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Abstract. In this study the temporal and spatial characteris-1 Introduction

tics of the liquid water path (LWP) of low, middle and high

level clouds are analysed using space-based observations

from the Spinning Enhanced Visible and Infrared ImagerAn essential parameter for monitoring climate variability is
(SEVIRI) instrument onboard the Meteosat Second Generathe large-scale view of the cloud-field distribution. Clouds
tion 2 (MSG 2) satellite. Both geophysical quantities are partinfluence strongly the energy budget and water cycle of the
of the CLAAS (CLoud property dAtAset using SEVIRI) data Earth and have therefore a major impact on the atmospheric
set and are generated by EUMETSAT's Satellite ApplicationState at shorter time periods as well at climate relevant
Facility on Climate Monitoring (CM SAF). In this article we timescales. Due to their complexity in both formation mech-
focus on the statistical properties of LWP, retrieved during@nisms as well as spatial and temporal variability, the knowl-
daylight conditions, associated with individual cloud types. €dge about many cloud aspects is limited. In a recent compar-
We analysed the intrinsic variability of LWP, that is, the vari- iS0n of general circulation models the consistency with ob-
ability in only cloudy regions and the variations driven by Servations differed strongly among the models. In particular,
cloud amount. The relative amplitude of the intrinsic diur- oW clouds accounted for much of the climate sensitivity in
nal cycle exceeded the cloud amount driven amplitude in outhe considered models (Williams and Webb, 2009). Bony and
analysed cases. Our results reveal that each cloud type poQ_ufresne (2005) studied in detail the tropical cloud evolution
sesses a characteristic intrinsic LWP distribution. These frein general circulation models and suggest that the represen-
quency distributions are constant with time in the entire SE-tation of marine-boundary-layer clouds is the main source
VIRI field of view, but vary for smaller regions like Central Of uncertainty in tropical cloud feedbacks simulated by the
Europe. Generally the average LWP is higher over land tharinodels. Satellite data, amongst others, can help to improve
over sea; in the case of low clouds this amounts to 15-27 % ifPur understanding by serving as input for climate models or
2009. The variance of the frequency distributions is enhancedumerical weather prediction models. Jiang et al. (2012) in-
as well. Also, the average diurnal cycle of LWP is related to tercompared 19 climate models in the Cloud Model Inter-
cloud type with the most pronounced relative diurnal varia- comparison Project (CMIP). They documented the improve-
tions being detected for low and middle level clouds. Maps ofment of the description of column-integrated cloud amount
the relative amplitude and the local time of maximum Lwp in more than half of the models from Phase 3 to Phase 5

show the variation throughout the SEVIRI field of view. ~ Of the project. Chlond et al. (2004) modelled the liquid wa-
ter path (LWP) of marine clouds with large eddy simulation

and single column models and stated that clouds remain the
largest uncertainty for assessing the impact of anthropogenic
influence on climate change. Naturally, the complexity of
clouds is not only a challenge for modelling but also for
the retrieval of cloud properties via radiance measurements
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from satellites. The comparability of several satellite-derivedresolution of MSG 2 permits assessing the temporal evolu-
cloud data sets is explored, for example, in the Global Energytion of cloud systems in cloud resolving models and facil-
and Water Cycle Experiment (see Stubenrauch et al., 2009)tates model evaluation studies such as those undertaken in
Retrieval algorithms for cloud properties detection from pas-Hannay et al. (2009), Brunke et al. (2010), or the other above
sive imager instruments on-board the polar and geostationargnentioned articles.
satellites AVHRR, MODIS and SEVIRI are compared inthe  The article is structured as follows: in Sect. 2 the meth-
framework of Eumetsat's CREW (Cloud Retrieval Evalua- ods of the LWP and CTY (cloud type) retrieval from SEVIRI
tion Workshop) project (Roebeling et al., 2012). The mea-measurements are described, Sect. 3 contains the analysis of
sured brightness temperatures and reflectance of clouds déWP with respect to CTY, where the statistical properties
pend strongly upon their macro- and microphysical char-are considered first, followed by a subsection on liquid wa-
acteristics such as cloud amount and cloud top height; theéer in high opaque clouds. The analysis is completed with
droplet size distribution; cloud texture; and the thermody-a consideration of LWP diurnal cycle for several regions and
namic phase. They are also affected by the atmospheric cora comparison with the climatology of microwave-based LWP
ditions and by the respective sun and satellite positions. Havebservations (O'Dell et al., 2008). Also the seasonal varia-
ing a good knowledge of these conditions and positions altions for the considered year are presented in a subsection.
lows the retrieval of cloud properties from the remaining sig- In Sect. 4 the results are discussed taking into account the
nal. limitations of a geostationary imager.

