemRbay), the
negative values of the gradient are present orlyviirm season. The distributions for the locatibi& M7, and M8 are
similar to each other in shape both for warm anld seasons showing very small asymmetry, howevén piievailing

positive gradients.

The results presented in Figs. 4-6 can lead torakwenclusions. The main conclusion is that thatistical
distributions of the LWP gradient can be considiralifferent for different measurement locationsy, €lifferent distances

between ground pixels, and for different seasohs.most featured distributions are the following:
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Symmetrical with a pronounced peak at zero and Sanshape slopes (warm season);

Slightly asymmetrical with a pronounced peak abzsrd Gaussian-shape slopes (warm season);
Symmetrical with a sharp peak at zero with low §lapes (cold season);

Slightly asymmetrical with a sharp peak at zerdwatv flat slopes (cold season).

Strongly asymmetrical and practically without négat/alues (warm and cold seasons).

To get more insight into the features of the LWRdlsea gradient, we plotted the inter-annual \ianat of the

seasonal-mean LWP gradient for different locatiaes Figs. 7 and 8. First of all we pay attentmthe standard error of

the seasonal-mean values for cold and warm seaBondetter visibility, we did not plot the erroars together with the

curves except one case: to give an impressioneofnigignitude of the error of the mean gradient,idgn & (c,d) we show the

error bars for the results corresponding to ML9 Bhrors during cold season can reach 0.004kgTine errors for warm
season constitute about 0.001...0.002 Kg m

1)

2)

3)

4)
5)

Analysis of Figs. 7 and 8 leads to the followingncloisions:
The inter-annual variability of the LWP seasonalméand-sea gradient is considerably differentcfdd season and
warm season. The gradient is highly variable fdd e@ason while for warm season in many of coneitieases it is
close to a constant value.
For all considered years, the gradient during waeason is always positive while the situation féedént for cold
season. Negative values of the gradient are detdotecold seasons of several years at measurdoeattons ML3,
ML4, and ML6, ML7, ML8. We emphasise that the négagradient was detected at ML2 only once durhmy ¢old
season of 2013 and its absolute value was negligibhll.
If we consider warm season, we can easily clagbiéygradient values as belonging to three groupstllsvalues
(ML3-2, ML4, ML6, ML7, ML8), moderate values (MLML2, ML3-1, ML9), and large values (ML5).
The locations ML5 and ML9 are very specific: lapgsitive gradients are detected during both cottlvaarm seasons.
The most important finding is the positive trend thie gradient during 2011-2017 for almost all cdestd
measurement locations. Fig. 9 demonstrates tharlifits for data plotted in Fig. 8. If 2017 is coanpd to 2011, than
for a warm season the increase of the gradienesafigm 0.003 kg iito 015 kg rif, and for a cold season the increase
ranges from 0.008 kg fito 0.012 kg rif. Similar trend of the gradient during 2011-2018liserved for other locations
except ML3-1 (cold season) and ML4-1 and ML3-2 fwaeason). In these three cases the trend of tHe g\dient is

negative.

To our opinion, the differences in local climatedarography at measurement locations are the ntobgaple reason for

the detected differences in the trends, magnitaddrger-annual variations of the seasonal-meadigmnss.
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4 Intra-seasonal features of the LWP gradient

Since the amount of data acquired during the oeéden is smaller than during the warm season amaisaikll data refer to
only one month (March) we analysed the intra-sealseariability of the LWP land-sea gradient only the warm season.
The most robust evidence of the time dependendheot WP gradient is present at three measuremeatitms: ML1-2,
ML2-2, and ML9, see Fig. 10. This figure shows dladly-mean values of the LWP gradient in June, dumlgt August for all
seven years of observations. One can see thanm ald July large and moderate positive LWP grasliare prevailing
while in August gradients are much smaller (in ®rof absolute values) and positive and negativdigmnés occur with
equal frequency. The common feature of two locatibii1-2 and ML-9 is that they are in the vicinit§ the estuary of
rivers: Western Dvina (Daugava) for ML1-2 and Ndga ML9. The common feature of all three locatidesthat they

correspond to the small-distance gradient andfaliem are situated in the gulfs of the Baltic Sea.

The absence of any noticeable time dependenceedf WP gradient during the warm season at othettilmts is
illustrated by Fig. 11. To save space, only fouwralions are shown which represent moderate gradi@t3-1), large
gradients (ML5) and very small gradients (ML3-2 @it6). The results for ML7 and ML8 are similar thet results for
ML6. The results for ML4-1 and ML4-2 are similar ttee results for ML3-2. In order to get more precgstimation of the
time dependence rather than demonstrative plotqresent the diagrams of the monthly-mean valuéseof WP land-sea
gradients for the whole 7-year period in Fig. 12fddent colours in Fig. 12 are used to designated groups of water
bodies: gulfs of the Baltic Sea, large lakes andlkhakes. Fig. 12 demonstrates once again thaethee three locations
which are characterised by very small gradientéigust if compared to June and July: ML1-2, ML2a2d ML9. The
locations ML1-1 and ML2-1 may also be attributedthics group; however for these locations the gradie August is
higher than for ML1-2, ML2-2 and ML9. One can alsatice that there is another characteristic featfitbe inter-seasonal
behaviour of the gradient: maximum values are detkin July in most cases (ML1-1, ML1-2, ML2-1, M13 ML4-1, and
ML8). No definite time dependence is detected fdr5\MML6, ML7, ML3-2, and ML4-2 (small lakes and sindistance

gradients at large lakes).

