Thereply to the anonymousreferee #4 (RC3)

We would like to express our gratitude to the mdefor the very careful reading of our
manuscript and for the helpful criticism. We apjmez all the comments; we took them into
account while preparing the revised version ofrttauscript.

Below, the actual comments of the referee are givenld courier font and blue colour
The text added to the revised version of the maipiss marked byed colour

MAJOR POINTS

1) The manuscript needs to address the issue of LWP accuracy in more
detail. This starts with emphasizing the lack of hi gh quality
measurements of LWP (being an essential climate var iable), see for
example the discussion by Lohmann and Neubauer (201 8) who show that the
global mean LWP varies between 30 and 90 gm-2 in th e different global
data sets. Most important, more information on the accuracy of the two
LWP measurement techniques is needed. The manuscrip t frequently mentions
the high quality of the ground-based microwave (MW) measurements but no
guantitative values are given. Can they be used as a reference to
estimate SEVIRI LWP accuracy? What are the advantag es and disadvantages
of both methods? What is their uncertainty? Do they have the same
detection limit, i.e. 1 would expect SEVIRI to have higher sensitivity

for low LWP values? | am wondering why the authors do not show the joint
LWP distribution, i.e. two dimensional histogram wi th frequency of
occurrence color code, which best illustrates the a greement of both data
sets. The authors only provide the mean of WH (17 g m-2) and the RMS (16
gm-2) but do not make a statement that this would r elate to an relative

error of about 100%.

We addressed the issue of LWP retrieval accuraoyare detail. First, the reference to the paper
by Lohmann and Neubauer (2018) has been includethenintroduction section and the
importance of LWP accuracy assessment has beed: note

“It should be emphasized that LWP is an essenliaate variable and the assessment and improveafent
the accuracy of LWP data obtained from differerdtfiolkms and instruments is still an actual problem.
Lohmann and Neubauer (2018) have reported thatbkinual mean LWP values over oceans derived from
measurements by different satellite sensors hame wv@ad range of 30 — 90 ginbesides, both retrievals
from visible—near-infrared sensors and microwavaesses have biases in LWP data. The validation
campaigns for LWP measurements from space oftengumend-based LWP observations by microwave
radiometers as the reference data since they hgwedsion that is superior to current satellitenoge

sensing techniques (Roebeling et al., 2008a).”

Second, the quantitative values of the LWP rettiaeauracy by ground-based MW radiometers
are given in the revised version in Section 2.1:

“The estimations of the accuracy of LWP retrievalshe HATPRO radiometer near St.Petersburg haga be
made previously (Kostsov et al., 2017) on the baktee analysis of cloud-free situations and anlihsis of
calculations of the error matrix of the physicajaithm. The analysis of cloud-free situations khswn
0.009-0.011 kg A for bias and 0.001 kg nfor random error. It should be noted that the esponding
values reported in the study by Matzler and Morlg2@09) are0.002-0.005g m? and 0.001 kg fA The



error matrix calculations have shown that the ramawror varies in the range 0.001 — 0.008 kgfor all
observed LWP values (up to 1 kg’mCossu et al. (2015) obtained the slightly highies of LWP retrievals
by ground-based MW radiometry which constituted1@0M®2 kg rif and they also estimated the random
error as 10-20% for LWP greater than 0.1 kK§'m

The information on the accuracy of LWP retrievatsri SEVIRI observations is given in the
revised version in Section 2.2:

"In the validation document of CM SAF (Finkensiegdral. 2016), the bias of the LWP measurements is
specified to be 0.00007 kg/m2 for monthly mean galeompared to MODIS and the bias-corrected root
mean square error amounts to 0.0101 kg/m2. Heredh®plete field of view of SEVIRI and the monthly
means from 2004 — 2015 were analysed. A comparistimnAMSR-E was also conducted and showed a bias
of 0.0034 kg/m? and a bias-corrected root meanrsgeiaor of 0.034 kg/m2. Unfortunately, this conipan
was based only on a single overpass of AMSR-E.dehRling et al. (2008a) comparisons were madenfor t
three sites Cabauw (Netherlands), Chilbolton (4hikéngdom) and Palaiseau (France) for time-serfe$ o
years. Here the bias was found to be 0.005 kg/ngummer and 0.010 kg/m2 in winter while the var&anc
was stable with 0.030 kg/m2. Please note thatatterlstudy was based on a retrieval algorithne statyears

ago, until today, the retrieval has undergone nraaglifications that led to an overall improvement.”

As far as the question of advantages and disadyesitaf the methods is concerned, we have the
impression that the answer is evident. Howeveraer to make the article clear to potential
readers who are far from remote sensing problemimeleded small paragraphs in Section 1.:

“Along with the high accuracy of LWP retrievalshet advantages of the ground-based MW observations
should be mentioned. Ground-based MW instrumenerat@ with very high temporal resolution (1-2
second), continuously for very long periods of tinmeunattended mode, independently of solar ilhation

and nearly at all weather conditions. The evidehtaatage of satellite observations is their glodele,
however the MW satellite sensors deliver the infation only over water areas since the emissivityhef
land surface is highly variable. The superioritytbé SEVIRI instrument working in visible—near-iafed
range is the possibility to make observations avater areas and land surface as well, however whin

the atmosphere is illuminated by Sun since theunstnt measures the reflected solar radiation.”

The referee puts the question about the deteataitslof the methods. Since the ground-based

and satellite sensors have extremely differenti@pasolution and therefore probe considerably

different portions of atmospheric air, this questean not have a definite answer and requires an
analysis of different specific atmospheric situasioThis is the reason why we could not address
this point in the revised version.