The diurnal or daytime cycle of satellite-derived LWP has
been well documented in several studies (Wood et al., 2002;
O’Dell et al., 2008; Painemal et al., 2012), mainly for specific 2 Generation of LWP and CTY from SEVIRI
regions such as the west coast of South America (Painemal measurements
et al., 2012). The good temporal resolution and high spa-
tial coverage of measurements from geostationary satellitetn this study, non-averaged data of LWP and CTY derived
qualifies the derived cloud properties even more to be analfrom SEVIRI measurements form the basis for the data set.
ysed concerning their diurnal variability. Early LWP studies Both parameters are part of the CLAAS (CLoud property
with GOES 9 measurements were carried out by GreenwaldlAtAset Using SEVIRI) data set by CM SAF (Schulz et al.,
and Christopher (1999); an analysis of LWP diurnal cy- 2009) that includes cloud micro- and macrophysical prop-
cle in marine-boundary-layer clouds with respect to aerosokrties as well as surface albedo and spans the time period
load was undertaken by Chellappan (2011). Comparison2004—-2011. The radiances were measured with the passive
to regional climate model simulations of SEVIRI-derived optical imaging radiometer SEVIRI (Schmetz et al., 2002). It
cloud amount and LWP can be found in Roebeling and Vanis equipped with 12 spectral channels at visible and infrared
Meijgaard (2009) as well as Pfeifroth et al. (2012). Roebelingwavebands. SEVIRI is mounted on the geostationary MSG
and Van Meijgaard (2009) proved the suitability of SEVIRI- satellites, where MSG 1 and MSG 2 measurements were pro-
derived cloud amount and LWP for climate model evalua-jected so that the subsatellite point appears to belatifude
tion. In our study, we go beyond the simplified type of cloud and longitude while they are in operational mode. The hori-
approach and analyse and discuss the relationship betweerontal resolution of a SEVIRI image is 3 km3 km at nadir.
cloud type and liquid water path as they are categorised byHourly radiances from the level 1.5 EUMETSAT (2010) data
CM SAF (EUMETSAT's Satellite Application Facility on were used as input. This was the reprocessed version with
Climate Monitoring). Both variables are derived from the updated radiance definitions (EUMETSAT, 2007). More de-
Spinning Enhanced Visible and Infrared Imager (SEVIRI) tails can be found in Stengel et al. (2013) and in Kniffka
onboard the Meteosat Second Generation 2 (MSG 2) satekt al. (2013a). The Level 1.5 radiances were additionally cal-
lite. Characteristic features of LWP concerning its distribu- ibrated against MODIS Aqua (Moderate Resolution Imaging
tion and diurnal cycle for the individual cloud types are ex- Spectroradiometer on Aqua) (see Meirink et al., 2013). The
plored. The results of the one year time-frame are put intoinput radiance fields were processed with the CM SAF algo-
context with the University of Wisconsin (UWisc) cloud lig- rithms but have not undergone temporal and spatial averag-
uid water path climatology derived from 18 years of pas-ing at that stage. The months considered were January, April,
sive microwave observations (see O'Dell et al., 2008). TheJuly and October 2009, thus giving one representative month
general features of LWP, for example, frequency distribu-per season, in hourly resolution.
tion, average value and diurnal cycle are specified to serve Macro- and microphysical parameters were created with
as characteristic measures in atmospheric numerical modwo independently developed algorithms. The CPP v3.9 al-
elling. More specifically, they can be used to conduct pro-gorithm of CM SAF, developed at KNMI (Royal Nether-
cess studies, assist in the evaluation of microphysical mealands Meteorological Institute), was employed to retrieve
surement experiments such as the airborne probing of cloudthe cloud liquid water path (Roebeling et al., 2006), while
and serve as input for cloud generators and radiative transcloud mask and cloud type are derived with the Satellite Ap-
fer studies on a wide range of spatial scales. The temporaplication Facility on Support to Nowcasting & Very Short
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Range Forecasting (NWC SAF) algorithm v2010 by Météo Table 1. Cloud types of CM SAF CTY parameter and correspond-
France (Derrien, 2010; Derrien and Le Gléau, 2005), see alsig pressure levels (see Derrien 2010).
Sect.2.2for details about both retrievals.