One can see that all measurement locations witll gimaadients in August are situated in the Balt&aSIn order to
study this phenomenon in more detail, we seledtedrhore locations in the Gulf of Finland. All tireeadditional locations
correspond to a short-distance gradient and asepted in Table 2. Two of them (ML11 and ML12) el@se to estuaries
of rivers Narva and Luga. ML10 is situated in beaweML2-1 and ML11. Two of five additional locatiorsse at the
Northern coast of the Gulf of Finland (near Helsiakd Torfyanovka). The intra-seasonal variabitifythe monthly-mean
LWP land-sea gradient averaged over the 7-yeaogdoir these additional locations is shown in Eig. One can see that
for all additional measurement locations the tinepehdence of the LWP gradient is the same as éomtiin locations at
the coastline of the Gulf of Finland. One can ase that there are no features which would in oag @r another

distinguish the gradient obtained near the estaiafigivers or at the northern coastline with respe the gradient at other
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locations. These results can lead to the conclusmut possible common physical mechanisms thag¢ dne LWP land-sea

difference in the entire Baltic Sea region congden the present study.

5 Diurnal features of LWP

We describe the diurnal variability of the LWP laseh gradient in terms of mean values which reféime moments of the
SEVIRI measurements (scans are made every 15 Arjaging was done over seven years of observatRersause of the

short period of sun illumination during the coldasen, we take only the warm season and study ewenth separately.

Figs. 14 and 15 demonstrate the diurnal variabdhyained for all measurement locations in theiB&ea. The error bars
indicate the standard error of the mean values. €@nesee that these bars are relatively large.r&&son for this is high

variability of the gradient values from one hand aelatively small number of data from the othee Wmphasise that for a
single time segment the number of available measemés can vary from several dozen to more thanhomelred. As a

result, the curves in the plots are sometimeslasoil). For better visibility, we do not draw anglpnomial approximations

or running average. While analysing the curvesmyaa mark only the features which are the mosthptmced neglecting

the oscillations.

First of all we pay attention to the principal f@@ which has been revealed: the LWP land-sea slistdince
gradient is time dependent in June and July amltime independent and close to zero in Augustvéi@r, there is one
exception for August: the ML13 measurement locafimear Helsinki). The general diurnal cycle of gradient in June and
July is approximately the same for all locationsnaooth increase in the morning until 11...12 h folldl by a decrease.
There are two features which so far have no expitama The first one is a very steep decreaseefthdient which occurs
just before noon at almost all locations. Anothemtfire is a relatively sharp secondary maximumhefgradient values
which is observed at about 16 h at many locati®hs. most vivid examples of these features areitivaa cycles in July at
ML1-2, ML2-2. As far as the diurnal cycle in Augustconcerned, we can note that only the ML13 shsavs obvious time
dependence of the gradient: the LWP gradient is #ethe morning; it increases until 11 h and tlsamoothly decreases
until the evening when it becomes equal to zeranagais important to note that for August any ctusions should be
made with caution since the gradient values ang sreall.

The origin of the diurnal cycle of the LWP land-ggadient is different for June-July and AugustJume-July, the
diurnal cycle of the gradient is controlled predoaritly by the diurnal cycle of the cloud LWP ovand since the cloud
LWP over water surface is much smaller from morrtitigvening. In August, cloud LWPs over land amdter surface are
comparable and have similar diurnal behaviour, assalt, the LWP gradient is close to zero all tinee. The described
diurnal cycles of the LWP over land and sea anthefLWP gradient are illustrated in Fig. 16 whielfiers to measurement
locations ML1-2 and MLS9.

10
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6 Comparison with the reanalysis data

It is interesting and important to compare the inleta statistical characteristics of the LWP land-geadient with the data
provided by reanalyses. Wright et al. (2020) nbgg,tthough cloud fields in reanalyses are esdgntiendel products, many
variables, which influence the cloud fields, arter@d during the assimilation process. Therefoeteating differences
between the LWP gradient values obtained in expgarimand provided by reanalyses can be valuablieldatification of
possible problems in reanalyses and for future indelelopment. Li et al. (2018) have noted that
‘reanalysis products have become nearly synonynmowgme contexts, with “observations™

and they pointed out the necessity

‘to provide some assessment of this tenuous péocepparticularly for quantities such as CLWP agdWC’
(here CLWP and CLWC stand for cloud liquid watethpand cloud liquid water content).

In the present study we consider the ERA-Interim Bra5 reanalyses from ECMWEF (Dee et al., 2011sbBh et
al., 2020). In a previous study (Kostsov et al.2@0we have noted that the main shortcoming ofcibraparison of the
reanalysis data with the experimental data is tterse spatial resolution of the reanalysis daguitkernal resolution of
Era-Interim is 0.75 deg which is about 80 km. Figthkr resolutions of the Era-Interim data, theriptdation procedure is
applied, but the highest recommended resolutiof.26 deg (28 km). In the present study we have ethdbe 28 km
resolution of Era-Interim and in this case we cauddhpare the Era-Interim data with the SEVIRI reswlhich correspond
to the large-distance LWP gradient. In contrasEta-Interim, the Era5 reanalysis has a consideralgher standard
resolution which is about 31 km and also it hasghdr temporal resolution (1 h versus 6 h in Enafim). Besides, there
are other improvements in Era5 if compared to Btarim. In order to keep consistency with our poesi study (Kostsov et
al., 2020) and at the same time to account for @wgaments in reanalysis, we compare the experimeatalwith both, Era-
Interim and Era5. A map showing the geographicedtions of the reanalysis grid points used forudations of the LWP
land-sea gradient is presented in Fig. 17. Thesatims are designated similar to the correspon8iBYIRI measurement
locations: RE1-1, RE2-1, RE3-1, and RE4-1 wheresRIRds for reanalysis.