In the revised version we present a two dimensibisabgram with number of occurrence colour
scale, which, according to referee’s opinion, liksitrates the agreement of both data sets. This
histogram is given in Fig. 9 (the numeration olufigs of the revised version) and the text with
the corresponding description is given in Sectidn 5
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Figure 9: Comparison of the HATPRO and SEVIRI “argneous” measurements by means of two-
dimensional histogram with number of occurrenceogplscale. Upper panel: extra high LWP values are

shown, lower panel: only LWP<0.4 kgare shown.

“We begin our analysis making a comparison of tieantaneous HATPRO and SEVIRI measurements of
LWP by means of a two-dimensional histogram with tlumber of occurrence colour scale that is digolay
in Fig. 9. This plot gives an impression about therall agreement of measurements disregardingsebs

features. First of all, attention should be paitht® presence of a noticeable number of very higiPLvalues

3



detected by the SEVIRI instrument and reachingkd.Bi>. However, the number of occurrence of these
measurements is very small if compared to the nunabfeoccurrence of the small values. The two-
dimensional histogram for LWP<0.4 kg m-2 shownha tower panel of Fig. 9 demonstrates that theektrg
number of occurrence is observed for small LWP exteeding 0.03 kg The agreement between
HATPRO and SEVIRI data for these values is good.Higher values, the agreement is not evident. fus

is not surprising since the agreement between ritest@ous measurements is influenced by mistime,

misdistance, weather conditions, type of cloudireasd the parameters of time averaging of the HATPRO

data.”

2) The LWP difference between land and sea for is s trong and is
one of the most interesting points of the paper. Th e paper takes
it for granted that this is real but there needs to be a
discussion/investigation whether this might be caus ed by a
shortcoming of the SEVIRI, e.g. maybe due to the di fference in
surface albedo between land and sea. Furthermore, i fitis true, a
physical explanation for the LWP gradient needs to be provided. A
potential explanation is the frequent presence of a high pressure
system over the Baltic Sea and the associated subsi dence which
causes adiabatic warming and low cloudiness. With t his explanation

it might be better to separate the LWP time series into weather
type situations rather than warm & humid (WH) and ¢ old & dry (CD.

This comment of the referee can be divided in tads The first part concerns the approval of
the land-sea LWP difference. In order to demonsttiaat the difference is real, we refer to the
results of the cloud amount study in the Scandaravegion by Karlsson (2003):

Karlsson, K.: A 10 Year Cloud Climatology Over Sdaravia Derived From NOAA Advanced Very High
Resolution Radiometer Imagery, Int. J. ClimatoB, 2023-1044, DOI: 10.1002/joc.916, 2003.

We have included the following text which describi@sse results in Section 3:

“It should be noted that the land-sea differencésloud characteristics in Northern Europe havenbee
detected earlier. Karlsson (2003) compiled regi@halid climatologies covering the Scandinavianaagin

the basis of processing data from the NOAA Advandély High Resolution Radiometer (AVHRR)
instrument for the period 1991-2000. Considerabdallscale variation of cloud amounts was founthi
region. During the spring and summer seasons, @m#ast to winter and autumn conditions, much less
cloudiness has been found over seawater and nmal§es.| It has been suggested that the cold seacsurfa
temperatures in the Baltic Sea (especially in gpand early summer due to inflow of cold fresh wéitem
melting snow) lead to a considerable stabilizatbmear-surface layer of the troposphere. Thisangtion
agrees well with the fact detected in our studg fdnd-sea gradient in the mean LWP values forGbe

period. is noticeably lower than for the WH period.

The second part of the comment concerns the expdanaf the land-sea difference and the use
of such explanation as the basis for the criterionseparate the data into subsets. One
explanation has already been suggested by Kar(@af8) and our results agree well with this

explanation. The explanation proposed by the estderaferee could be one of the reasons,
however not the main one since the land-sea boadtetie LWP maps are well-defined, and the
effect takes place also in the vicinity of Ladog&d where the boarders are well-defined too.
Concerning the referee’s proposal to separate WP time series into weather type situations:

1) We agree that analyzing the weather situationsmelly a good idea.



2) To our opinion the weather analysis is very advgedas when considering the specific
cases, as we did when we considered the casesddaidgraement between satellite and
ground-based data and revealed the presence avannts in the investigated region.

3) The separation of data according to weather typdddoe to a great extent arbitrary and
ambiguous since the weather is a multi-parametenqimenon.

3) LWP statistics: LWP is highly variable in time a nd space and
this variability strongly depends on the cloud type , le. is
strongest for convective boundary layer clouds. The refore, it is
difficult to make solid statistics even if a two ye ar data set is
considered. By spitting the data further into indiv idual months
and climatic conditions the distributions become ra ther erratic
and should not be overinterpreted. Smooth distribut ions require
rather long time series (see Caddedu et al., 2013, Kniffka et al.,
2014). Therefore, | recommend to just separate into the warm/humid

and cold/dry regime or seasons at the most.

We agree with this comment and as far as we uradefsit refers to our analysis of monthly

frequency distributions and monthly diurnal cycl@sldressing this comment, we changed the
plots in Fig. 11 and Fig. 12. Fig. 11 contains rnbe frequency distributions for seasonal periods
(WH and CD) and Fig. 12 displays the monthly disitions only for six months with the largest

number of instantaneous measurements. The analygisnthly distributions is necessary since

the distributions for the WH and CD periods diffexticeably. We edited accordingly Section 5.

