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Abstract. Combined zenith and off-zenith ground-based ols&Ems by modern microwave radiometers provide an
opportunity to study horizontal inhomogeneitiestted humidity field in the troposphere and of theucl liquid water path
(LWP) spatial distribution. However, practical apptions are difficult and require thorough anayef the information
content of measurements, assessment of errorstafpdacessing algorithm and the development ofaisality control
procedures. In this study we analyse the applinatioour LWP retrieval algorithm based on the isi@n of the radiative
transfer equation to the problem of detection ef tNVP horizontal inhomogeneities by means of grebased microwave
observations in the vicinity of a coastline of atevaobject of medium size. The study is based da daquired by the
microwave radiometer RPG-HATPRO which is locatedhi suburbs of St.Petersburg, Russia, at 2.5 ktartie from the
coastline of the Neva Bay (the Gulf of Finland) asmdperating in angular scanning mode in the earfplane. The retrieval
setup is organised in such a way that zenith ariezesfith measurements provide equal sensitivityatmospheric
parameters. The optimal elevation angles for offitbeobservations are selected. The possibilitddtect LWP horizontal
inhomogeneity, namely the LWP land-sea contrastdifierent measurement geometries (elevation apgled values of
cloud base height is analysed. It is shown thatigrebased microwave observations in the vicinity aastline can be a
valuable tool for validation of the space-borne sueaments of the LWP land-sea contrast if threecppal requirements
are met: (a) the multi-parameter physical inversiogthod is used for retrieving LWP; (b) rigorousibicorrection and
quality control procedures are applied to the egtil results; (c) the information on the cloud bhasgght is available. As a
result of processing the microwave measurementiseabbservational site of St.Petersburg State Wsitye the monthly-
averaged values of the LWP land-sea difference haea obtained for summer months within the pe2ioti3-2021. For 24
out of 25 months of high quality observations, tN&P land-sea monthly difference is positive (largalues over land and
smaller values over water) and can reach 0.064Q0%i% The estimations of the LWP land-sea contrastiogtafrom the
ground-based microwave measurements at the obiseraiasite of St.Petersburg University are in vgood agreement
with the values of the LWP land-sea contrast oktifrom the multi-year space-borne measurementth&ySEVIRI
instrument (Spinning Enhanced Visible and InfraRedger) in the region of the Neva Bay (the GulfFafiland) in June
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and July. For August, the so-called “August anorhebtected by space-borne observations is not woefi by the ground-

based measurements.

Keywords: cloud liquid water path; remote sensing; inversadgorithm; ground-based microwave radiometer;
RPG-HATPRO instrument; horizontal inhomogeneitieatmospheric parameters

1 Introduction

1.1 Background

Passive ground-based microwave (MW) radiometry idess a possibility to detect horizontal inhomogéasi of
atmospheric parameters relevant to air humidity @odds and to plot maps of their spatial distritas if observations are
performed in angular scanning mode (elevation seaxsazimuth scans). There are several radiomsgpedally designed
for that purpose. Crewell et al., (2001) presertex 22-channel radiometer MICCY (Microwave Radioendbr Cloud
CarthographY). This radiometer is characterisedhigh temporal (1 s) and spatial (antenna beam @éSplution of
measurements. Scanning can be done in horizor@68(0) and vertical (0-90°) planes and can be tisechapping clouds.
This radiometer is transportable and thereforeuitable for mobile measurements. Another instrunfenttropospheric
monitoring is ASMUWARA (the All-Sky MUIti WAvelendt Radiometer). It is a 10-channel system designeabterve
the sky in all directions with an angular resolatiof 9° (Martin et al., 2006a). The purpose of thistrument is to create
maps of integrated water vapour (IWV) and clouditigwater path (LWP). Several examples of such ntapsbe found at
http://www.iapmw.unibe.ch/research/projectss ASMUWARBNline/, last access: 15 May, 2019. Martin et E006b)
presented the LWP retrieval algorithm used for pssing microwave measurements by ASMUWARA. The pajso
contains LWP sky maps and corresponding photograpkise sky. The good potential of a full-scanniychannel MW
radiometer RPG-HATPRO (Radiometer Physics Gmbh widily And Temperature PROfiler) for detecting tmamtal
water-vapour variability was demonstrated by Schweeal. (2011). It was shown that strength anédiiion of the air
humidity horizontal gradient can be derived wittemporal resolution of about 15-20 min. Howeverathieve this goal,
the application of a simple linear-gradient modmjether with an assumed humidity vertical profilaswnecessary. The
RPG-HATPRO instrument was also used to study tfheeince of a heterogeneous land surface on théaspatribution of
atmospheric water vapour (Marke et al., 2020):rtt@asurements of integrated water vapour were peefdrduring clear
sky conditions at 30° elevation angle (full azimwbans with 10° step). One more microwave instrunsould be
mentioned - SPIRA (Scanning Polarimetric Imaging ditdneter) which operates at the frequency of 91 Gzl
continuously scans the sky over a range of elenaitgles (Stahli et al., 2011). A brief overviewotfservations of cloud

liquid water by different ground-based MW scanniadiometers is given by Westwater et al. (2004).
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In the 1980s, the tomographic approach to theenedtiof LWP was proposed. This approach is baseth®mse of
moving platforms (air-borne and ground-based) foV Mbservations with angular scanning. Later, Huahgl. (2010)
analysed the feasibility of this method for derioatof the spatial structure of cloud liquid wafesm measurements by
modern microwave instruments. The application dbmographic approach to retrieving two-dimensiowaker vapour
fields was investigated by Meunier et al. (2015ntgans of simulated experiments. The goal of thetioeed study was to
show how the instrument setup (number and spadietpwation angles of instruments, number of frewies, etc.) affected

the quality of the retrievals.

Previously, the measurements of LWP by the SEVIRI AVHRR satellite instruments demonstrated thelenwtes
of the systematic difference between the cloud amand the LWP values over land and over watersanmeaNorthern
Europe (Karlsson, 2003; Kostsov et al., 2018b, 2@D21). Kostsov et al. (2020) have made an attdmptetect such
differences by means of ground-based microwavereasens performed near the coastline of the GlilFialand in the
vicinity of St.Petersburg, Russia. For this purpdke radiometer RPG-HATPRO has been used whidbcated 2.5 km
from the coastline and is operating in the angslznning mode with the line-of-sight oriented ie #irection of the
coastline. In this way, the radiometer is probing &ir portions over land (at elevation angle ¥0tJ over water area (at 7
elevation angles in the range 4.8°-30°). The diegislinear regression method was applied to tierowave measurements
by RPG-HATPRO in two spectral channels 31.4 GHz 284 GHz. The LWP land-sea contrast was defireedha
difference between the LWP values derived from olzg®ns in the zenith and off-zenith directiondieTmost important
result of the mentioned study is that the LWP estals from the ground-based MW measurements dafinitemonstrate
the existence of the LWP land-sea difference dudhgeasons and this difference is positive asaise of the satellite
measurements (larger LWP values over land and smaler sea). At the same time, it has been shbaintihe problem of
the LWP land-sea contrast detection is a complicatee and further research is needed in orderctease the accuracy of
the retrieval method and to find explanations f@ tevealed discrepancies in the magnitude andaexhpehaviour of the

LWP land-sea contrast obtained from ground-bassd|lise and reanalysis data.

1.2 Motivation

Recently, the analysis of the LWP land-sea contnast been done for several water objects of diftesize located in
Northern Europe: Gulf of Finland, Gulf of Riga, theva River bay, lakes Ladoga, Onega, Peipus, Bjhkmen, and
Saimaa (Kostsov et al., 2021). The input dataHiz @analysis were the LWP values of pure liquidgghelouds derived from
the space-borne observations by the SEVIRI instrmirime2011-2017. The study revealed several intergseatures in the
long-term and short-term variability of the LWP t@st. For example, there are indications of spexaditions on the
territory of the Gulf of Finland where in June ahdy large and moderate positive values of the LaiRtrast prevail over
negative ones while in August positive and negatalees are much smaller (in terms of absolute tifis) and occur with

equal frequency (the so-called “August anomalyfisTresult can lead to the conclusion about passiblnmon physical

3
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mechanisms that drive the land-sea LWP differendde Baltic Sea region at small distances fromcthestline. Also, the
important finding is the positive trend of the laseh LWP contrast detected within the time peri6d122017. Another
interesting feature is the diurnal cycle of the LV8Rd-sea contrast which was detected in June @gdahile there was no
evidence for it in August. All these findings reguvalidation and explanation.