There were three options how to organise all thi@asets with respect to temporal sampling. Tt &ind the most
evident choice was to select the synchronous datasponding to 6 h and 12 h UTC from Era-Intefira5 and SEVIRI.
The second choice was to synchronise the data feamalyses only (for 6 h and 12 H UTC) and to heeentire SEVIRI
dataset. And the third option was to use the oaigime sampling for each dataset. We selectethiha option due to three
main reasons. First of all, our goal was to complaeeaveraged daytime values for reasonably lang periods, therefore
we tried to keep as many initial data as possiblis. especially important for a cold season an¥I&&t data. Second, we
did not intend to compare the two versions of rgeis but rather wanted to show the agreementigagdeement of
reanalyses with the satellite data. In this resgeetas important to keep all improvements which present in Erab, in

particular its high temporal resolution. And thetlaut not the least reason: in our previous sf@gtsov et al., 2020) we
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used the original temporal resolutions when we cmegh averaged LWP from three datasets: Era-InteBigVIRI and
ground-based microwave observations. So, in o@é&etconsistent with our previous results, in thesent study the Era-
Interim data on LWP corresponding to 6 h and 12TiCWvere collected and averaged over required tiem®g@s. For Era5,

all data within the time interval 6 h...18 h UTC welected and averaged over required time periods.

The comparison of the seasonal-mean LWP gradiamh fBSEVIRI with the data from ECMWF reanalyses is
presented in Fig. 18 for the period 2011-2017. st important conclusion, which can be derivednftbis comparison,
is that the magnitude of the LWP gradient provitdgdthe Era5 reanalysis is much larger than provigedra-Interim. It
should be emphasised that this difference is ¢lesgkn for both cold and warm seasons. Moreoveileviira-Interim
shows small positive and negative gradients dumotd season, the gradients from Era5 during colds@e are
predominantly positive, and this finding is rativaportant. For three locations (ML1-1, ML2-1, and.841), the agreement
between SEVIRI and Era5 is much better than betv&eWIRI and Era-Interim. For the case with ML2-ie tagreement
between the Era5 and SEVIRI data can be even deassmd as excellent since the inter-annual belavoquantitatively
and qualitatively the same. However the attentibauid be paid to the fact that for all locationsakrsystematically
overestimates the LWP gradient from SEVIRI duringrmv season. In contrast, Era-Interim underestimttesL WP
gradient from SEVIRI during warm season with onheaxception at location ML4-1 (Lake Onega): theni@des of the
SEVIRI and the Era-Interim reanalysis data aredodjagreement here.

Fig. 19 presents the intra-seasonal variabilitthef LWP land-sea gradient in terms of the monthgam(June, July,
and August) values derived from the SEVIRI data &odh the Era-Interim and Era5 reanalyses. Firstlaf we pay
attention to the fact that Era-Interim reproduced the effect which was revealed by SEVIRI: the PWradient in August
is noticeably smaller than in June and July atrgelaaumber of locations (see Section 4). Era-Imtatemonstrates this
effect even for ML4-1 location which is one of tlegceptions. In contrast to that, Era5 shows anotyyee of the
intra-seasonal variability: the LWP gradient valiredune and August are comparable with each athérat the same time
they are smaller that the gradient for July. Andaasesult, the Era 5 and SEVIRI data demonstratélesi qualitative
behaviour for the location ML4-1. However, for ddications and months, Era5 overestimates the LW&elignts if
compared to the SEVIRI data. In contrast to thai-lBterim strongly underestimates the experimedtdh, except for
location ML4-1.

Kostsov et al. (2020) have made two conclusionslwhiere based on the cross-comparison of the LVaiets in
the Neva river Bay obtained from SEVIRI with theadients derived from ground-based microwave obsensat the
same location, and the gradients provided by Eterim near the coastline of the Gulf of Finlandaine distance from the
Neva Bay:

— the magnitudes of the LWP gradient provided by gobbased microwave observations and the Era-Intexamalysis

during warm season are in very good quantitativeergent and are considerably smaller than the SENERR;
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— the Era-Interim reanalysis data demonstrate a iveg¥WP gradient during a cold season in contraghe SEVIRI
and ground-based microwave observations.

These conclusions are confirmed by more extensiadysis which was made in the present study. Indeea-Interim

underestimates the LWP gradients from SEVIRI fdfedént water bodies at the majority of locationsidg warm season

and provides negative gradients during a cold seddte Era5 reanalysis looks more promising siheedra5 data on LWP

gradients are in better agreement with the saalbta despite the fact that they systematicakkyestimate the experimental

data during warm season.