Subsections have been reorganized. Subsectiorot. teads:

“5.1 Seasonal features

We begin our analysis making the comparison ofitkeantaneous HATPRO and SEVIRI measurements of
LWP by means of two-dimensional histogram with tisenber of occurrence colour scale that is displaged
Fig. 10b. This plot gives the impression aboutdlerall agreement of measurements disregardingsahs
features. First of all, attention should be paitht® presence of a noticeable number of very higiPLvalues
detected by the SEVIRI instrument and reachingk.Bi2. However the number of occurrence of these
measurements is very small if compared to the nundfeoccurrence of the small values. The two-
dimensional histogram for LWP<0.4 kg m-2 shown e fower panel of Fig. 10b demonstrates that the
largest number of occurrence is observed for sSm&IP not exceeding 0.03 kgmThe agreement between
HATPRO and SEVIRI data for these values is good.Hgher values, the agreement is not evident. feus

is not surprising since the agreement between ritest@ous measurements is influenced by mistime,
misdistance, weather conditions, type of cloudireasd the parameters of time averaging of the HATPRO

data.

Now we analyse the conventional one-dimensional Lfvéguency distributions in order to examine pdssib
qualitative differences in HATPRO and SEVIRI mea&sunents. The data were filtered to exclude the clear
cases (LWP < 0.001 kg m-2) and the extreme cad&®¥ (& 0.4 kg m-2). It should be noted that datafiftg

has been done for collocated pairs of measuremiérdee value in a pair was out of range, the whmdé
was filtered out. The bin size has been selected®.82 kg m-2 and the frequency of occurrence was
normalized with the total number of observationstfe respective time interval. We show the distiins

for the WH and the CD periods in Fig. 11 (1617 d48& data samples correspondingly). Fig. 12 dispiags

monthly distributions for six months with the lasg@umber of instantaneous measurements (200-308sva



per month). February, August and October were akért into consideration due to noticeably smaller

number of data points.

The distributions for WH and CD periods of both \3ElI and HATPRO show, that the average LWP is low
compared to LWP distributions that were averageer tlre complete field of view of SEVIRI, also calle
“SEVIRI disc” (Kniffka et al., 2014). The distribioins are lognormal, however for the CD period amel t
distribution has a bimodal structure, which is mprenounced for the results from SEVIRI. The seeond
maximum for the distribution from SEVIRI is cleaiigentified at 0.12-0.14 kg m-2 and reaches heoub
13 % of the first peak. In case of HATPRO the séeoy maximum is not well pronounced but it constisu
20% of the first peak and is located at 0.10-0g2k2. The maximum of distributions for WH and CD
periods is in the bin 0.0-0.02 kg m-2, for both HAO and SEVIRI. For the WH period, LWP frequencies
quickly decline from the maximal number of occucenof about 0.5 at low LWP values to smaller
frequencies of 0.09 at LW#®0.05 kg m-2. For the CD period the decline frora geak is more rapid for
SEVIRI results: the frequency for LW#0.03 kg m-2 is already about 0.06, while for HAT®Results it is
about 0.21.

Since the distributions obtained for seasonal periaiffer considerably, we analyzed the monthly
distributions also. In order to avoid misinterpngtiof the results, we have chosen for our analysig the
months with the largest number of instantaneoussoreaents. As it can be seen from Fig. 12, the #&ho
structure of the distributions is detected for Merépril, May and June (spring and early summerhwi
secondary maximum located at 0.10-0.14 kg m-2. dikiibutions for July and September are mono-modal
and resemble the seasonal distribution for WH efidne agreement between the SEVIRI and the HATPRO

results is very good for all presented months efWH period.

The distributions do not fall directly into one thie four categories in Kniffka et al. (2014), whetecloud
types were characterised with mono-modal distringj however they do resemble the low clouds cayego
the most. The climate of St.Petersburg is maritinteere low stratiform clouds occur most frequently.
Thicker, presumably convective clouds with LWP % Kg m-2 form the secondary maximum in the
distributions and occur in both periods (in the efthe CD period and in the beginning of the WhHiiqad).”

Subsection 5.2 now reads:

“5.2 Instrument differences

"The distributions of SEVIRI's LWP is shifted toghier values in all months, particularly the seconda
maxima are more pronounced than for HATPRO, thawmirable observing conditions with a large viewing
zenith angle of 72.48° cause large uncertaintié® fioot mean square error split into its systemaitid
unsystematic part following Anand et al. (1991dlisplayed in Fig. 13 where only data points weketainto
account where at least one of the both data soproesded LWP > 0. The coloured circles corresptmthe
monthly averaged RMSE values, while on the x-axésunsystematic party) is displayed and y-axis shows
the systematic pariof). As can be clearly seen, tilg dominates over the unsystematic fluctuations in al
months; the average, is 0.07 kg rf while theo, amounts to 0.03 kg fa The o, stays relatively constant
over the analysed time period with a standard tiarigderived from the monthlg;-values) of 0.006 kg i

however thegs has a standard deviation of 0.053 k'ﬁ. mhe month-to-month variation af is about 9 times



higher and exhibits a clear seasonal cycle withllsstavalues in February and March, then higheties
from April to June and smaller values again frony o October. This result is unexpected because th
summer months allow for the best viewing conditiémsboth, the HATPRO and SEVIRI and therefore the
error should be smallest. In this study, the SEMVi&tieval produces some unrealistically high valeé
LWP mainly in the months April, May and June (up2d kg n¥) which influence the RMSE to a large
extent. In April, 1.1 % of the SEVIRI measuremesimwed LWP > 0.7 kg fawhich did not occur in the

HATPRO measurements at all.

The cases of the unrealistically high LWP valuetimied by SEVIRI have been analyzed in detail ain$
been found that the corresponding clouds are &y "supercooled”, the assigned cloud opticalkimeéss
value is quite often "100" and the effective radifighe droplets is rather big. The cloud top heidjd not
show anything specific, clouds were between 260é&nch 9800 m. The quality mask revealed no abnormal
situations: solar illumination was good, viewingnddions were fine, the input from numerical weathe
prediction showed no low level inversion and allasierement channels were present. On the basigsof th
information we suggest that supercooled clouds Witlh effective radii can be the indication of pbks
presence of erroneous retrieval results. Accordiogthe retrieval algorithm, clouds are marked as
supercooled if the probability for being ice is lwthan 0.5 and the temperature is below 273 K. €ame
suppose that our cases of unrealistically high LWdRies obtained by SEVIRI are misclassified iceudi

This idea is also in line with the high effectiadii."