Traditionally, ground-based microwave remote meaments of LWP are considered to be a good tooldbdation
of observations of LWP by satellite instruments ane used for this purpose in practice. So, thenmadtivation of the
present study is to develop a high-accuracy algarifor the derivation of the LWP land-sea contfasin ground-based
MW measurements which can be used both for invetitig of the effects related to the LWP contrast fam the validation
of the space-borne data. Ground-based zenith dmkpith microwave measurements performed neacdastline of the
Gulf of Finland at the observational station ofP&tersburg State University by the RPG-HATPRO naeier are a good
basis for such research.

1.3 Novelty

Novelty of the present study, if compared to prasiavork by Kostsov et al. (2020), arises from theassity to consider in
detail all aspects of the inverse problem of theR.\Veind-sea contrast retrieval from ground-based M@asurements in
order to reach highest possible accuracy of thelteesThe previous work used a regression algorifomthe LWP
retrievals. Though this algorithm is widely usedpiactice, the physical inversion algorithm is gigrefrom the point of the
retrieval accuracy and data quality control. Thebpem of the LWP land-sea contrast assessmentamfiliding the small
difference between large highly variable quantitiequired from observations with different geome8g the high accuracy
of the obtained results is the crucial requirembenthe present study we highlight the followingimassues which were not
addressed earlier:
- measurement geometry analysis accounting for positf clouds;
- application of the multi-parameter physical inversalgorithm to the problem of the LWP contrastiestl and the
specific setup of this algorithm;
- an atmospheric model for the retrieval algorithrd arcessary assumptions;
- analysis of possible error sources;
- the problem of bias correction;
- the sensitivity of zenith and off-zenith measuretagn atmospheric parameters at different altitu@aplying all
parameters which influence the radiative transfehe MW spectral region, not only the cloud liquidter).
As a result of the study, we not only describertitéeval procedure which gives accurate resulis,atso demonstrate new
estimations of the LWP land-sea contrast in théoregf the Gulf of Finland and make a comparisothwie space-borne

data.
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2 Formulation of the inverse problem

The regression algorithm (linear or quadratic) idaely used for processing data from ground-basextawniave observations
due to simplicity and computational efficiency tsmain advantages. Another algorithm for procestiese data is called
“physical” or “physical-iterative”. This algorithnis based on the linearization and inversion of thdiative transfer
equation, usually by an optimal estimation methBddgers, 2000). Turner et al. (2007) made a detailelysis of the
applicability of both algorithms and of their comhtion to the problem of derivation of LWP and IV#f/ém two-channel
microwave observations. The main superiority of piwsical algorithm over the regression algorithriginates from the
fact that this algorithm accounts for the spatiatribution of atmospheric parameters along a tfisight and gives more
options for data quality control. In particulargtinformation about temperature in cloud layerpsdb reduce the LWP
retrieval errors. Thorough comparison of the plaisiand regression algorithms applied to measuresnémt the
RPG-HATPRO 14-channel radiometer was done by Kes&foal. (2018a). This comparison revealed sevienpbrtant
advantages of the physical algorithm. In particuthe identification of cloud-free periods of tinusing the criterion of
minimal observed variations of LWP values can becsasfully done using the results obtained by tigsical method.
However, this criterion fails for the results obid by the regression method. As a consequencalataeacquired by
physical algorithm can be considered self-sufficiiem the estimation of bias from cloud-free measnents in contrast to
the data acquired by regression algorithm. Alshag been found that the response of the regreakjorithm to artefacts in
the input data is considerably larger than the arse of the physical algorithm and since therepaoblems with the
detection of cloud-free periods from the data otgdiby regression algorithm, one can come to tmelasion that the
applying of the physical algorithm is more prefdeattHowever, the combination of both gives an addél possibility for

data quality control.

The applicability of the physical method to the lgeon of the LWP and IWV retrieval by two-channetli@neters
implies that the a priori profiles of pressure, pemature and humidity are available from exterrmahdources and the cloud
liquid water content (LWC) profile is assigned imadel form. In the process of solving the invgrsablem by the physical
method, LWC and humidity profiles are modified ineoway or another to deliver minimum to the residugtween
measured and simulated brightness temperatures. nitdti-channel radiometers, all mentioned profiléscluding
temperature and pressure ones, can be derivedrficnowave observations simultaneously. Additionathe microwave
measurements can be combined with other measuretaéatand constraints. This approach is descrilyedoehnert et
al. (2008) and called by the authors the IPT (irdtggl profiling technique). Kostsov (2015ab) uske term “general
approach to solution of multi-parameter inversebpgms” and considered a priori information and &ddal constraints as
“virtual measurements” following the idea by Rodgartroduced in the pioneering paper (Rodgers, 1976

Prior to description of the retrieval algorithm, Wweefly present the experimental setup. For gaitg more details
of the experiment, a reader is kindly requestethk® a look at the study by Kostsov et al. (2020 RPG-HATPRO
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radiometer is located at the observational statioSt.Petersburg State University in the suburbStdPetersburg (Russian
Federation) at 2.5 km from the coastline of thef®@IFinland. The angular scanning is done everyri2®in the direction
of the Gulf of Finland. The measurement geometrghiswn in Fig. 1. The off-zenith lines-of-sight pasver two water
bodies. The largest one is the Neva river Bay énGlulf of Finland which is about 15 km wide in fean plane. The second
water body is a small lake 4 km wide which is lechtt a distance of 22 km from the radiometer. Higshows how the
lines-of-sight at different elevation angles cratlss areas over water bodies where liquid waterddocan appear. We
assume these areas to extend from 0.3 to 5.5 ltudalt Obviously, an optimal elevation angle degeaod the cloud base
height (CBH) and cloud vertical extent. The elesatangles from 8.4° to 14.4° seem to be of the firerity since they
give an opportunity to detect low clouds just ire tmiddle of the water body of interest (the GulfFifland). When
selecting the angles for scanning, one should keepind the opinion expressed by an expert in thenodiscussion of the
paper by Kostsov et al. (2020) (https://amt.copmrsiorg/preprints/amt-2020-52/amt-2020-52-RC2-suppht.pdf, last
access 11 Aug 2021):

...given the difficulty to interpret the signal bel®&adegree, and the fact that it could be relatedh® interaction

between the surface and the atmosphere, it isftettanit the scan to angles > 10 degrees altogeth

Also, one should keep in mind the difficulty reldt® finite field-of-view of the instrument whick B° and can be critical at

small elevation angles when viewing vertically dudizontally inhomogeneous clouds and small clouds.

Now we pass to the description of the retrievabatgm. First of all, we would like to emphasizethmeasurements
at different elevation angles are treated separaieice, prior to any further assumptions, we adesiall atmospheric
parameters as horizontally inhomogeneous. Thahisthe inverse problem is formulated with respedhie distribution of
unknowns along the line-of-sight. In practice, hoer an altitude grid is used and, therefore, tht@ined profiles should be
treated not as vertical profiles in geometric megriut as a kind of “effective” profiles. Obvioustie inverse problem in
its general formulation through the radiative tfansgquation is the classical strongly underdeteediill-posed problem
which requires a system of constraints. Our retdie@lgorithm is based on the “general approachotatien of multi-
parameter inverse problems” (Kostsov, 2015b) whishs the concept of “virtual measurements” fokialtls of constraints
(Rodgers, 1976).