7 LWP gradient simulations with the ICON model

The ICON modelling framework (ICOsahedral Nonhydtlitis weather and climate model) is a unified ngemeration
global numerical weather prediction and climate eilinty system which has been introduced as operatiorecast system
of the German Weather Service in January 2015 (ICZUR1). ICON has proven to be a powerful tooldtudying cloud
formation processes, for example Costa-Surds €2@20) used the special configuration ICON-LEM rdea Eddy Model)
to study the response of clouds to realistic ambgenic perturbations in aerosols. Costa-Surds €2@20) noted the high
computational cost of running ICON in the highestalution mode and limited their research by a Eitran of only one
single day. Nevertheless, their work showed thatgpetential of combining high resolution simulasowith a large set of
observations for studying cloud-aerosol interactiom the present study we selected ICON as armaptiool for
simulations of the LWP land-sea differences dutvtmmain reasons. First, its spatial resolutiosufficient for taking into
account water bodies of a relatively small sizej, @econd, ICON incorporates special parametevizattheme for lakes
“Flake”. As it is stated in the ICON tutorial (ICONutorial, 2021), in contrast to oceans and sdas,water surface
temperature for lakes should not be kept constaet the entire forecast period. Diurnal variati@mishe water surface
temperature can reach several degrees and fomftakes the diurnal variations of the ice surfamagerature may exceed
ten degrees. The details of “Flake” can be foundGON Tutorial (2021), references therein, and tip:Hlakemodel.net
(last access 2 April, 2021). It is important toentitat generally no observational data are asgaxilanto FLake, i.e., the
evolution of the lake temperature, the lake freggeand break-up of ice occur freely during the NC@ins except for
Laurentian Great Lakes of North America (ICON Tiabr2021).

Because of the high computational cost, we limibed simulations to only a few ICON runs. We simethtwo
single days 25 July 2015 and 12 August 2016 staftiom 00 UTC to 00 UTC on the following day but the relatively
large domain comprising the Gulf of Finland andesal/lakes. Our primary goal was to evaluate ho®@NCeproduces the
LWP land-sea difference and to analyse the chaistitefeatures of atmospheric parameters over mantd land surfaces.
Besides, we tried to find an explanation for thearseasonal variation of the LWP gradient, nanietythe high LWP
gradient in July and the low LWP gradient in Augoser the territory of Gulf of Finland as obsendegl SEVIRI (see

Section 4 above). Selection of days for modellirggwone on the basis of analysis of the cloud ismafiéhe Neva Bay and
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part of Gulf of Finland acquired by the MODIS instrent. The time of MODIS overpass over this reg®about 11:45

UTC (13:45 local solar time). The MODIS image fdr July 2015 is presented in Fig. 20a and clearinatestrates the
presence of clouds over land and the absence wdlover water. Such a situation is typical foreJand July as shown by
SEVIRI. The MODIS image for 12 August 2016 is praed in Fig. 21a and demonstrates clouds, whichuarf@rmly

distributed over land and water surfaces whiclgpgctl for August according to the results of theVERI| observations.

Fig. 20b demonstrates the LWP maps obtained fr@sitmulations by ICON for 25 July 2015. The timarspf the
model results is 11...16 h UTC that means 13...18 &llsalar time. The model maps vividly demonstrage évolution of
cloudiness over land in the afternoon. Clouds vedreent in the morning both over land and waterased. At about 11
UTC the cloud formation process started over lamdired the Gulf of Finland. Maximal cloudiness esétduring the time
period 13...14 h UTC, and afterwards the clouds begatisappear. During the whole day there wereloods over water
surfaces. So, simulations for this single day argdod agreement with the diurnal cycle for Julg dane derived from the
SEVIRI observations: the evolution of clouds owerd and the absence of clouds over water bodigs2Eb demonstrates
the LWP maps obtained from the simulations by ICOINL2 August 2016. In contrast to the maps fod@ly 2015, there is
only a weak diurnal cycle within the time period.116 h UTC. Clouds are distributed mostly in theaaa¢ the southern
coastline of Gulf of Finland over land and over evads well and no significant change in terms o@idlcover occurs during
the considered time period.

The difference in the cloud cover for the two méetbldays can be explained if we look at the nediaesa (at 2 m)
temperature maps which are presented in Fig. 225atuly 2015 and in Fig. 23 for 12 August 2016r Fo July 2015, we
see a strong land-sea contrast of the surface tatope. During the entire time period from 11 tohléhe surface
temperature over Gulf of Finland was 15 to 17 °Qlevit was higher than 20 °C over land. But theseaimuch smaller
land-sea contrast in surface temperature on 12 #1201 6: the temperature is in the range 14...17V& land and water.
Moreover, at 15 h and 16 h the near-surface terhperaver water at the southern coastline of GliFialand was even
higher than over land. These observations indittae the land-sea contrast of the near-surface @eatyre is the major
driver of the cloud cover land-sea differencesanas where strong frontal systems are absent ande hof the LWP land-
sea differences. This conclusion is in agreemettt thie statement which has been made by Karlssa®Bf2and refers to
the stability of the atmosphere caused by coolihthe low atmospheric layer by cold water of thdtiBaSea and major

lakes in spring and early summer. This mechanigmsdo be of general character and works duringratbasons as well.

In order to shed light on specific features of dtrmospheric state over water and land surfacebawe computed the
averaged vertical profiles of several parametdmu(ccover, specific cloud water content, relativenidity, and turbulent
kinetic energy) for two sub-domains within the gahelomain for modelling. One of these sub-domaiomprises water
surface only and another sub-domain comprisesdfaeent land territory. The averaged profiles vathrief description of
the involved processes are presented in Appendix A.
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To our opinion, the results of the ICON simulatiarmfirm our initial assumptions. For 25 July 201y vividly
demonstrate the LWP land-sea gradient and pointesststability of the atmosphere over land sudatising ICON, we
simulated the day in August (12 August 2016) trytiagletect the difference in cloud formation inyJahd in August which
has been revealed by SEVIRI (large gradient in anly small one in August due to appearance of slover water). And
this effect has been indeed reproduced in our sitioms and is explained in more detail in AppendlixOf course, one
should keep in mind that the days for modellingenbgen specially selected as “typical’ days orbtms of analysis of the
MODIS images.