Concluding the reply to the comment No3, we woulteé ko stress that the analysis of diurnal
cycle is not possible for large seasonal time vatsr since the illumination conditions differ
considerably from month to month. Therefore, wetlkkp analysis of diurnal cycle unchanged.

4) In respect to statistics the comparison with rea nalysis is also
difficult as only one instantaneous value every 3 h ours is
provided and thus only 8 per day and is not compara ble with the
better sampling of SEVIRI and MWR measurements. Thu s it is the
question whether the interannual variability shown add the end
study is due to sampling or real and would require testing of the
statistical significance. While | find it very impo rtant to make
the point of high interannual variability | would r emove the
reanalysis aspect from the study as the data are no t comparable in
terms of spatial (80 vs 10 km) and temporal (8 to a bout 50) scales
even with the coarser SEVIRI LWP data and also repr esent a mixed

land & sea pixel.

We agree with the statement that due to differerinesesolution, the comparison of the
reanalysis LWP data with the data from SEVIRI ar&TRRO is problematic. Nevertheless, the
referee found important to emphasize the interadnnadability. Therefore we decided to

remove the comparison aspect but to keep the diggusf interannual variability and to place it
and relevant plots in the short Appendix 2 “Therdal cycle interannual variability as derived
from reanalysis data”. We also included the follegvtext in the end of Section 6:

“Concluding this section, we would like to emphasthe importance of taking into account the intateh
variability of diurnal cycles. Our estimations tietinterannual variability were based on the reamisldata
and are presented in Appendix 2. It has been shbairthe average diurnal cycles calculated forpieod
of our study (2013-2014) noticeably differ from tB& obtained for the longer period 2003-2012. Sihee
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temporal and spatial resolutions of the reanalgsita are considerably coarser than of the SEVIRI an

HATPRO data, the direct comparison of diurnal cg@ee not possible.”

5) The paper contains many plots and many could be eliminated. Why
are s lengthy by showing both median and mean LWP. What is the
benefit? The LWP distribution is strongly skewed to wards low
values and thus the median LWP values are typically lower than the
accuracy. | would suggest to keep only the mean. If you would like

to show the median then you could put it into an ap pendix. M. P.
Cadeddu, , J. C. Liljegren, and D. D. Turner, 2013: The
Atmospheric  radiation measurement (ARM) program net work  of
microwave radiometers: instrumentation, data, and r etrievals.
https://www.atmos-meas-tech.net/6/2359/2013/amt-6-2 359- 2013.pdf

We cannot agree with the esteemed referee thaiaper is overloaded with plots. The referee
presented the example with LWP maps where both raedrmedian values are shown. To our
opinion, the median value is the best for showing ‘ttypical” quantity and this fact is very
important for description of cloudy atmosphere witie presence of a large number of clear
situations. However we followed the advice of th&eree, we reorganized the plots and put the
LWP maps with median values in Appendix 1.

MINOR COMMENTS:

L13: Provide also the relative error as the mean LW P is rather low
and thus errors should often be in the order of 100 %.

We do not agree with this comment because the dimedsituations have been included in the
analysis but relative error has no sense for siiaht®ns and also due to the presence of such
situations the mean LWP is low.

L22: You just report on what you did but what was t he result?
Please extent.

The new version reads:

“On the basis of reanalysis data, it has been shihah the LWP diurnal cycles are characterized by a

considerable interannual variability.”

L40: There are certainly many more studies on (sub) arctic clouds
than the one by Garett and Zhao, the point to make here is that
the measurement network is rather coarse in that re gion.

The new version reads:

“Several ground-based microwave radiometers arengeently functioning at Northern latitudes as the
elements of the MWRnet - An International Networf Ground-based Microwave Radiometers
(http://cetemps.aquila.infn.itymwrnet/main_files/MRiletmap.html), however the measurement network is

rather coarse in that region.”

L52: Here, you need to emphasize on the importance of LWP as
essential climate variable which is difficult to as sess due to its
high spatio-temporal variability, cf. Van Meijgaard and Crewell
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(2005) for the difficulties to compare LWP with mod els of
different grid size.

The importance of LWP as essential climate varidlale been addressed already in the “Major
comments” section above. We added the referen@ddijgaard and Crewell, 2005):
“Special measurements campaigns with microwaveoraéiers have been carried out in Europe with the
focus on liquid water path and the difficulties bBaween demonstrated to compare the measured LWAP wit

models of different grid size (Meijgaard and Crdw2005).”

L54: You need to explain the two satellite measurem ent principles

for LWP from satellte and provide their limitation s and
uncertainties. 1) VIS/NIR observations only possibl e during
daylight (not mentioned in manuscript) but availabl e from
geostationary satellite. This method needs to make assumptions on
the vertical structure of the clouds as only the to p can be
sensed. 2) Microwave imagers on polar orbiters meas ure the
emission signal which is only possible over the rad iatively cold
ocean - here you can cite Elsaesser et al. (2017) f or the
climatology and Greenwald et al. (2018) who investi gates the
uncertainty albeit by taking VIS/NIR as truth. Note , that due to
the large footprints and the differences in emissiv ity between
land and ocean no information for coastal pixels is available.

These points have already been addressed in ttheeifMajor comments” section above. We
added the recommended references:

“The climatology of LWP obtained from satellite @pgations have been presented by Elsaesser 804l
The importance of combining visible-infrared imagkta and passive microwave LWP observations for
estimating uncertainties and improving the accuratythese observations has been demonstrated by

Greenwald et al., 2018.”

L55: | don't think it is necessary to list the sate llite
instrument names - if you do you need to provide th e explanations
for all acronyms.