Cloud type p
2.1 Cloud type classification Very low opaque clouds p > 800 hPa

Low opaque clouds 650 hRap < 800 hPa

Medium opaque clouds 450 hRap < 650 hPa
Both macrophysical parameters, CTY and LWP, need the High opaque clouds 300 hRap < 450 hPa
cloud mask as input. The cloud mask is prepared with the Very high opaque clouds p < 300 hPa

NWC SAF algorithm v2010 (Derrien and Le Gléau, 2005,
2010), which is comprised of a sequence of threshold tests
for different combinations of SEVIRI channels at both vis-
ible and infrared wavelengths. The algorithm produces 15algorithms one cloud layer can be detected, in case of multi-
cloud classes and from these classes five more general typésyer clouds only the top layer type will be retrieved.
are derived for the CLAAS data set. CM SAF categorises the Evaluation of the cloud type product is carried out by CM
cloudy pixels into the classes: low, medium, high opaque,SAF as described in Hollmann (2011). Here the cloud type
high semitransparent and fractional, which means that theroduct from two sensors, SEVIRI and AVHRR (Advanced
cloud types are determined from a radiation-based point olery High Resolution Radiometer) is compared. Since the
view. In general, a threshold technique is applied with a se-cloud type classes are not completely equal for the two sen-
quence of various tests using the following channels: 1.6 umsors, two artificial classes are generated, to reduce the data
3.7um, 3.9 um, 8.7 um, 11 um and 12 um. For individual pix-to the least common denominator: high clouds and cirrus
els, the employed test sequence depends on the illuminatiodlouds. The time series of AVHRR and SEVIRI-based prod-
conditions, which can be twilight, daylight or night-time. ucts resemble each other closely in case of high clouds,
Also the geographical location, the viewing geometry, thethough it has to be noted that even with the generation of the
water vapour content and a coarse atmospheric structure aggtificial classes the two products are not completely based
taken into account, where the latter two are both described bpn the same conditions. Both products are also compared
numerical weather prediction data. Vertical profiles of tem- against MODIS which shows 10-20% smaller values (%
perature, humidity and water vapour content from ERA in-is to be understood in absolute units, i.e. 10% cloud frac-
terim were also used. ERA interim is a global reanalysis andiion of type x). This could be expected, because MODIS
is produced within the ERA reanalysis project of the Eu- “High clouds IR” category defines all clouds detected above
ropean Centre for Medium-Range Weather Forecasts (Ded00 hPa, while for the corresponding CM SAF products the
et al., 2011). As a first step, pixels with semitransparent orreference level is 500 hPa. Also the cirrus clouds class is
fractional clouds are identified. After that, the low, middle compared against MODIS, for the SEVIRI product differ-
and high cloud classification is performed by using a thresh-ences between 10-20 % occur, where MODIS gives a higher
old for the brightness temperature of the 10.8 pm channefraction. These can partly be explained by the differences in
that is related to the cloud top height. ERA interim analysisthe reference thresholds for MODIS and SEVIRI, leading to
temperatures at several pressure levels are used to computgore observed clouds with the MODIS instrument, but natu-
the thresholds that allow the separation of very low cloudsrally high and thin clouds can be more reliably detected with
from low clouds, low from medium-high clouds and so on. a spectrally and spatially higher resolved instrument.
From statistical analysis of the cloud top pressure, which is For a typical CTY field with liquid water and ice pixels on
assigned afterwards, five cloud top pressure ranges for ththe SEVIRI field of view, also called SEVIRI disc, see Flg.
different cloud types resulted (see Tallye For cloud type, on the left hand side. In this snapshot all cloud types are
pressure and cloud liquid water path the NWC SAF cloudpresent, at the same time low and high opaque clouds dom-
mask is used as input. A type is only derived for a pixel thatinate most of the cloudy regions. The corresponding LWP
was masked as completely cloudy. Mainly cloud-free pixelsvalues are displayed on the right-hand side. The LWP field
with inherent sub-pixel cloudiness are ascribed to the fraccovers a smaller region due to the restriction of both, the
tional cloud class without further testing. viewing zenith angle and the solar zenith angle being smaller
The 15 cloud types that originally result from the algo- than 72 (Stengel et al., 2013). Also note that particularly in
rithm (see Table) are grouped by CM SAF into five more the tropical regions the cloudy pixels are often icy on top, in
general classes which are low clouds, middle level cloudsthis figure they are not displayed because of the restriction
high opaque, high semitransparent and fractional clouds. to liquid only pixels. Highest values for LWP can be found
Usually the latter step is done during the spatial andmainly in cloud bands with high opaque clouds, but also low
temporal averaging procedure, but since in this study theand middle level clouds can be associated by the retrieval
non-averaged (level 2) data were analysed, the reclassificalgorithms with high LWP values, for example, Central Eu-
tion was done directly after the CTY-algorithm. With the rope.
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Table 2. Transfer table from sophisticated NWC SAF msgv2012 cloud classes to the general cloud types provided by CM SAF (see Der-