The joint vector of unknowns is:

X" =(a,a,,..4,,b,b,,..1 ,¢,C,,..c ,d,,d,,..d, ) 1)
wherea, b, c, d are parameters describing the state and (or) csitiggoof the atmosphere, indices “1, 2, ...L" dengpatial
coordinates (altitude levels), “T” denotes transiias. In our case the sought parameters are teatyrer, pressure, absolute
humidity and cloud liquid water content but we usiéversal notation in the formulae for simplicitydafor consistency with

the paper (Kostsov, 2015b). The system of equatmbg solved under the general approach is thanwig:
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Y1_y10:K1(X_X0)
Yo = Yoo =Ko (X=X, )
yN_yNOZKN(X_XO)

where N is the total number of actual and virtualsurements; andK; are the vectors of the results of actual and &irtu

)

measurements and corresponding linear operatoeszeho index denotes the reference values for riceion. The
microwave measurements and in situ measurementsngberature, pressure and absolute humidity atradeometer
location are actual measurements while a prioormétion and other constraints are treated asalimeasurements, see
Table 1. A priori information includes mean prafilef temperature, relative humidity, pressure, aloadid liquid water
content with corresponding covariance matrices. Aydrostatic equilibrium equation couples tempegand pressure and
is incorporated as virtual measurement. The linkiwben the absolute humidity and the relative hutyidi made using
virtual measurement formalism also. The cost fumctf the least squares method can be written row a

N

fc = ;(yi “Yio~ K i ( X_Xo))T Si_l(yi “Yio~ K i(X_ Xo)) ()

=
where§ are the error matrices corresponding to actuahémoll measurements. It should be noted thaptiesentation of
the cost function as the sum of a number of terarsesponding to specific type of measurements &sipte since we
assume the errors of measurements of differentthgi®y not correlated. Minimum of the cost functmmrresponds to the

solution:

N
i=1

_1 N
KFS.‘lKij (Z KISy, - yio)] 4)
i=1

In fact, we obtain the solution in the iterativepess, but the corresponding expression is noepted for simplicity. The

x:x0+(

expression for the error matrix (the Fisher infotigra matrix) of the solution is the following:

N -1
F :[Z KiTSI'lKij (5)
i=1

Obviously, when we have at our disposal in Tabtenly microwave measurementg, (K4, S;) and a priori statistics for

unknowns ¥s, K3, S5), the formulae (4) and (5) take the well-knowmfisrof the optimal estimation technique:
— Te-L 1 Y T
X_X0+(K151K1+S3) Klsl(yl_ylo) (6)

F=(kIs'k,+ st @)

We note that in this ca$é; is the unity operator angd=yzo.
The formalism introduced by Rodgers (2000) givesssibility to explore an ill-posed inverse problendetail:

7
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= The diagonal elements of the Fisher matrix repredenretrieval errors of sought parameters aethffit spatial
coordinates.
= The Fisher matrix can be decomposed into terms wt&scribe the so-called “retrieval noise” and “sthing
error” which are the contributions to the totaloenrmade by different actual and virtual measurement
= Spatial resolution of a solution can be obtainetthWie help of the averaging kernel matrix.
= The trace of averaging kernel matrix is equal ® iamber of independent pieces of information & gblutionx
delivered by measurementsthis quantity is called DOFS - degrees of freedonsignal.
= Also, the averaging kernel matrix provides the infation on the total spatial region of the reliat@#ieval, i.e. the
region where the contribution of actual measurement the solution exceeds the contribution of eorpri
information.
The problem of the ground-based microwave remotsisg of temperature, water vapour and cloud liguader content
was analysed with the formalism of Rodgers in gdamumber of studies. In the present paper, weestdrate only on the
last item in the list above which is relevant te #ssessment of the sensitivity of measuremermtsrtospheric parameters at
different spatial coordinates. The reason for tlsathe necessity to compare atmospheric parameterised from
measurements which are made with different observageometries. If the sensitivity of zenith andf-oénith
measurements to a parameter at a given altitudgdemably differs, this fact should be taken inte@unt when interpreting
the results. Analysis of the sensitivity can beodielpful in developing and estimating retrievabtgies. In the present
study, however, we used not the averaging kerndélixraut another quantity with obvious and cleaygibal meaning for
estimating the sensitivity of MW measurements ®\thriations of atmospheric parameters at varitiiiades; this quantity

and the obtained results are presented in Sect®n 3

Though the retrieval algorithm is formulated wittspect to vertical profiles of parameters, the tjtyaof interest is
the integral characteristic LWP. This quantity #aned by applying the integration operator to ¢beresponding part of

the combined vector of the solution:

LWP:(r1 r .. rL) (8)

WL
wherer; are the quadrature coefficients for the altitudd,gv; are the cloud liquid water content values at thitude grid.

The estimations of the retrieval errors are obtdifitem the corresponding block (submatrix) of thiehEr matrixF,, as

follows:
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The formulae are applied both to zenith and offiteabservations. Therefore, the LWP values obthifiem off-zenith
measurements are automatically converted to védaamns and can be directly compared to the diesmibbtained from

zenith observations.

3 Retrieval strategy

The main goal of the study is to estimate with hégicuracy the difference between the LWP valueaindéd from zenith

and off-zenith observations averaged over relatilazlg periods of time in order to explore the effef the “LWP land-sea
contrast” in terms of its mean values. It shouldebgphasized that comparing results of individuatantaneous zenith and
off-zenith measurements is meaningful only for &dgcand carefully selected test cases since ddndyeneral are highly
variable atmospheric objects which, in addition,ven@cross a line-of-sight of the radiometer dueviod. Taking into

account the 20 min interval between angular sdfs motion can be considered as a random progéssissue about the
averaging period has been already discussed bys#losgt al. (2020). It was found that for the ddsmili experiment the

minimal time period for averaging is 10 days.

However, the optimal retrieval strategy should weked out for individual instantaneous observatidrgs strategy
includes, first, the optimal selection of elevatammles and, second, the optimal selection of sglettiannels for zenith and
off-zenith measurements. The latter is necessaryproviding equal sensitivity of observations wiltiferent geometry to
atmospheric parameters. When developing the refrsrategy, we tried to avoid considerable modifans of the retrieval
algorithm for zenith measurements which had beeradutested and used for processing the measuretaenturing years
of operation of the RPG-HATPRO instrument at theasbation site of St.Petersburg State University.

3.1 Elevation angles, atmospheric model, and scafjriactors

The major requirement to the off-zenith geometrgaayns the ability to receive a signal from liqudter clouds over the
middle of a water object. Let us examine Fig. 2as Quite similar to Fig. 1b but the minor andigmsficant second water
object is not shown. Besides, three smallest al@mvaingles are removed from consideration in otdeavoid possible
influence of the underlying surface. The elevatimgles 30° and 19.2° are removed also since camespy lines-of-sight
go high and escape the area of liquid phase clalndady over the water object. Only two lines-afigiremain, which can

be considered as the most suitable for solvingptieblem (elevation angles 11.4° and 14.4°). In Ely.the liquid phase

9
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cloud area over the entire water object is showthadblue rectangle. The base and top of this ameat 0.3 km and 5.5 km
correspondingly. These boundaries are in full agese with the a priori profile of cloud LWC usedthre routine retrievals
with the zenith geometry. In Fig. 2a we introduceeav cloud area called “a cloud area of interedticlw spans from 1 km
to 4 km altitude and is located at a distance kih3¥rom both coastlines. The necessity for the imration of this new area
is explained by the necessity to use a self-cargisttmospheric model for interpreting zenith affezenith measurements
together. It should be noted that definition of #titude region, where clouds can appear, is aarg&l part of the physical
retrieval algorithm since this algorithm requiregraori profiles and uncertainties of the cloud LVd€spite the fact that the
target parameter is the integral characteristic )Wt is well-known that microwave observatione atmost insensitive to
the spatial distribution of cloud LWC but sensititee the LWP and one should keep in mind this fattthe retrieval
process, the liquid water profile is adjusted by #figorithm to provide proper LWP value, but analgshe resulting LWC
profile itself makes no sense.

In order to better understand why the cloud areaahased for routine processing of zenith measunesngo.3-
5.5 km altitude) has been changed to the new odek(h altitude), let us consider three situatiorighwlifferent cloud base
heights which are schematically shown in Fig. 2a'®@ud 1", “Cloud 27, and “Cloud 3”. According tthe new model,
clouds can appear in three altitude ranges; ®-1 km), Ruegium (1-4 km), and Ry, (4-10 km). Let us assume that for a
certain long period of observations the total nundfeneasurements . We can write:

N = Nigw + Npegum+ Nugn + N

low medium

(10)

clear
where Now, Nmedgium Nhigh are the numbers of cases when clouds appear ifnothemedium and high altitude ranges
correspondingly, antl. e, is the number of simultaneous clear-sky sceneslane and over sea. In Fig. 2a the clouds over
the radiometer are not shown but we keep in miad they appear everywhere. According to our moithe,cloud base
height (CBH) for clouds over land is the same asr ®ea and multi-layer cloudiness is not considdred the mean LWP

contrastDeanWe can write:

1 Niow Nimedium Nhigh Ngjear (11)
:ﬁ(zDi + ZDj + sz+ ZDmJ

where D with indicesi, j, k, m designates individual measurements of the LWPrastti.e. the difference between
individual LWPs obtained from zenitladr) and off-zenith ¢ff2) instantaneous observations:
D = LWBen - LWF?)ffz, (12)

It is evident that there is no LWP contrast undear-sky conditionsD,,=0. Therefore, Eqg. 11 takes the form:

10
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1 Ny 1 Nagegum 1 Noign
D _=—>»D+— D+—>»D =
mean N ; i N ; j N ; k
Niow . Npedium N . Nhlgh
290 — I\Ilow 1 Z Di + Nmedlum 1 Z Dj + high 1 Dk — (13)
N Nlow i=1 N Nmedium j=1 N Nhigh k=1
Now Nme ium |
= |I\| DIow + Nd Dmedium+ oo Dhigh

whereDigw, Dmedium @nd Drign are the mean values of the LWP contrast calculsépadirately for three considered cases of
cloud location with different CBH. The core ideaair consideration is the following: the valug,, and Dy, Obtained
from our measurements are equal to zero since slouthe low and high altitude ranges are inteesbetly the zenith and
off-zenith lines-of-sight over land and just ovée tcoastline where there are no physical reasanthéoLWP contrast.