The satellite instrument names have been removed.
L69: The uncertainty of ground-based MWR for LWP ne eds to be given

It is given in Section 2.1 of the revised versigraa answer to the major comment.

L87: Also the size of the footprint is larger than at the other
locations

The text has been inserted:

“Also the size of the footprint is larger than la¢ tother locations.”

L92: "Since the LWP values can be essentially diffe rent over.."
has this been shown in the literature or is this yo ur result?

These point has already been addressed in the ifMajor comments” section above. Here we
only added the reference to the paper by Karls26a3):
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“Since the LWP values can be essentially diffe@rar land and sea surfaces (Karlsson, 2003), didgta

into account...”

L95: Not give only one of the main goals but provid e them all,
...for example the investigation of reanalysis qual ity...

In the revised version, the end of Section 1 iSttlewing:

“So, the main goals of the present study were émtifly the problems of the comparison of HATPRO and
SEVIRI measurements of LWP at high latitudes oVer ¢omplex terrain which includes land and water
areas, to analyse the frequency distributions andhal cycles derived from measurements of the two
instruments and to assess systematic and unsyg&tafisdtrepancies between the satellite and growasedb

data sets.”

L99: Why not cite Rose et al, 2005 at this stage - it is cited on
160

The reference has been added:

“The 14-channel microwave radiometer RPG-HATPROnNégation 3) developed for the retrieval of
temperature and humidity profiles in the troposph&ong with LWP and integrated water vapour (Retse

al., 2005) has been routinely functioning...”

L129: 11km? The size at St. Petersberg needs to be mentioned

Mentioned:

“In the vicinity of St.Petersburg the ground piséle is about 7 km.”

L144: It is not clear to me why only days which are completely
free of rain are included in the comparison? This e liminates many
data which are needed as the high variability of LW P makes
statistical analysis difficult. If days with precip itation are
excluded the mean diurnal cycle derived later on is only the mean

of a subsample and not overall. At least this needs to be made

clear maybe by giving it another name.

For clarity, the following text has been added:

“The reason to completely exclude from consideratie days with rains is the following. Not onlyrohg a
rain event but also for a rather long period ofdtiaiter it, the data provided by HATPRO are erraisesince
the radio dome of the instrument is wet. The daratf this after-rain period for St.Petersburg siés been
estimated in the study by Kostsov et al. (2017¥#s hours. Moreover, it has been demonstrated én th
mentioned study that the situations are possibleenithe measurements are erroneous even beforaithe
event, when the rain sensor is not yet detectirgdim signal. It is evident that even one rainnéwkiring a

day results in the considerable loss of data.”

We also added the following text in the beginnifigection 6 “LWP diurnal cycle analysis”:

“It is necessay to remind that the initial datasetssist of rain free days only, therefore the ysed diurnal

cycles do not present the overall estimate but tirdysubset of purely liquid clouds during rainefiays.”
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L146: How is a gap defined - a single 1 sec measure ment?

The text now reads:

“The measurement process must not have had gaghvahé defined as 15 min or more period without

measurements.”

L147: You speak about convergence - is the quality flag from the
physical retrieval?

The text now reads:

“The quality flag of MW measurements must have beero for all retrievals that means the successful

convergence of the iteration process of physidaienel for every single measurement.”

L160: In general, | think you need to explain why t his is
important: The retrieval algorithms are typically n on-linear.
Therefore, the retrieval needs to be made on high r esolution
brightness temperature data and subsequently then t he LWP can be
averaged but not vice versa. Note, that since the p aper by Rose et
al is already more than 10 years ago and since when resolutions of
NWP have increased. It should be mentioned that sit uations can be
very different and in particular convective boundar y layer clouds

have high variability.

We followed this recommendation and the followiagtthas been included in Section 2.3:

“It is important because the retrieval algorithmes fypically non-linear and therefore the retrieveéds to be
made on high temporal resolution brightness tentperalata for subsequent averaging of the resuttaidt
vice versa. Also, it should be mentioned that situwes can be very different and in particular cartive

boundary layer clouds have high variability.”

L165: Please also write "stable" as this has nothin g to do with
the thermal stability but more with constant condit ions. .

The text has been changed, now it reads:

“The obtained results have shown that even for temi@tmospheric conditions the sampling intertalusd
not be greater than 100-200 s in order that maximuaformation could be extracted form MW
measurements. Though this conclusion had more dtieak value than a practical one, for the preséundy

we have chosen two original MW datasets that dbfethe sampling interval: 120 s and 10 s.”

L170: For a comprehensive discussion on how to comp are LWP from
ground-based observations and with spatial estimate s from NWP
models of different resolutions see Van Meijgaard a nd Crewell.,
2005.

The reference has been added:

“The comprehensive discussion of the aggregatioth@fground-based LWP data to coarser time scales h
been presented by Meijgaard and Crewell (2005) wedwsidered the comparison of ground-based LWP

observations with the estimates from NWP models.”
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L180: Why boxcar? For simplicity?

Yes, for simplicity. We mentioned it in the new sien:

“...however the weighting function has been taken@atissian but a boxcar for simplicity.”

L190: As Kostov et al. (2016) is not an open access paper the
values for distinguishing WH and CD should be provi ded here. There
is no surprise that WH is more frequent as SEVIRI n eeds light.

We inserted the definition of time intervals copesding to WH and CD periods:

“The corresponding time intervals are: 1 May — 3fw&imber and 1 December — 30 April.”

L200: How good is the the geolocation of SEVIRI?

The following text has been inserted in the begigrof Section 3:

"The accuracy of SEVIRI's geolocation depends @nattual satellite on which the instrument is mednt
and amounts approximately to 1.32 km in north-sdlitaction and 0.15 km in east-west direction asest in
the document on MSG level 1.5 image data descngdJMETSAT, 2017) plus an additional error of 1.5
km in both directions in the data prior to 2017 dexe of an undetected pixel offset.”