rien 2010).

Cloud type Cloud class

Low clouds very low and cumuliform clouds
very low and stratiform clouds
low and cumuliform clouds
low and stratiform clouds

Middle level clouds medium and cumuliform clouds
medium and stratiform clouds

High opaque clouds high opaque and cumuliform clouds
high opaque and stratiform clouds
very high opaque and cumuliform clouds
very high opaque and stratiform clouds

High semitransparent clouds  high semitransparent thin clouds
high semitransparent meanly thick clouds
high semitransparent thick clouds
high semitransparent above low or
medium clouds

Fractional clouds fractional clouds

2.2 Cloud liquid water path derivation climatological value 8 um is used, which is similar to values
used by Rossow and Schiffer (1999).
For consistency reasons, CPP v3.9 makes use of the Roebeling et al. (2008) validated the retrieved LWP val-
cloud mask processed beforehand. In principle, the retrievayjes with CloudNET data from two measurement sites:
method (Roebeling et al., 2006) relies on the assumptiorChilbolton and Palaiseau. At the two sites, measurements
that cloud reflectance and so SEVIRI's visible channels ar@yere taken with microwave radiometers (MWR). One year of
mainly influenced by the cloud’s optical thickness, whereasmwR-retrieved values were compared to the SEVIRI LWP
changes in the near infrared depend on the effective rayalues, retrieved with the algorithm outlined above. The de-
dius (eff) of the cloud droplets. The 0.6 um channel and rived accuracy is variable and depends on a number of fac-
the 1.6 pm channel proved to deliver the most accurate retors, mainly viewing geometry, collocation uncertainties and
sults (Roebeling et al., 2006). COT angk are determined  the inhomogeneity of clouds. For summer months, daily and
by comparing simultaneously the measured reflectances famonthly derived LWP values agreed within 5gfn cor-
the 2 channels with reflectances in look-up tables for variousesponding to a relative accuracy of 10%. In winter, the
values of COT andesr. The look-up tables were generated accuracy was found to be 10 g which was caused by
with the doubling—adding KNMI (DAK) radiative transfer the unfavourable viewing geometry and the smaller amount
model, which makes use of a doubling—adding method (Depf data available. The diurnal variations of SEVIRI-derived
Haan et al., 1987; Stammes, 2001). In the model, clouds arewp did not differ by more than 5gmn? from the MWR-
assumed to be plane parallel and horizontally homogeneougeasurements.
and they are embedded in a Vertica”y stratified medium al- The CLAAS data set itself has undergone a careful val-
lowing for Rayleigh scattering. Surface albedo is assumeddation process, whose results are documented in the vali-
to have a constant value of 0.1 over land and 0.05 over oceagation report of CM SAF (Kniffka et al., 2013b). The non-