295 Therefore, while Eq. 13 describes the true valughef LWP contrast, the value obtained from measentsnis the

following:
Dmeasured_ Nmedium D 14
mean - N medium ( )
The true and measured values relate as:
Dtrue = Dmeasured+ N|OW D + Nhigh D (15)

mean mean low high
N N ¢

300
It follows from Eq. 15 that the true value of th&/P land-sea contrast is always larger than theevalnich we obtain,
assuming that the sign of the contrast valuesasséime for clouds with different CBH. Naturallye thuestion arises: what
useful information can we derive from our measuneisi¢ghen? The answer to this question is the fatigwFirst of all, we
can obtain the estimation of the LWP contrBgkqum Which describes only the cloudy scenes with CBHhe range
305 1-4 km. If we introduce the scaling factor as thgor of the total number of all scenes (cloudy alsdr-sky) to the number
of scenes when clouds appear in the altitude reng&m
N

F= 6
17N (16)

medium

where index “1” stands for the “first” scaling fact we can write:

D - Dmeasureq:l (17)

medium mean
310 It is obvious that if all scenes are cloudy andctiuds appear in the medium altitude range, tladirgr factor is equal to

unity. There are no measurements of cloud basevartital extent at the observational site where RRG-HATPRO

11
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radiometer is installed. Therefore, we have to agailable statistics in order to estimate the ratfid\N to Nyegium (S€€

Section 4). Second, we can derive the estimatkeoinitially sought value of the LWP contrast fdirscenes. This estimate

is very important since it can be compared to tsults obtained from space-borne measurementseof WP land-sea

315 contrast. However, to achieve this goal, one amfuliti assumption should be made. If we assumettbanean values of the

LWP contrast for cloud scenes with different CBld aimilar:

D =Dy = Dyign (18)

and if we designate the estimation of true meaneval Eq. 15 ab,, we can rewrite Eq. 15 as follows:

medium low

D

—_ measured N|ow measure Nhigh measure _
all — Dmean + Dmean c':1+ Dmean 1:1_

:Dmeasure{l_'_ N|OW + I\Ihigh }:

mean
N

medium medium

19
N +N,, TN (19)

— Dmeasured medium low high _
~ “mean N -

medium

N

—_ Dmeasured cloudy _ Dmeasuren1:
~ ~mean N ~ “mean 2
medium

320 whereNgq,qy iS the total number of cloudy scenes, &ads the second scaling factor (index “2” standstfer “second”):

N
cloudy (20)

F =
> N

medium
This scaling factor, along with;, can be derived from available statistics (sed¢i@ed).

Concluding this subsection, for better understagndif the problem of the LWP land-sea contrast distec we

present Fig. 2b where all three described situatmfncloud location are shown in more detail. Rlostrative purpose, the

325 true horizontal and vertical scales are not prexkriFor case 1, the zenith and off-zenith linesight (LOS) intersect the

clouds over land, and these clouds have the sant, Is¢/the LWP land-sea contrast is not detectepitdethe fact that it

actually exists (as shown by light blue clouds oter water body and deep blue clouds over landg. §dme is true for

case 3, when zenith and off-zenith LOS intersemtict$ over land but over the opposite shores oividiter body. And only

in case 2 we detect the LWP land-sea contrast gimeeoff-zenith LOS intersect a cloud over sea #ral zenith LOS

330 intersect a cloud over land. So, we have shownttigaproblem of the LWP land-sea contrast detedtimm measurements

at 2.5 km distance from the coastline can not eddor very low clouds and for high clouds. If wesumed the existence

of the cloud area below 1 kniR§,), and higher 4 kmRig) we would definitely put inconsistency in our mbdice the

model should describe off-zenith observations oluds over water object pretty far from the coastlimhere the LWP

12
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contrast effect is expected to be maximal. It sthdag noted that the atmospheric model for zenigenkations has been
changed accordingly (the cloud altitude range hesnbchanged t®Ryeqiur). This modification is a minor one, so we

managed to keep the algorithm for processing zetitiervations almost unchanged.

3.2 Error sources

Let us analyse qualitatively error sources, exthptuncertainty of the scaling factors. The resoftthe LWP retrievals

from zenith and off-zenith instantaneous obserwatican be written as:

— rue ran bias alt
LWF;en - LWFgen + gzen + gzen + gzen (21)
LWP = LWPtrue +£ran +£bias +£alt +£FOV

offz offz offz offz offz offz (22)

wheretrue stands for a true value,designates an error. Along with the conventiomaadom error ran) and bias lgias),
there is an erroraft) stipulated by discrepancy between the true positf a cloud and a priori assignment of a clowehar
altitude range. In fact, this error is always preéséthere is no measurement of CBH and cloudie&@rtextension or this
measurement exists but it is not accounted fohénrétrieval algorithm. In this case the true unvndiquid water profile is
mapped into the a priori cloud altitude range amid thapping causes the error compongfit Off-zenith observations
include, in addition, the error due to finite fiaddview (FOV) of the instrument. This error is egpsed as a specific term in
Eq. 22 and requires consideration for off-zenitbrgetry because the distance from the instrumeatdloud for off-zenith
observations can be much larger than for zenitlerbsions (by a factor of 4-5 for selected elevatimgles). As a result,
for small elevation angles, the signal which coreethe instrument is formed in a quite large aresde a cloud or both
inside and outside a cloud in case of small clodte difficulties relevant to this issue have beanlier revealed by an
expert in the open discussion of the paper by Kaeset al. (2020) (https://amt.copernicus.org/pnaisfamt-2020-52/amt-
2020-52-RC2-supplement.pdf):

... the instrument field of view (3 degrees) makedfiicdlt to interpret the off-zenith measuremerftshie cloud

boundaries are not known. With a 3-degree FOV #ukameter will be sampling a horizontal area ofkniat 20 km

distance when looking up.

The LWP contrash estimated as an average of multiple observatiande expressed as:

Dmeasured: % Z (LWF;en — LWF())ﬁZ) =

mean
N

(23)

1 ; : 1

— true ran ran bias bias alt alt

- Dmean+ N z (gzen - goffz)+ gzen - goffz + N z (gzen - goffz) -
N N

;(e:ﬁ?)

Z||—\
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In Eq. 23, the term containing the random error gonent is negligibly small due to averaging. Thenteontaining the
error component due to vertical misplacement ofcad is also negligibly small because of the folilogvreason: this
component for instantaneous and simultaneous zanilhoff-zenith observations is expected to béhefsame magnitude,
so their difference is expected to be close to.Zéxtensive analysis of the error component cabgefihite FOV has been
done in the study by Kostsov et al. (2020) on theid of numerical simulations: the difference betwéhe brightness
temperature calculated neglecting FOV and the brags temperature calculated accounting for FOVusasd as a measure
which characterises in the best way the FOV infbgean the results of the interpretation of the zgffith measurements.
The numerical simulations have shown that the nvadue of this difference is less than 0.4 K for thve elevation angles
selected in the present study and this value carobsidered as negligible. The obtained values®ftandard deviation of
this difference have been used for the estimatf@minimal number of individual measurements wrsbbuld be sampled
in order to suppress considerably the influenceE@Y. Averaging over a 10 day time period has beemd to be sufficient
for suppressing the random error due to FOV. Sw; we can write the final formulae which should tsed for obtaining
the estimates of two quantities which charactetise mean value of the LWP land-sea contrast anaghwhave been
described above:

— measured bias bias
Dmedium_ (Dmean - gzen + goffz ) Fl (24)
D, = (Dmeasured_ gbias +£bias) F 25
all — mean zen offz 2 ( )

The values of bias for zenith and off-zenith oba@ons can be obtained from measurements under skgaconditions
using, for example, the approach by Cossu et @LFPwho fitted the distribution of obtained LWPlu@s under clear sky
conditions with a single-term Gaussian model. $tendard deviation gives in this case the randawr @nd the mean
value gives the bias of the LWP retrievals. ThdisgafactorsF; andF, can be assessed from statistics acquired at the
neighbouring observational meteorological statidéinayailable, or from reanalysis data. It lookasenable to consider and

apply monthly mean or seasonally mean values af¢héng factors in Egs. 24 and 25.