Summary and conclusion

Studying interactions between different componefitthe climate system (the atmosphere, the hydersprand the land
surface) is a very interesting scientific task doénvolvement of many processes of different kindhese interactions.
Cloud amount and cloud liquid water path (LWP) guantities which can be the indicators of someheké processes
relevant, in particular, to an exchange of moistmd heat between a surface and the atmospheregoh®f the present
study is to analyse the phenomenon of the LWP botat inhomogeneities in the vicinity of various terabodies in

Northern Europe making focus on the temporal aradiapvariation of LWP. The motivation for the syuid the desire to
explore in more detail the systematic differencevben LWP values over the land surface and oveBtidéc Sea and
major lakes in Northern Europe which was revealeipusly from the satellite observations by the/88 and AVHRR

instruments.

The input data are the LWP values of pure liquidgghclouds derived from the space-borne obsergabgnthe
SEVIRI instrument in 2011-2017 during daytime ie tiorthern part of Europe. The geographical refpoimvestigation is
centred at St.Petersburg (Russian Federation)tardinnensions are approximately 700 km x 700 ke SEVIRI ground
pixel size at the approx. centre of selected donsa@tbout 7 km. The temporal resolution of the SEMheasurements is 15
minutes. The data selected for analysis refergjtod cloud phase only, ice and mixed-phase clagks were filtered out.
The data selected for the analysis include allrdkg cases over land and water surfaces whichrgatgimultaneously and
not simultaneously as well. The objects of invesdtmn are water bodies which are different in sind other characteristics:
Gulf of Finland, Gulf of Riga, the Neva River bdgkes Ladoga, Onega, Peipus, Pihkva, limen, anth&ai A set of
measurement locations has been selected for thates todies and two cases have been consideretantieand the sea
pixels of the satellite measurements are far froooastline with long distance between them (casentl)they are near a
coastline with small distance between them (casd-@) cases 1 and 2, the distance between eachoofmeasurement

locations and a coastline is about 40 km and 1@dgpectively.

The statistical distributions and the mean valuethe LWP gradient averaged over large number cdisueements
have been used for analysis. The analysis has stim@afollowing:
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1)

2)

3)

4)

5)

6)

7

The statistical distributions of the LWP gradieary from symmetrical ones with the pronounced petakero value
and Gaussian-shape slopes to strongly asymmaetnesl without negative values.

The inter-annual variability of the LWP seasonalaméand-sea gradient is considerably differentcfid season and
warm season. The gradient is highly variable fdd a@ason while for warm season in many of coneitieases it is
close to a constant value. For all analysed yélaesgradient during warm season is always positiride the situation
is different for cold season.

The most important finding is the positive trendtb& LWP gradient during 2011-2017 for almost ahsidered
measurement locations. To our opinion, the diffeesnin local climate and orography at measurenegatibns are the
most probable reason for the detected differentéisd trends, magnitude and inter-annual variatairthe seasonal-
mean gradients.

The intra-seasonal variability of the LWP land-geadient has been analysed only for a warm seascaube of lack
of data for a cold season. It has been found that Baltic Sea in June and July large and modgrasitive LWP
gradients are prevailing while in August positivelanegative gradients are much smaller (in termabgblute values)
and occur with equal frequency.

For analysis of diurnal features of the LWP gratjiare considered only the warm season becauseeaghtrt period
of sun illumination during the cold season. Thengipal feature which has been revealed is theviatig: the LWP
land-sea small-distance gradient is time depenthedtine and July and it is time independent andecto zero in
August. The general diurnal cycle of the gradienlune and July is approximately the same fooaltions: a smooth
increase in the morning until 11...12 h local solaret followed by a decrease. The origin of the dalirycle of the
LWP land-sea gradient is different for June-Julgl Anigust. In June-July, the diurnal cycle of thadient is controlled
predominantly by the diurnal cycle of the cloud LVBRer land since the cloud LWP over water surfacenuch
smaller from morning till evening. In August, cloutVPs over land and water surface are comparalldawe similar
diurnal behaviour, as a result, the LWP gradietdse to zero all the time.

There are two features of the diurnal cycle whicHas have no explanations. The first one is a wegp decrease of
the LWP gradient values which occurs just beforemat almost all locations. Another feature is latieely sharp
secondary maximum of the gradient values whictbseoved at about 16 h at many locations. The meist #xamples
of these features are the diurnal cycles in Julgwdf of Riga and Gulf of Finland. Probably, thea® features can be
instrumental artefacts caused by some peculiadfi@bservations and retrieval procedure.

The obtained statistical characteristics of the LI&iRd-sea gradient have been compared with the pitataded by
reanalyses ERA-Interim and Era5 from ECMWEF. Eraiimt underestimates the LWP gradients from SEVI&I f
different water bodies at the majority of locatiahging warm season and provides negative gradakrisg a cold
season. The Era5 reanalysis looks more promisimgeghe Era5 data on LWP gradients are in bettalitgtive and
guantitative agreement with the satellite data iedpe fact that they systematically overestinthie experimental

data during warm season.
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8) The ICON model simulations of atmospheric paransetaer the mesoscale domain comprising Gulf ofdfidland
several lakes have been done for two specific fd@gs without (1) and with (2) clouds over watezaa These cases
have been selected on the basis of the analystsed¥1ODIS cloud images. The simulations for cadeate clearly
demonstrated the LWP land-sea gradient and haveegobbut less stability of the atmosphere over landaces.
Simulations for this day are in good agreement i diurnal cycle for July and June derived frdre SEVIRI
observations: the evolution of clouds over land #rel absence of clouds over water bodies. Simulsitfor case 2
have been also successful and have demonstratediredss over land and over water. The ICON simutatpoint out
the land-sea contrast of the near-surface temperatuthe major driver of the cloud cover landdiffarences causing

different boundary layer stratifications and, herafehe LWP land-sea differences.