L203: especially as liquid clouds are at low height S.

The text has been edited correspondingly:
“Obviously, this influence is not significant foomogeneous cloud fields, and for clouds at low Hsig

L227: The statement is not correct - | still see th e gradient.

We have the feeling that there is a kind of misusid@ding. We checked the former Fig. 5, right
panel, map of median values for CD period. The igradloes not exist, all input data are zeros,
and this fact is explicitly stressed in the tertthe revised version this plot is in Appendix dda
the absence of the gradient is emphasized in asspete.

L240: Different sampling and averaging times are ch osen which
provides some information on the error introduced b y
representativeness of the measurements. However, th e optimal
combination should depend on the actual weather sit uation - which
should be discussed. Could the spatial distribution of SEVIRI or
NWP might provide information to optimze this on an individual
base.

We do not agree with this comment. The dependehdbeoaveraging time on the weather
conditions is an obvious conclusion and needs soudsion. Besides, working out the criteria
for choosing the averaging time value on the bafsaurrent weather conditions was not the task
of the study.

L257: The agreement in daily mean LWP between SEVIR | and HATPRO in
Fig. 7 is claimed "very good". | don’t think so as many days
especially in the beginning have zero LWP in SEVIRI and relevant
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values for HATPRO. Try to make a more quantitative statement here.
You could also make a table for the daily means sim ilar to table 4

Fig. 7 shows not mean but median values. The medgihares represent “typical” quantities and

zero LWP indicates the fact that cloud-free condsi were prevailing. That does not mean that
clouds were absent during a whole day of measuresn@&herefore the agreement of SEVIRI

and HATPRO values which are close to zero is a gmdonstration of the overall agreement
between measurements. We think that there is nd fmea quantitative statement and an

additional table here.

L262: Is this for instantaneous or daily LWP?

This is for daily median. We changed the text dredTable caption accordingly.

L290: Section 2.2. needs to mention that SEVIRI ret rievals fail in
the case of strong vertical gradients and especiall y during rain.
Why not use standard deviation of 3x3 SEVIRI pixel s to identify

(and eliminate) inhomogeneous situations?

The proposal of the referee is good, we shall takego account in the subsequent studies, but in
the present study, when selecting the data for eoisyn, we deliberately used the criteria based
only on the HATPRO measurements as described inoBez.2. Nevertheless, as recommended
by the referee, we mention that SEVIRI measurentaiits case of rains:

“It should be mentioned that SEVIRI retrievals failcases of strong vertical LWP gradients and @sjig

during rain events.”

L329 and Table 4: Why has this analysis not been do ne over the
whole time period? It is important to do for genera lization and it
is a good transition to the next section.

As it has been stated in the Introduction, our gead to identify the problems of the comparison
of HATPRO and SEVIRI measurements of LWP at higiitudes. We plan to continue our
investigations with special attention to the paraléffect and land-sea gradients. However we
would not like to expand the current study.

L332: The title of the section should be changed to something like
"Statistical LWP assessment”. In this section | wou Ild have
expected you - after looking at the mariginal distr ibutions - to
show the joint distribution which | am strongly mis sing here. This
provides a much more direct view on the systematic and

unsystematic components.

The title of the Section has been changed to "Sitzdi LWP assessment”. The joint distribution
with colour scale has been placed in this section.

In this sense L349: The name of section "5.1 Instru ment
differences" is a bit misleading. With this title | would have
expected a discussion on the different sensitivitie s of the
instruments. | think no subsection headings are nee ded here. |
recommend the authors

to look at Tian et al. 2016
https://journals.ametsoc.org/doi/pdf/10.1175/MWR-D- 15-

0087.1 for a better error model.
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We would like to keep the subsections, but follagvihe recommendation of the referee, we
changed the title of the subsection to “Analysiglistrepancies”. We are grateful to the referee
for the recommended very interesting paper to lmokowever we prefer to keep the systematic
and nonsystematic error analysis unchanged.

L335: If you say "low compared to" but don’t give a ny values this
becomes difficult for the reader. It is also not po ssible to
compare it with the full disk as many different cli mate zones are

- better compare with other mid-latitude sites, cf. Cloudnet
sites.. Her you should integrate the section 5.2 wh ich somehow
does not fit to the end. There a range for the dist ribution 0.2 -

0.6 kkgm-2 is given. This is better quantified by a n interquartile

or interpercentile range. Would be also good to giv e the numbers

for the mean in both regimes. |

We described the data in comparison to the averalyees of the whole disc in order to give a
general characterisation of the measured liquicempdths. It was meant to show how the data
fit into the worldwide range of the SEVIRI disc’$MP retrievals prior to the start of the more
detailed analysis. The aim was NOT to comparequakclimate zones or mid-latitude sites,
which was also not the scope of the article by faiket al. (2014). We will therefore keep it in
this way and add the average values for the twtysa periods. Please note, that the mentioned
paragraph has already changed significantly, tbezefe reprint here only a small part:

"The distributions do not fall directly into one thfe four categories in Kniffka et al. (2014), wiedl cloud
types were characterised with mono-modal distringj however they do resemble the low clouds cayego
the most. The average all-disc values range frdl6@® to 0.0862 kg f(depending on the season) while
the average HATPRO (SEVIRI) LWPs amount to 0.0(®R274) and 0.0243 (0.0310) kg’rfor the cold,
dry and warm, humid period. The climate of St.Psterg is maritime where low stratiform clouds occur
most frequently. Thicker, presumably convectiveud® with LWP > 0.1 kg ih form the secondary
maximum in the distributions and occur in both pdsi (in the end of the CD period and in the begigraf
the WH period)."