3.3 Retrieval setup and sensitivity functions

We use the term ‘retrieval setup’ to designatetao6data which have to be prepared for propertfoning of the retrieval
algorithm for all selected elevation angles. Tlas@n include a priori information about soughtapaeters, characteristics
of an instrument or of several instruments (in aassombined observations), measurement error atms, an upper limit
for iterations, a convergence criterion for solnfiquality control criteria, etc. It should be dmapised that the core idea of
the current study is to analyse not the quantityA_Ligelf but the difference between the correspapdalues obtained from
zenith and off-zenith observations. Also, it shobkl noted that the integral parameter LWP is ddrivem the retrieved
vertical profile of LWC. Therefore, for accuratesassment of the difference it is important to emghat the sensitivity of

microwave measurements to cloud liquid water cdnsgna given altitude is approximately the same dbirselected
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geometries. We have this requirement also for absdiumidity and temperature. If the sensitivitypractically the same,
then the systematic error component which is alwagsent in the retrieval will be cancelled whebtgction will be
executed.

For assessment of the sensitivity of microwave mnegsents to atmospheric parameters, we used thariafion
gain function which has very simple physical megnihe relative decrease of the a priori unceryaifta sought parameter

in the process of solving the inverse problem. Tinetion is defined as follows:

(2) = Orpos(2)
Japr ( Z)

wherez is altitude, gy, is the a priori uncertainty of a given parametetarms of a priori standard deviatioghyes: is the

G(2) = (G 100% (26)

a posteriori uncertainty, i.e. the retrieval err@bviously, for altitude regions with very largetrieval errors, this
information gain function will be near zero, whilee regions with accurate retrievals will be chtadzed by high values of
G. When we have a priori information of differenh#liand follow the idea of actual and virtual meaments, it is useful to

consider three types of the gain function:

(0. (2)-€(2))

G(2) = O 100%

6.0 = T -02) on
aapr(z)

G,(2) = (%(Z) _el(z))lOOJ/o
&(2)

wheree is the retrieval error in case when a completefattual and virtual measurements is usgds the retrieval error
when all actual and virtual measurements are useepée the microwave measurements. Physical mearfitigese functions
is straightforward G, characterises the retrieval algorithm as a wh@legives the impression how much information is
delivered by in situ measurements at the radionmsition and by constraints, afid describes how much information is
delivered by microwave measurements with respettid¢anformation provided by in situ measuremem eonstraints. It

is self-evident thag, is always larger thae, or equal to it.

The results of calculations of three gain functiforseach atmospheric parameter (temperature, atesoumidity and
cloud liquid water content) are presented in Fifprdwo elevation angles: 9@nd 11.4. First of all, we note that functions
G, for temperature and humidity show a maximum atgitend level and illustrate the result of statetiextrapolation of
the ground-level in situ measurements of tempesaamd humidity. Thes, function for cloud LWC is equal to zero
reflecting the fact that we obtain the informatmm LWC only from microwave measurements. TherefGeeG, for LWC.
The considerable difference betweBnandG; and the large values &; are an indication of the considerable contribution

of the microwave measurements to the solution véfipect to other measurements and constraintdrgparing the gain

15
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functions for different geometries, we shall &g There are two important conclusions which cardéegved from such a
comparison:
1) TheG; functions for absolute humidity and LWC have sanValues for both geometries. The similar serigjtiv
of the microwave measurements to these paramaterzehith and off-zenith geometry is explained hg t
transparency of the so-called ‘humidity spectralroiels’ of the radiometer (7 channels in the ré&2lg82 GHz).
When the elevation angle gets smaller, the opfia#h increases, however these channels still retrexisparent
enough for sensing upper tropospheric layers.
2) The G; functions for temperature noticeably differ fomith and off-zenith geometry due to the fact thad t
‘temperature spectral channels’ (7 channels irrdinge 50-60 GHz) are opaque, especially high frecyenes.
As a result, for off-zenith geometry we have theréase of sensitivity at lower altitudes and therease of

sensitivity at upper altitudes.

As one might think, the retrieval setup needs ndlifr@ation since we have practically the similansiivity to
absolute humidity and cloud liquid water for thanitie and off-zenith geometry. However, this conuaswill be altered if
we recall that we solve the multi-parameter invgrgsgblem and the retrieval results for temperatarenidity and LWC
have cross-links because of constraints and beazuskeysics of radiative transfer (absorption oftevavapour and cloud
droplets is temperature dependent). Measuremeriigyliy opaque temperature channels ‘probe’ thevaliumes near the
radiometer at low altitudes. This is the regionrotree roof of the building where the radiometeiiristalled and where
noticeable temperature horizontal inhomogeneitees accur due to heating of the roof by solar imade in winter and
summer and by the internal heating of the buildinginter. In this case the in-situ temperature hadhidity measurements
at the radiometer position will not be in agreemeith the neighbouring air. Such a situation cansedlarge retrieval errors
for temperature and, in turn, for humidity and LWKiherefore, we come to the conclusion that we havey to modify the
original retrieval setup in order to obtain thergdinctions for all parameters and for zenith affdzenith geometry as
similar as possible.

For changing the gain functiorS;, we used a simple approach with clear physicalningaThe ‘weight’ of
measurements in a given spectral channel dependheomeasurement error. By assigning a large aemely large
measurement error value, we can partly or compgleteitch off a particular channel. We tried severaimbinations and
finally found the optimal combination which is peesed in Table 2. The original setup with measurgneerors equal to
0.1 Kand 0.2 K in the humidity and temperaturencies respectively has been modified in the follaywvay:

1) In order to decrease the sensitivity to absoluteitlity for off-zenith observations, the measuremembrs in

channels 1-6 were assigned the value 0.3 K.
2) In order to decrease the sensitivity to LWC for-zéhith observations, the measurement error inredlan was
assigned the value 0.35 K.
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3) In order to decrease the sensitivity to temperdureff-zenith observations in the lower layets thannels 12-
14 were switched off and the measurement errondmoel 11 was assigned the value 0.5 K.

4) In order to decrease the sensitivity to temperafureenith observations in the upper layers, thenoel 10 was
switched off and the measurement error in chanme®assigned the value 0.5 K.

One comment to the list above is needed: it isentidthat for a given instrument there is no wajntwease the sensitivity
(to make the sensitivity functions larger).

Fig. 4 illustrates the results of the modificatiminthe original retrieval setup. The upper row destoates noticeable
difference of the sensitivity functions for zeniind off-zenith geometry if the original setup idsThe lower row of
panels displays an excellent agreement of the tsatysfunctions in case we use the modified retalesetup. It should be
emphasised that we managed to obtain this agreeiorent! target parameters: temperature, absoluteidiity and cloud
LWC.

4 Assessment of the scaling factors

To estimate the scaling factoFs and F, which have been introduced in section 3.1, we yeaeal archived weather
observation data, namely the values of the clowsg Ib@ight (CBH). We used the archives of obsematperformed at three
meteorological stations. One station is locatediiPetersburg (https://rp5.ru/Weather_archive_antSPetersburg, last
access 28 November 2021) at 27 km distance fronR®P®-HATPRO radiometer. Two other stations are textanot far
from the position of the RPG-HATPRO instrument: thanosov" (https://rp5.ru/Weather_archive_in_Lomangslast
access 28 November 2021) and "Kronstadt" (http&.#u/Weather_archive_in_Kronstadt, last accessi@&mber 2021).
The "Lomonosov" station is located on the very shafrthe Neva Bay, 6 km northwest of RPG-HATPROe TKronstadt"
station is located on Kotlin Island, approximateiythe middle of the Neva Bay and 14 km north of@RRATPRO. The
available data records contain the values of CBHheflowest clouds (in meters), routinely estimabgdan observing
person every 3 hours. These estimates are givéeirecords as belonging to the following classesgnges): 100-200 m,
200-300 m, 300-600 m, 600-1000 m, 1000-1500 m, 28 m, 2000-2500 m, 2500 m and higher. For suitgli we
considered the lower boundary of each class aslikerved CBH of the lowest clouds, i.e. 100, 2@®, 00, 1000, 1500,
2000 and 2500 meters. To obtain the required statisnformation about the average vertical dimition of the cloud base,
we analysed data series of continuous observadibals three stations in the period from 2011 t@20Ne selected only the
daytime data for the purpose of compliance withahservations by the SEVIRI satellite instrumehe(comparison of the
LWP contrast obtained from the ground-based andesparne measurements will be discussed below olidBeb).
Analysis of the long-term records has shown thatctbmplete data set is provided by the St.Petegsdiation while the data
records from Kronstadt and Lomonosov have gapshitlwseveral parameters are missing. These datrmage correct

identification of clear-sky scenes impossible, Be tata from stations in Lomonosov and Kronstadtewesed only for
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calculation of the factof,. The frequency of occurrence of each class of @BHhe St.Petersburg station is shown in Fig.
5. According to this statistics, relatively low alts prevail in the daytime in St. Petersburg. Tlbeds with the CBH less
than 1000 meters taken together occur in 62% acadigher clouds with CBH equal to 1000 m or higheture in 28% of
the cases while clear-sky scenes are rather raineavfrequence of occurrence of 10%.