There are still many questions to which we have ywitfound answers. In particular, we did not irfigzge a
correlation between the ice/snow cover period aedntagnitude of the LWP gradient since the amofitiie@oSEVIRI data
in winter is extremely small (the SEVIRI observasoare possible only under sun illumination condii. The fact that the
maximal LWP gradients are observed in the vicinityhe Neva River bay and of the Lake Peipus atsla an explanation.
And finally, our study has demonstrated large @ity of the LWP gradient features for differemtchtions, especially for
lakes, and this variability, as we believe, alsquiges further analysis. Nevertheless, to our @pinthe most important
findings of the present work are the positive ldagn (7-year) trend of the magnitude of the LWRllaea gradient and the
so-called “August anomaly”: the absence of the L\§fdient in August in contrast to June and JulysHould be

emphasised that this "August anomaly" is stridtlyited to Gulf of Finland.
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Table 1. Geographical coordinates the total numbeiof LWP measurements selected for analysis, and ttaata set

designation.
Coordinates of measurement | Total number of
Water body Data locations measurements Distance
set between
sea land warm cold season | pixels
season (February-
(June- March)
August)
1. Gulf of Riga | ML1-1 | 57.366416N, | 56.765244N, | 15924 4655 LD**
23.664965E | 22.910569E
ML1-2 | 57.139038N, | 56.993382N, | 17884 5065 SD***
23.385504E | 23.193808E
2. Gulf of ML2-1 | 59.857132 N, | 59.144346 N, | 15478 3824 LD
Finland 25.299348 E | 25.536151 E
ML2-2 | 59.583547 N, | 59.404679 N, | 17139 4196 SD
25.387536 E | 25.452862 E
3. Lake Ladoga | ML3-1 | 60.487217 N, | 59.787115 N, | 16277 3596 LD
32.255603 E | 32.622665 E
ML3-2 | 60.228835 N, | 60.056733 N, | 17169 3704 SD
32.387668 E | 32.484774 E
4. Lake Onega | ML4-1 | 61.389299 N, | 60.726050 N, | 15034 2934 LD
35.810093 E | 36.389155 E
ML4-2 | 61.147303 N, | 60.978995 N, | 15874 2679 SD
36.018435 E | 36.167049 E
5. Lake Peipus ML5 58.906952 N| 59.091926 N, | 16457 4040 SD
27.367954 E | 27.350632 E
6. Lake Pihkva ML6 57.940914 N, 57.763346 N, | 17305 4532 SD
27.992420 E | 27.942981 E
7. Lake llmen ML7 58.235672 N,| 58.058871 N, | 18006 4454 SD
31.173657 E | 31.117336 E
8. Lake Saimaa ML8 61.222858 N} 61.042522 N, | 16421 3662 SD
28.439451 E | 28.468290 E
9. The Neva ML9 59.957250 N, | 59.880953 N, | 18001 4282 SD
River bay 29.913798 E | 29.826097 E

* Corresponds to ground-based microwave measuranfiam the study by Kostsov et al.(2020)
** large distance (about 80 km, see text)
*** small distance (about 20 km, see text)
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Table 2: Same as Table 1 but for additional measuneent locations.
Coordinates of measurement | Total number of
Water body Data locations measurements Distance
set between
sea land warm cold season pixels
season (February-
(June- March)
August)
10. Gulf of ML10 | 59.580558 N, | 59.407040 N, | 17279 4370 SD
Finland, 26.846173 E | 26.723764 E
Kalvi
11. The Narva ML11 | 59.490327 N, | 59.308683 N, | 16931 4460 SD
River bay 27.810318 E | 27.811472 E
12. The Luga ML12 | 59.766497 N, | 59.586924 N, | 17588 4312 SD
river bay 28.324202 E | 28.325356 E
13. Gulf of ML13 | 60.167451 N, | 60.341055 N, | 17146 4059 SD
Finland, 25.310649 E | 25.226349 E
Helsinki
14. Gulf of ML14 | 60.428589 N, | 60.609377 N, | 16996 3938 SD
Finland, 27.962023 E | 27.918291 E
Torfyanovka
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Table 3: Summary for analysis of the diurnal variaton of the LWP land-sea gradient.

Measurement | Description The evidence for diurnal variation of the LWP land
location ID sea gradient: detected (+) / not detected (-)
June July August

ML1-1
ML1-2
ML2-1
ML2-2
ML9

ML10 Baltic Sea
ML11
ML12
ML13
ML14

ML3-1
ML3-2 Big lakes
ML4-1
ML4-2 - - -
ML5 + + +
ML6 Small lakes - - -
ML7 - - -
ML8 - - -