L340: | don't think that you can generalize the bim odal
distribution for all February and September months with only two
years and so much fluctuation in LWP. This is just due to certain

weather patterns.

As it has been written above in the “Major commeésection, we removed months with low

number of measurements from the analysis, Febmasyone of them. However, it was possible
to keep September. We would like to stress thatdwenot make generalizations when we
analyse the statistical characteristics.

L340: Talking about 17% creates an impression of hi gh accuracy -
albeit the distributions are highly uncertain as th ey are
determined by very view events and bimodality just comes by
chance. You should provide the total number of samp les for each
distribution and as | suggest in the beginning just concentrate on

the broader picture.
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This point has already been addressed in the “Magorments” section, the number of samples
has been given. The bimodality does not come lypah, it is clearly visible in spring and early
summer months.

L345: Kniffka et al have a much larger and solid da ta base so that
the comparison of the distributions is not fair her e. Especially
the bimodality (secondary maximum) is most likely j ust by chance
and would not exist if a decade of data would be us ed — this could

be checked by SEVIRI.

We agree that bimodality may not exist if a decaid@ata is taken. However, the point is that for
the considered time interval (2 years) this typedistribution has been detected for several
months in a row. This is the fact, and we woule li& stress once again that we do not make any
generalizations.

L355: Some background needs to be given on the meth od and an
assessment of the "uncertainty".

To our opinion, the given reference (Anand etl#91) is sufficient.

L361: | would have expected the highest error in su mmer as the
high variability of convective clouds reduces the
representativeness of the HATPRO measurements for t he SEVIRI
footprint and complicates the comparison in contras t to situations

with more stratiform conditions typically more freq uent in winter.

cf. Slobodda, J., A. Hunerbein, R. Lindstrot, R. Pr eusker, K.
Ebell, and J. Fischer, 2015: Multichannel analysis of correlation
length of SEVIRI images around ground-based cloud o bservatories to
determine their representativeness, Atmos. Meas. Te ch. , 8, 567-

578, doi:10.5194/amt-8-567-2015.

In the revised version we mentioned the better wigveonditions for SEVIRI only and added
the speculation about representativeness of thelHRT measurements:

“However, the error could increase in summer duligh variability of convective clouds which redsdbe
representativeness of the HATPRO measurement$i¢oSEVIRI pixel and complicates the comparison in
contrast to situations with more stratiform coratis typically more frequent in winter. The detailed

discussion of the problem of representativenesdednund in the paper by Slobodda et al. (2015).”

L360: As the authors also mention later on clouds w ith LWP of >0.4
kgm-2 are likely to precipitate and therefore | wou Id suggest the
authors to eliminate all SEVIRI retrievals above a certain
threshold as the retrieval is not built for rain. F urthermore, it

is only fair as rainy HATPRO measurements are elimi nated as well.

We eliminated the cases with LWP>0.4 kg m-2 when pletted seasonal and monthly
frequency LWP distributions but we deliberately kalb positive values including high ones for
error analysis.

L458: Why not mention the corresponding advection v elocity?

Mentioned in the revised version:

15



“There is no influence either of the sampling im&dr(10 s or 120 s) or of the averaging period {20 or
60 min) of the original HATPRO data on the resoltshe HATPRO-SEVIRI data comparisons. (The given

values of the averaging period correspond to theegaof advection velocity of about 6 m s-1 and 2-fin)”

L464: What is the accuracy of the 3.1 km estimate? | would simply
say around 3 km.

Corrected.

L368: and the large footprint at this high altitude

Correspondent editing has been made:

“The second site-specific feature is the high alit location of the radiometer site and the laiigel size at
this high latitude.”

L479: Why do you know that it is log-normal? Did yo u test it? For
this you probably need many more data so | would be more careful
with the statement. Similar with the bimodality whi ch is certainly
due to poor sampling of different weather types and not a climate
phenomenon.

We did not perform rigorous testing for lognormahind bimodality but made qualitative fitting.
So, we are confident in our statements. Also, weld/dike to note that we do not present our
results as a climate phenomenon.

Table 3: You also need to mention the number of sam ples, the mean
value (so one can assess the relative error), bias corrected RMS
and the correlation. Which SEVIRI pixel is taken?

We have corrected the text and clarified what v@lre compared (daily median):

“The estimates of the bias and rms difference betmtbedaily median LWP values derived from satellite

and ground based observations are given in Table 3.

So there is no need any more to present the nuailsamples since this information is given in
Table 2.

The mean values are now presented in the text:

“The daily median values averaged over the datas®istitute 0.017 kg m-2 and 0.02 kg m-2 for WH and
CD datasets correspondingly.”

Since bias is very small, presenting the bias cteateRMS difference would not be very helpful.

We modified the table and presented the correlatioefficients between different datasets.
Correspondingly, the following text has been added:

“It should be emphasized that the correlation ¢oieffits for the WH season are considerably largen for

the CD season.”

In order to clarify what SEVIRI pixel is used, wadeed the following remark in Section 2.3:
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“It should be noted that all comparisons have beade for SEVIRI ground pixel which is the nearestie

radiometer site. In case other pixels are consijeravill be mentioned explicitly.”

Table 4: Not only the four cases but also the whole time period
and WH and CD should be shown.

This is a case study. Our intention was to dematesthe parallax effect only for separate cases.
For the complete dataset this effect can be masked.

Figure 1: It is a bit irritating that pixel 242 is discussed but
not shown.

This is not true. The centre of pixel 242 is clgatikible and labelled in the upper right corner of
the right panel in Fig. 1.

Figure 3: The contouring provokes more interpretati on than
possible from only 3x3 points. Please plot them as blocks. Maybe
you can even integrate them into the lowere left co rner of fig. 2

as a zoom in. Same holds for all figures with 3x3 p oints, e.g. 4

and 5. Then you can also show WH and CD together.