To estimate the value of,equmin Eqs. 16 and 20, we define it as:

N = NlOOO + N1500 + N2000 + N2500 ! (28)

medium
whereN;g00 Nisoo Nogos @andNosgp are the numbers of cases when cloud base is @usataltitudes of 1000, 1500, 2000 and
2500 meters, respectively. Sindgq,includes all cases with a cloud base height al2®@® meters (including those above
the level of 4000 meters), th&,.qiumVvalue obtained in this way will be overestimat&tus, we can get the lower estimates

of F; andF, from the expressions below:

F - N (29)
NlOOO + N1500 + N2000 + N2500
N
F2 — cloudy (30)

NlOOO + NlEOO + NZOOO + N2500

whereN is the total number of all cases (cloudy and e#@), Neouay IS the number of cloudy cases. Resulting monthly
values ofF; andF, for daytime are shown in Fig. 6. Comparisor-pandF, obtained from the St.Petersburg station records
is given in Fig. 6a and demonstrates very simi&ues for all months. Minimum monthly values arserved in spring and
summer, maximal values — in autumn and winter. Canispn of scale factoF, derived from the records of all three
meteorological stations is shown in Fig. 6b. One sae that the main feature of intra-annual vditgbs the same for all
stations: minimal values in spring and maximaldtelautumn. Apparently, this behavior is due toptexlominance of the
lowest clouds in late autumn, and of the highestid$ — in spring. But there are also noticeablie@ifices. First, whil&,

for the St.Petersburg station is nearly constaminfiMarch to SeptembeF,;, for the Kronstadt and Lomonosov stations
increases during this period. From December tolApré values of, for all three stations are very similar. From May
November, there is noticeable difference betweenvillues obtained at St.Peterburg station and tiver sstations. For
Kronstadt and Lomonosov, the scaling factor is apipnately 1.5-2.5 times higher than for St.Petergbthis indicates the
considerable uncertainty which can be presentarvétiues of scaling factor.

5 Assessment of the LWP retrieval bias

The LWP retrieval bias originates from instrumerdalfts, uncertainties in the retrieval assumptiemsl variable water
vapor influence on absorption at 31 GHz (Meijgaard Crewell, 2005; Matzler and Morland, 2009). Ulsuathe

assessment of the LWP retrieval bias is obtaineah trlear sky observations. The best conditionsfoch an assessment are
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identified by looking at the standard deviatiorretfieved LWP for a certain period of time. The #as standard deviation
values indicate a period where cloud liquid watetdtally absent in the atmosphere. The probleridenfitification and
analysis of cloud-free periods has been analyseitiail by Matzler and Morland (2009). As it haseatly been mentioned
in section 3.1, for the assessment of the biasditebution of LWP values in clear-sky conditioissusually fitted with a

single-term Gaussian model where the mean valuesghe bias (Cossu et al., 2015).

In the present study we used the same approachvithua slight modification. Since the angular scane performed
by the radiometer rarely (every 20 min), it is possible to identify the clear sky periods using tNVP standard deviation
criterion. Therefore, we selected the data withrttieimal LWP values detected by zenith observatiatiser than with the
minimal standard deviation. The critical point e bias assessment is that simultaneously, faesponding off-zenith
observations, the clear sky conditions should &kee been present over the water body. Obvioulgretis no way to
check if it was so in reality. However, it is reaable to assume that if the criterion based onrtaiceupper limit for LWP
is applied to the results of the off-zenith obs&ores, then such cases could be attributed to dkarconditions. So, the
algorithm was the following:

1) First, an atmospheric scan was selected for fughalysis if the LWP value derived from zenith alvaéon was
not larger than 0.005 kg'm If not, the atmospheric state was marked as glamtl not applicable for bias
assessment.

2) Second, for scans selected at the first stagd,\Wie values derived from off-zenith observationsh&t elevation
angles 14.4° and 11.4° were checked. If both omtitid not exceed the LWP value derived from zenith
observation by more thad=0.020 kg nif than this angular scan was kept for bias assedsriiée value
0.020 kg rif was obtained from series of tests which showed fiitgher increasing o does not change the
result of bias assessment.

3) The mean LWP values for zenith and off-zenith mesments of selected angular scans were taken as the

corresponding bias values.

The described algorithm of the bias assessmentappled to data sets acquired within monthly pesiodorder to
provide consistency with the time periods of theeasment of the LWP land-sea contrast. The obtdirexvalues are
presented in Fig. 7 in the form of a bar chartmbny cases the LWP retrieval bias for off-zenittasugements is noticeably
larger than for zenith measurements and constitata 0.008 kg rif to 0.019 kg . This result is expected since for off-
zenith geometry the detected signal is large duertger optical path and hence the water vapouénfite on the absorption
is great. However, there are many situations (2@034, 2016, June 2020, and July 2021) when bikesdor zenith and
off-zenith geometry are almost the same. The aizsabfossible reasons for temporal variationsia$lis beyond the scope
of the present study. Nevertheless, in order tidatd the obtained bias estimations we appliedatigerithm of bias
assessment to several short time periods wherlghe sky conditions were confirmed by visual cohtfdese periods were

the days when ground-based spectroscopic Fouaesftirm infrared (FTIR) measurements of direct rsoddiation have
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540 been carried out at the St.Petersburg Universitgsmeement site of NDACC (Network for the DetectmfnAtmospheric
Composition Change) (http://www.ndaccdemo.org/stetist-petersburg-russian-federation, last acce®stdber 2021).
Two examples of LWP measurements at these daysstewen in Fig. 8. One can see that even for angsdan
measurements with long sampling intervals the stehdieviation of LWP is very small and constitusout 0.001-
0.002 kg rif. Along with visual control of the sky, this is tliirect indication of the clear sky conditions atfing to the
545 “classical” criterion used in microwave radiomet@ne can see from Fig. 8 that the bias values daitlz and off-zenith

LWP measurements are in excellent agreement watimigs|an monthly values shown in Fig. 7 (August 2&dd July 2017).

6 Results of the estimation of the LWP land-sea ctnast

The averaging of the individual measurements o.M land-sea difference was done over monthlyguoisii For analysis,
the summer months were selected within the obdervaieriod 2013-2021. Such selection was motivdedhe fact that

550 previously the LWP land-sea difference derived fréime space-based observations by the SEVIRI ingnamvas

thoroughly analysed exactly for summer months (Bmstet al., 2021). The algorithm of computationd gnality control
was the following:
1) The LWP retrieval bias for zenith and off-zenithselvations was assessed on a monthly basis asheéesar
section 5.

555 2) The zenith and off-zenith observations (elevatiogles 90°, 14.4°, and 11.4°) were processed byliysical
inversion algorithm with the retrieval setup delsed in section 3.3. For the sake of comparison thi¢ghspace-
borne data provided by the SEVIRI instrument, athilg microwave observations corresponding to sataitlz
angle smaller than 72° were collected for analy$ishould be noted that SEVIRI acquires data amger sun
illumination conditions).

560 3) Quality control procedures were applied to the ltesaf the LWP retrieval. The results without suzsfel
convergence of the iterative retrieval processammvergence within 12 iterations) were filtered. dtie second
quality control check was related to the spectealdual, i.e. the discrepancy between measuredaodlated
brightness temperatures. The measurements wittlRM8 discrepancy for the humidity channels larganth
0.5 K were removed from further analysis. For terapge channels, the limit 1.0 K was taken for RS

565 discrepancy since the residual for the temperathennels is always noticeably larger than for thenidity
channels. The quality control analysis is an e&separt of the retrieval process and is aimed \oid the
influence of rain events over land or sea, or offtasible interfering factors, on the retrievals.