+

e S S A T T
++ o+
1

+
+
1
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Figure 1: The MODIS image acquired on May 1, 2013 which shows @wf Finland (A), Lake Ladoga (B), Lake Peipus (C), Lake
Pihkva (D), Lake llmen (E).
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Figure 2: The geographical domain and the water bodies under westigation: Gulf of Riga (1), Gulf of Finland (2), Lake
Ladoga (3), Lake Onega (4), Lake Peipus (5), Lake Pihkva (6), Laltbnen (7), Lake Saimaa (8) , and the Neva River
bay (9). This example map demonstrates the SEVIRI-derived @an LWP for summer 2015. Vector shoreline data:
(GSHHG, 2017).
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Figure 3: The geographical domain and the specific locationsf the LWP gradient measurements (shown as lines whicltornect
ground pixels of the SEVIRI measurements, red — large diahce gradient, blue and green — small distance gradient).
Green colour is used to mark additional measurement locationis the Gulf of Finland, see text. The colour lettersvith
numbers indicate the corresponding datasets (see Tablesrid 2). Vector shoreline data: (GSHHG, 2017).
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Figure 4: Statistical distributions (in terms of relative frequency of occurrence R) of the LWP gradient values fomeasurement

locations ML1 and ML2 and different seasons. Please note thairfbetter visibility the vertical axes are broken and have

different scaling in the lower and upper part.
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Figure 5: Statistical distributions (in terms of relative frequency of occurrence R) of the LWP gradient values fomeasurement
locations ML3 and ML4 and different seasons. Please note thairfbetter visibility the vertical axes are broken and have
different scaling in the lower and upper part.
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Figure 6: Statistical distributions (in terms of relative fequency of occurrence R) of the LWP gradient values fomeasurement
locations ML5 — ML9 and different seasons. Please note that fdretter visibility the vertical axes are broken and have

different scaling in the lower and upper part.
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Figure 8: Inter-annual variations of the seasonal-mean LWP landea gradient for measurement locations ML5 — ML9 and
different seasons. Green dots indicate the zero-gradiefibhe. Panels (c) and (d) demonstrate not only the seasonakan

values but also their standard errors.
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Figure 9: Linear fit of the seasonal-mean LWP land-sea gradigrwithin the period 2011-2017 for measurement locations ML5 —
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Figure 10: Intra-seasonal variability of the daily-mean LWP landsea gradient for measurement locations ML1-2, ML2-2, and

ML9 (warm season, seven years of observations — see the lefen
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Figure 11: Intra-seasonal variability of the daily-mean LWP landsea gradient for measurement locations ML3-1, ML3-2, ML5,
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and ML9 (warm season, seven years of observations — see #geind).
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Figure 12: Intra-seasonal variability of the monthly-mean LWP hnd-sea gradient (warm season, seven years of observations

altogether).
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Figure 13: Same as Fig. 12 but for additional measurement locatis.
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Figure 14: Diurnal variability of the land-sea LWP gradient at different locations in terms of mean values which refer toime
moments of measurements (every 15 minutes). Averaging was domeer seven years of observations. Green lines
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Figure 15: The same as Fig. 14 but for measurement locatiohd_11...ML14.
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Figure 16: Diurnal variability of the cloud LWP over land and sea and the land-sea gradient at different locations in terms of

mean values which refer to time moments of measurementsvégy 15 minutes). Averaging was done over seven years

(a)
ML1-2 Jun

Ill‘ll\‘l

Clo by Ll

6 8 1012 14 16 18
Local time (h)

(d)

ML9 Jun

|

6 8 1012 14 16 18
Local time (h)

(b)

0.10
B ML1-2 Jul
0.08 —
& 0.06 —
E -
2 0.04 —
Q 0.02 __,v.r\l\/\‘\f\/\\,\h,d"‘
0.00
_0.02 1 1 1 1 ‘ 1 ‘
6 8 1012 14 16 18
Local time (h)
(e)
0.10
- ML9 Jul
0.08 — A
~ 0.06 |- \,‘
004 [ "\
g 0.04 —_‘N \’\/.\'\4
Q 0.02 [/ \
0.00 e AN M A NN
ooz LLLLIT LI

6 8 1012 14 16 18
Local time (h)

0.10
0.08
0.06
0.04
0.02
0.00
-0.02

D (kg m2)

0.10
0.08
£ 0.06
£
2 0.04
Q 0.02
0.00
0.02

Atmospheric
Chemistry
and Physics

Discussions

(©

ML1-2 Aug

T\,‘/\ /
fw WA ,

AA-A A

AA AN
T W Y W \

| | 1 1 | 1

6 8 10 12 14 16 18
Local time (h)

(f)

ML9 Aug

//\)w ‘“/v\;""‘

AN AN

6 8 1012 14 16 18
Local time (h)

LWP over land
LWP over water surface

LWP gradient
zero-gradient line

of observations.

39



https://doi.org/10.5194/acp-2021-387 Atmospheric
Preprint. Discussion started: 17 May 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

Y Y Y I

& -
lera, i i

17Ty N
b+ 4 o=
I I 0% Yar

TTTT T T T T T T T T T T T T T T T T T T T T TTT

4

£,

N 3 Bl e R - i
rTrrrrrrrrr T TTT T T T T T T T T T T T TTT T

Figure 17: The map showing the geographical location of the reanalgsgrid points used for the calculations of the LWP land-sa
gradient. Vector shoreline data: (GSHHG, 2017).
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Figure 18: Inter-annual variability of the seasonal-mean LWP &nd-sea gradient (large distance) for cold and warm seasoas
derived from the SEVIRI measurements and the reanalysisata (Era-Interim and Era5, see the legends). Green dots

indicate the zero-gradient line.
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Figure 20. (a) The image of cloud cover acquired by MODIS foR5 July 2015 and for the region inside the considered domaitb)
Cloud liquid water path maps as a result of simulations byhe ICON model for 25 July 2015 and for the domain
comprising Gulf of Finland and several lakes. Units for LWP(colour bar): kg m?, time: UTC.
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Figure 21. (a) The image of cloud cover acquired by MODIS fot2 August 2016 and for the region inside the considered domain.
(b) Cloud liquid water path maps as a result of simulationdy the ICON model for 12 August 2016 and for the domain
comprising Gulf of Finland and several lakes. Units for LWP(colour bar): kg m?, time: UTC.
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Figure 22. Surface temperature (at 2 m) maps as a result ahwlations by the ICON model for 25 July 2015 and for the domain
comprising Gulf of Finland and several lakes. Units for temprature (colour bar): °C, time: UTC. Pink rectangle

indicates the territory covered by image from MODIS (sedig. 20a).