We do not agree that the interpolation of 3x3 Eofot contouring can lead to overinterpretation
of plots. The lines are very smooth and no higloltg®n artefacts are present. Moreover, the
interpolated plots better demonstrate the corredgare of the LWP map to geographical map.
Therefore we kept all 3x3 point maps unchangedcesthe maps with median LWP have been
moved to appendix, in the revised version of theepghe WH and CD maps are shown side by
side in reorganised plots.

Figure 6: You should give the number of samples, bi as, rms, bias
corrected RMS and correlation in a table similar to Table 3.

We do not agree with this comment. The purposehd Figure is to demonstrate that the
influence of sampling interval can be neglectedampared to the influence of the averaging
period. And it is clearly seen from the Figure. d@r@ing the numbers would not add any
substantial information.

Figurel3: Which averaging do you use here? | am aga in concerned
with the statistics. Either leave this out as month ly data have
poor statistics (give number) or if you want to do it keep it then
use the full Taylor diagram.

https://climatedataguide.ucar.edu/climatedata-
tools-and-analysis/taylor-diagramspart

van Meijgaard, E., and S. Crewell, 2005: Comparison of model
predicted liquid water

path with ground-based measurements during CLIWA-NE T. Atmos. Res.,
Special issue:

CLIWA-NET: Observation and Modelling of LiquidWater Clouds, 75(3),
201 - 226,

doi:10.1016/j.atmosres.2004.12.006.

First of all, the statistics is not so poor. Mosttbe months include 200-500 data samples,
August and October have about 150 samples eackharelis only one month (February) with
the lowest number 45. Second, we do not make amatlogical conclusions and only analyse
the character of discrepancies for different caodg. For such a task the number of samples is
sufficient. We are grateful to the esteemed refdogethe very useful recommendation and
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reference but as far as using the Taylor diagratead of the approach by Anand et al. (1991) is
concerned, we think this is a matter of choicehefauthors.

Grammar, typos and reformulations

L10 - spell out SEVIRI and mention geostationary

We tried to keep the abstract short and clear. &fbex no peculiarities of both instruments are
given in the abstract. All necessary informatioowththe instruments is presented in the main
text of the manuscript.

L4: "have shown considerable differences" in you st udy (cf Fig.4)
or in literature. Always make clear what are your r esults and what
is known from the literature

We reformulated the sentence:

“The radiometer measurement site is located vargecto the shore of the Gulf of Finland, and oudgthas
revealed considerable differences between the L\AIBeg obtained by SEVIRI over land and over water

areas in the region under investigation.”

L25: - this is not the only interest, | suggest: "T here is
increasing interest in the sub-Arctic region due to the so-called
“arctic amplification” effect that .."

Now the sentence reads:

“The interest of studying the sub-Arctic atmosphisrenhanced due to the so-called “arctic amplificel

effect.”

L28: "The large seasonal and interannual variation in low- and
high-pressure systems and associated environmental variability due
the location of the Baltic Sea between the North At lantic and
Eurasian air masses makes North Europe especially i mportant to
study.."

Corrected, now the sentence reads:

“The large seasonal and interannual variation imv-lcand high-pressure systems and associated
environmental variability due the location of thal Sea between the North Atlantic and Eurasign a

masses makes Northern Europe especially impoxasttitly atmospheric processes (Eriksson et al,)2007

L57: "This study exploits the ... operating at..."

Corrected.

L65 Cloudnet not explained

We added the internet site reference for CloudNET:
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“Roebeling et al. (2008a) determined the accurawy precision of LWP retrievals from SEVIRI on board
Meteosat-8 using 1 year of LWP retrievals from mweave radiometer measurements of two CloudNET

(http://www.cloud-net.org/) stations located in theited Kingdom (Chilbolton) and France (Palais€au)

L112:"in every detail" -> in detail
Corrected.

L125: Order of Dee and Dankers
Corrected.

L133: Channel "at" 1.6
Corrected.

L129: One sentence does not make a paragraph.

Corrected.
L171: Suggestion: Roebeling et al. (2008a) assumed Taylor’s frozen
turbulence hypothesis to relate an assumed wind spe ed of 10 m/s
SEVIRI field of view (4 x 7 km2 resulting in a 20 m in averaging
period which Roebeling et al (2008b) extended to 30 min.

The wind speed assumed in the present study hasgbesn. (See one of the comments above).

L182: The term synchonization does not fit so well - better use
collocation or coincidences.

We would like to keep “synchronization”.

L184: CPH - all acronyms need to be explained perio d assuming the
wind speed about 10 m s-1 and the).

The acronym CPH is explained in the end of Seci@n

L185: I think the argument goes into the wrong dire ction. The MWR
gives you LWP in all situations but SEVIRI can not do so in case
there is ice. Better write "Since SEVIRI cannot ret rieve LWP..."

The sentence has been reformulated:

“Only liquid phase clouds have been consideredetbee all SEVIRI measurements with CPH=2 have been

excluded from further analysis and from synchratiarawith HATPRO results.”

L201: Greuell and Roebeling (2009) studied the inf uence of the
parallax effect (the horizontal displacement of a ¢ loud viewed by
SEVIRI due to its elevated height) on the compariso n of SEVIRI and

ground-based microwave LWP:

We used the definition of the parallax effect thais given by Greuell and Roebeling (2009),
therefore we kept the sentence unchanged.

L285: rain
Corrected.

L354: "The coloured circles...." The figure caption does not need
to be repeated.
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The sentence

“The radii of the circles correspond to the monténgeraged RMSE values.”

has been moved to figure caption.

L369: ..that the possible,

The sentence now reads:

“On the basis of this information we suggest tin&t possible supercooled clouds with simultaneousty

high effective radii can be the indication of thegence of erroneous retrieval results.”
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