4) Bias correction was applied to the LWP retrievaltes.
5) The LWP land-sea difference for an individual meament was calculated using LWP retrievals at three

570 elevation angles of a single angular scan: 90°ifzegeometry), 14.4° and 11.4° (off-zenith geometids a
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result, two values of LWP difference were obtainBgd:andD,, which correspond to off-zenith observations at
14.4° and 11.4° respectively, see Eq. 12. Thedeithal differences were averaged over a monthiyoge

6) The averaged values of the LWP land-sea differgrere multiplied by the scaling factor (see secti8risand 4)
in order to obtain the estimation of the true vadfithe LWP land-sea contrast.

The results of the retrieval of the LWP land-sdgedénce for summer months within the period 20022are shown
in Fig. 9 in the form of a bar chart. We emphasilsat no scaling factors are applied to the valukieh are presented. The
measurements during 27 month total were proce$smdAugust 2015 the retrieval results did not pagsquality control
due to occasional miscalibration of the instrumemtd in August 2016 there were problems with poswgsply which
resulted in a loss of measurements. So, finallyha@ 25 months of high quality data at our dispoSally for one out of
twenty five months (June 2016), the LWP land-séfem@inceD, is equal to zero. For all other 24 months out®fhibnths,
both valuedD; andD, of the LWP land-sea difference are positive. Thsult is in a good qualitative agreement with the
space-borne data which demonstrate positive diftere for a warm season when cold water cools the sweface air and
makes the atmosphere stable over a water body. stélility prevents convection and formation ofutls. The values
differ from year to year and from month to monthefe is no any definite intra-seasonal dependehiteed WP difference.
The magnitude of the difference varies considerabiyn 0.001-0.002 kg fhto 0.011-0.012 kg th The low values of the
measured LWP land-sea difference are not a surgtisas been shown above that because of spegéimetry and cloud
positions the measured values are always smalerttte true values. We also would like to note: that

- small measured values of the LWP difference areethéence of the complexity of the problem which tueto

solve;

- small measured values of the LWP difference indithat the results must be very sensitive to biasection and

data quality control procedures.

The latter conclusion was confirmed by tests imgpte way by switching off the quality control.

The true LWP land-sea contrast was assessed byiagphe scaling factor to measured quantities. fid=eilts are
presented in Fig. 10 in the form of a bar chartilsinto Fig. 9. The following values of the scalifagtor F, were applied:
5.3, 5.8, and 7.4 for June, July, and August rdspdy. These values are the average scaling facterived from the data
obtained at the two meteorological stations Lomorasnd Kronstadt (see section 4 and Fig. 6b) whighin the closest
vicinity to the radiometer position. Since scalfiagtors are different for June, July and August,. ED does not represent a
simple change of the vertical scale of axes in GigAfter scaling, the values for August becamegedarwith respect to the
values for June and July. Also, one can see tleatdtimates of the true LWP land-sea contrastjradateby applying scaling
factors to the measured quantities, are quite largecan reach very high values up to 0.06-0.0@kgThis result is in a
good quantitative agreement with the space-bortee alatained for different locations in Northern &pe from the SEVIRI
instrument (Kostsov et al., 2021). We again pagnditbn to the fact that no definite intra-seasdeatures of the LWP

contrast are revealed. For every summer monthcandfind the low LWP contrast values and the highsoas well. The
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examples of such pairs of low-high values are 2848 2016 for June, 2017 and 2013 for July, and 204V 2014 for
605 August.

In Fig. 11 we demonstrate a comparison of the te«fl the assessment of the LWP land-sea contesstdoon
ground-based microwave measurements with the sesfithe satellite observations by the SEVIRI imstent. The satellite
data were taken from the study by Kostsov et @1212. In the mentioned study, the time period 20017 was analysed
which partly overlaps with the time period consgtkin the present work (2013-2021). So, we comffa@enean monthly

610 values of the LWP contrast averaged over thesdapmng 8-year and 9-year periods. The valDesandD, obtained from
ground-based measurements have been averaged jitithe same scaling factbs was applied: 5.3, 5.8 and 7.4 for

June, July and August respectively.

First, the so-called “August anomaly” should be timred which was revealed by the satellite obsewatand
shows up as the practically total absence of thePL¥@ntrast in August if compared to June and Jilshould be
615 emphasised that this "August anomaly" concernsGhl of Finland only; this effect is absent for gleboring large and
small lakes (Kostsov et al., 2021). One can seettizaground-based measurements produce no eviadribes anomaly:
the LWP land-sea contrast values for all summerth®are almost the same. Moreover, the highestesale detected in
August. For June and July, the results obtainech fsatellite observations are higher than the resdtained from ground-
based measurements by 0.008-0.009 Kg o our opinion, the agreement between the spaoseband ground-based
620 results for these two months can be estimated gsg@d. The reason for this conclusion is the giefiuence of the
scaling factorF, (described in section 4) on the results of thesssent of the LWP land-sea contrast. First ofthd,
estimates of~, obtained in section 4 were the lower ones. InitseaF, can be larger and in this case the discrepancy
between the ground-based and the satellite datiufer and July will be smaller. Second, we apgliedmean values of the
scaling factor to the ground-based data for all tmeof observations. The variability of true valuwé$,, which is not taken

625 into account, is a source of additional error whichresent in the ground-based data.

Finally, we would like to make some speculationstlom problem of the error budget assessment forekelts
derived from the ground-based observations. Twaocgsuof errors have been already discussed ablowd:WP retrieval
bias and the uncertainty of the scaling fadtgr To our opinion, there is a way to estimate therall contribution of all
other remaining error sources of unknown origin. %&m treat the difference between e and D, monthly values

630 (obtained from off-zenith geometry with differedewation angles 14.4° and 11.4°) as an estimatfdheoerrors produced

by different sources except the bias and scaliotpfaincertainty. The corresponding formula will be

o :\/%Z(Dl' D,) (31)

N
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whereo; is the error estimate for remaining error soufasidentified originN is the number of months of measurements.
We applied formula (31) to our data and obtainedftiowing valueso,=0.006 kg rif andg,=0.001 kg rf for calculations
with and without scaling factor respectively. Ohusty, these values are the “first guess” estimatitt they can be a good
reference point for analysis of the accuracy ohoted results and first of all they show that tbenthant error source is the

uncertainty of scaling factor.

7 Summary and conclusion

In this study we investigated the problem of détecof the cloud liquid water path (LWP) horizontahomogeneities by
means of ground-based microwave observations aalysau several theoretical and practical aspecthisfchallenging
task. The main difficulties are caused by the largdety of cloud size and cloud altitude in conadtion with specific
observation geometries. The study is based on e acquired by the microwave radiometer RPG-HATRRGh is
located in the suburbs of St.Petersburg, Russthgabbservational site of St.Petersburg State ésgity, at 2.5 km distance
from the coastline of the Neva Bay (the Gulf ofI&imd). The radiometer is operating in the angutamaing mode in a
vertical plane and the scanning is being done tdsviite water body. The goal is to measure the L&iB-Eea contrast (the
difference between values of LWP over land and dkerwater body) which was previously observedhis tegion by
satellite instruments. So, the core idea of thdysia to analyse not the quantity LWP itself bug thifference between the
corresponding values obtained from zenith and effith observations. Therefore, the requirementthéoaccuracy of

measurements and to the quality control procedanestrong.

The physical inversion algorithm has been seleetech main tool for solving the inverse problem o L WP
retrieval. The inverse problem has been formulated multi-parameter problem with simultaneouseredit of temperature,
humidity and cloud liquid water content (LWC) ptef. The LWP values are obtained by integratiothefcloud LWC
profiles. The LWC profiles themselves are not asatly because of poor spatial resolution of the gidaased passive
microwave observations. The retrieval setup has Bpecially organised in a way to provide equakgiity of zenith and
off-zenith measurements to the vertical profilesatthospheric parameters. To achieve this goalmplei approach with
clear physical meaning has been used: the ‘wemhtheasurements in a given spectral channel depamaseasurement
error, so, by assigning large or extremely largasneement error values, we can partly or completefych off a particular
channel. The optimal combination of ‘weighted’ chals has been found for zenith and off-zenith ge¢nese This
combination provided equal sensitivity of measunetmedo profiles of all retrieved parameters: terapge, humidity, and

LWC. As a result, possible systematic errors weid@mised.