45



https://doi.org/10.5194/acp-2021-387
Preprint. Discussion started: 17 May 2021
(© Author(s) 2021. CC BY 4.0 License.

2m temperature

61°N
60°30'N

Atmospheric
Chemistry
and Physics

Discussions

EGU

$$920y UadQ

2m temperature

61°N =
60°30'N .

60N 60°N
59°30'N 59°30'N
59°N 59°N
58°30'N 58°30'N
58°N T T T T T T T 58°N — T T T T T T T
25°E 26°E 27°E 28°E 29°E 30°E 31°E 32°E 25°E 26°E e 28°E 29°E 30°E 31°E 32°E
Hour 11 Hour 12

12 14 16 18 20 22 24
2m temperature

61°N A
60°30'N o

12 14 16 18 20 22 24
2m temperature

25°E 26°E 2T°E 28°E 29°E 30°E 31°E 32°E
Hour 13
H D

16 18 20
2m temperature

T T T
25°E 26°E 27°E 28°E 29°E 30°E 31°E 32°E

Hour 14
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indicates the territory covered by image from MODIS (seéig. 20a).
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Appendix A: Domain-averaged profiles of atmospheric parameterderived from the simulations by ICON

In order to analyse specific features of the athesp state over water and land surfaces, we haleetsd two sub-
domains within the entire domain for modelling drade performed averaging of vertical profiles ofesal parameters over
these sub-domains for both dates: 25 July 2015l8mdugust 2016. One of these sub-domains compriaés surface only
and another sub-domain comprises the adjacent tam@tory, their position is presented in Fig. Atvater pixel
27.0°...27.5° west-east, 59.5°...59.7° south-northd lpixel 27.0°...27.5° west-east, 59.2°...59.4° southttmdNe located
the sub-domains in such a way that they are unbistuby smaller land or water bodies. Additionatlye sub-domains
contain cloudiness which appeared in both simuldte.. We used the original spatial resolution glntted the quantities
in three-hourly temporal resolution. One shouldpkigemind that 25 July 2015 has been selectedtgsi@al day with strong
LWP land-sea gradient and 12 August has been sdlasta typical day without the LWP land-sea gradioth days were
not affected by a marked frontal passage.

Fig. A2 demonstrates the domain-averaged profifedaud cover for both days and Fig. A3 shows djecioud
water content for both days. One can see that atuB52015 there is a weak cloud formation overanatut a considerable
cloud amount over land (all around 825 hPa). Makwakues of cloud parameters correspond to 12 hl&nad UTC both for
land and water. In the morning at about 9 h UTCdloeid cover parameter shows cloud formation atldhesr layers at
about 900 hPa, but this process is not reflectetherwater content graph due to negligibly smadirage values of water
content. On 12 August 2016 the cloud cover oved land water resemble each other closely, the diwwalution is
shifted to later hours over water, as is also thical placement of clouds, but the overall evolutis quite comparable.
The same behaviour was found for liquid water aont&€he liquid water content over water is muchgeigcompared to
25 July 2016.

Fig. A4 demonstrates the domain-averaged profifelemperature and Fig. A5 shows turbulent kinetiergy for
both simulated days. As can be seen from the teahperprofiles, during day time from 12 to 15 UT& 26 July 2015 the
atmosphere is rather stably stratified over watat,more unstable over land. The day-night diffeeem land and water
temperature profiles is about 4 K on average, énntbar surface layer it is bigger over land by adot K (3.3 K compared
to 7.8). The average profiles of turbulent kinetiergy in Fig. A5 reveal that there is significambulence over land during
day-time (9...15 h UTC) up to the 825 hPa level, @fiilis much weaker over water. Mixing and conwattiake place to a
significantly larger extent over land which meangisture can be transported upwards and cloud foomas facilitated.
Over water, clouds do not form due to the inhibitedvection and may even dissolve around noon vifagsported to the
open water since the relative humidity is low oweter. At night-time, turbulence weakens over ldmat, never ceases
completely. Over water, turbulence is strongeh@night hours than during day-time but at all smeaker than over land.
In August, the situation changes due to the reddiféerence in surface temperature over land angm@ompare Figs. 21

and 22). The stratification is not stable over watey longer, but rather unstable or at best neag@an be seen from the
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temperature profiles. There is more turbulence exeder during day-time in August, than there waguly. As a result, the
atmosphere is well mixed and the relative humiditgt shown) is close to 100 % during day-time imiaas layers. The
profiles over land are unstable from midnight ub8UTC which facilitates cloud formation and seahfterwards when the
sun has set. So, on 12 August 2016 the cloudsveaapsfrom land over to the water area without diésg or form directly

over water.
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Figure A3. Same as Fig. Al but for cloud water content. Pleasiote that horizontal axes have different scale.
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Figure A4. Same as Fig. Al but for temperature.
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