The influence of the cloud base height (CBH) ongassibility to detect the LWP land-sea contrastlieen analysed
in detail. It has been shown that, for current fasiof the radiometer and for current observatieometries, the values of

the LWP land-sea contrast obtained from microwaeasurements are strongly underestimated. To cdimectalues, a
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scaling factor should be used. This scaling fabtm been assessed from cloud statistics. The assatssevealed seasonal
665 dependence of the scaling factor with maximum itwswn-winter and minimum in spring-summer. For summenths the

scaling factor is in the range from 4.5 to 7.5.

The LWP land-sea contrast was estimated for summamths within the measurement period 2013-2021. The
averaging of the individual measurements of the LNfRI-sea difference was done over monthly peridtie. zenith and
off-zenith observations (elevation angles 90°, 14ahd 11.4°) were processed by the physical inweralgorithm. The

670 LWHP retrieval bias for zenith and off-zenith obs@ions was assessed on a monthly basis. Qualityatgmocedures were
applied to the results of the LWP retrieval in ortiefilter out spurious data. We had 25 monthéigh quality data at our
disposal. Only for one out of twenty five months t WP land-sea difference is equal to zero. Haothker cases (24 out of
25 months), the LWP land-sea contrast is positinvel dometimes can be rather high approaching theevaff
0.06-0.07 kg M. This result is in good general qualitative ancnfilative agreement with the space-borne data lwhic

675 demonstrate large positive difference for a warrasea when cold water cools the near surface air raalles the

atmosphere stable over a water body.

Comparison of the estimations of the LWP land-s&@trast obtained by applying the scaling factothi® ground-
based microwave measurements by the RPG-HATPR@mader with the results of the satellite observetifrom the
SEVIRI instrument has been made for summer mofithe.mean monthly values of the LWP difference ayedaover the

680 8-year (SEVIRI) and 9-year (HATPRO) periods weralgsed. For June and July, the results obtainech featellite

observations are 0.041-0.043 k& mnd the results obtained by ground-based measntsraee 0.032-0.035 kg'mso the

satellite data are higher by about 0.008-0.009 Kg For August, the space-borne data demonstrate sregll land-sea
contrast, but the ground-based data show a conmttdsh is even higher than the one detected in adeJuly. Three main
conclusions of the study can be formulated:

685 1) The ground-based microwave observations in ttiaity of a coastline can be a valuable tool fafidation of
the space-borne measurements of the LWP land-sgimsbif three principal requirements are metti@) multi-
parameter physical inversion method is used farenehg LWP; (b) rigorous bias correction and gtyationtrol
procedures are applied to the retrieval resujsth@ information on the cloud base height is add.

2) The estimations of the LWP land-sea contrasaiobtl from the ground-based microwave measurenadrte

690 observational site of St.Petersburg University iargery good agreement with the values of the L\&@Rdlsea
contrast obtained from the multi-year space-boreasurements by the SEVIRI instrument in the regibthe
Neva Bay (the Gulf of Finland) in June and July.

3) For August, the so-called “August anomaly” detdcby space-borne observations in the Gulf ofdfidiregion

is not confirmed by the ground-based measurements.
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695 Data availability

The LWP data derived from the RPG-HATPRO observatiat the measurement site of Saint Petersburg Btaversity

are available upon request (please write to Vladikoistsov at v.kostsov@spbu.ru).
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780 Table 1.Application of the actual and virtual measurenmricept to the considered inverse problem.

Type of Index | Description Zenith / Off-zenith
measurement | j geometry
1 Microwave measurements by the RPG-HATPRO radiemet Measurements
Actual (brightness temperatures) differ
2 In situ measurements of temperature, pressurecdatilve Measurements are
humidity at the radiometer the same
3 A priori profiles of temperature, pressure, figathumidity and
Virtual cloud liquid water and corresponding covariancericed
- e - > Measurements are
4 Hydrostatic equilibrium equation which couplesgsure and th
e same
temperature
5 Equation which couples absolute and relative Hitynprofiles

! The equation is applied since absolute humiditgken as one of unknowns, not relative humidity.

785

Table 2. Retrieval setup: spectral channels and measureenens.

Humidity channels

Channel No 1 2 3 4 5 6 7
Frequency, GHz 22.24 23.04 23.84 25.44 26.24 27.84| 31.40
Error, K | zenith 0.1 0.1 0.1 0.1 0.1 0.1 0.1

off-zenith | 0.3 0.3 0.3 0.3 0.3 0.3 0.35
Temperature channels

Channel No 8 9 10 11 12 13 14
Frequency, GHz 51.26 52.28 53.86 54.94 56.66 57.30| 58.00
Error, K | zenith 0.2 0.5 Switched| 0.2 0.2 0.2 0.2

off
off-zenith | 0.2 0.2 0.2 0.5 Switched Switched | Switched
off off off
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Figure 1. (@) The location of the RPG-HATPRO radiometer and the viewing direction in the angular scanning mode. The
black straight line is the distance scale. Map dat@© Google Maps 2019. (b) The viewing geometry in the vertical plane.
Position of the radiometer is marked by the red cross. Colour lines represent the lines of sight for different elevation angles (see
the legend). Blue boxes designate the atmospheric layer 0.3-5.5 km over water areas (see text). These figures are borrowed
from the paper by Kostsov et al. (2020).
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Figure 2: (a) Altitude ranges in the atmospheric mdel (Row, Rmedium: Rnigh) and the lines-of-sight which correspond to optimia
retrieval strategy (the elevation angles are givem the legend); (b) Schematic picture of differentcases of cloud location as an
illustration to the discussion about the possibilif to detect the LWP land-sea contrast. Clouds ovdand are marked by deep blue,
clouds over sea — by light blue, the correspondiniiquid water paths are designated as LWR,q and LWPg, LOS is the line-of-
sight, the radiometer position is marked by red cres. The scales of axes are arbitrary for illustratie purpose.
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Figure 3: The information gain functions G(2) calculated for three parameters (temperature, absdlute humidity, cloud liquid
water - left, central and right panels in a row corespondingly) and for two elevation angles: 90° (zéh direction, upper row) and
11.4° (off-zenith direction, lower row).

31



https://doi.org/10.5194/amt-2021-415 Atmospheric
Preprint. Discussion started: 11 January 2022 Measurement
(© Author(s) 2022. CC BY 4.0 License. Techniques

Discussions
By

(@) (b) 7 ©

10 10 10 r
9 - temperature 9 = abs. humidity 9 - cloud liquid water
8| s 8l
= 7L 7L
_ 6 el _ 6
E st E sl £sl
N L Nl "4 N
3 sl 3l
2 - 2 L 2 -
1 s s
ol ol i . ol ;
0 20 40 60 80 0 20 40 60
G (%) G (%)
() @) ®
10 10 10 r
9 - temperature 9 = abs. humidity 9 C cloud liquid water
8- s 8l
7 7 s
_ 6 6 _ e
Esl E sl £ s
N Mgl "4 N
3 sl 3l
2 - 2 21
1 ; 1 ; 1
ol oL \ ol .
0 80 0 20 40 60
G (%)
G; for three elevation angles:
90°  ---o----- 14.4° — 11.4°

Figure 4: The information gain function Gs(2) calculated for three parameters (temperature, aldute humidity, cloud liquid water
- left, central and right panels in a row correspoudingly) and for three elevation angles (see the legd). Upper row: the original
retrieval setup, lower row: the new setup presenteth Table 2.
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Figure 5: The frequency of occurrence of clouds wiht different base heights, derived from the data ofmeteorological observations
at the station in St.Petersburg in 2011-2017.
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Figure 6: (a) Scaling factorsF, and F, derived from the data of meteorological observatios of the cloud base height at the
St.Petersburg station in 2011-2017. (b) Scaling fimr F, derived from the data of meteorological observaties of the cloud base
height at three stations in the vicinity of the radometer (see the legend) in 2011-2017.
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Figure 7: The values of the LWP retrieval biash; for zenith and off-zenith geometry derived for surmer months in 2013-2021.
Index i designates the elevation angle (1=90°, 2=44,3=11.4°).
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Figure 8: The values of LWP retrieved from zenith ad off-zenith geometry observations under perfectlear sky conditions
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Figure 9: The results
factors are applied.
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Figure 10: The estimations of the LWP land-sea cordst obtained for summer months within the period 213-2021. The following
scaling factors are applied: 5.3, 5.8, and 7.4 fdune, July, and August respectively.
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Figure 11: The estimations of the LWP land-sea cordst in the region of Neva Bay of the Gulf of Finlad for summer months. The
results are shown which were derived from ground-bsed microwave measurements by the RPG-HATPRO instroent and from
space-borne observations by the SEVIRI instrument dring multi year periods.
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