for 0.6 pm as well as 1.5 and 0.05 for the 1.6 pm channel. Theyveraged cloud phase was validated on a pixel-by-pixel basis
droplets themselves are assumed to be spheres with effectivgith CALIOP on CALIPSO (Cloud-Aerosol Lidar with Or-
radii between 1 and 24 um and an effective variance of 0.18hogonal Polarization on Cloud-Aerosol Lidar and Infrared
in their gamma type distribution. The cloud liquid water path pathfinder Satellite Observations). LWP was also compared

is finally retrieved via the relation (Stephens, 1978): against MODIS on a nonaveraged pixel-by-pixel basis; LWP
2 and CPH (cloud phase) were compared using the complete
LWP = éCOTreffP (1) time series of monthly mean values.

] . ) o ) _ The 8 year cloud-phase time series of CLAAS was com-
with p being the density of liquid water. The retrieved parti- pared to the MODIS Optical and the MODIS Infrared data

cle size values are unreliable for optically thin clouds andgg¢ (Meirink et al., 2014), it generally agrees with both, but
so for clouds with cloud optical thickness CQ&I8, the
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Fig. 1. Left: cloud type for liquid and ice pixel on full SEVIRI disc with horizontal resolution 3kr8 km at subsatellite point, the red
squares depict the two regions of interest, right: liquid water path; both at 11:45UTC, 10 October 2009.

best with the MODIS-IR product. When studying the spa- All cases refer to the intrinsic variability of LWP. This
tial patterns, differences in the liquid cloud fraction over the means we have only taken into account liquid-filled pixels
tropical land and the liquid cloud fraction in the Sahara and atto eliminate the effect of changes in CFC in, for example, the
high solar zenith angles can be noticed. In CLAAS, the clouddiurnal cycle of LWP. The comparison with the LWP clima-
fraction over the tropical land is larger than in MODIS but tology of O'Dell et al. (2008) is an exception for the sake of
smaller at high solar zenith angles and in the Sahara, whereomparability. Here we also took the chance to demonstrate
the liquid fraction is inherently uncertain due to the generally CFC and LWP diurnal fluctuations for a predefined region.
small cloud fraction. In the following, 4 different cases are analysed: first a gen-

The liquid water path time series of CLAAS and MODIS eral full disc analysis including cloud class, land and water
are in very good agreement; in particular the seasonal cyclélistinction for four months in 2009, second a European anal-
is nearly identical. Also the spatial patterns that are producedssis heterogenous for land and water pixels, third the low
by MODIS and SEVIRI are in good agreement, though dif- cloud deck off the coast of Namibia and Angola analysis
ferences can be found in regions with strongly broken cloudwith oceanic low clouds including a comparison to a cloud
cover (e.g. the South Atlantic trade cumulus region), wherewater path climatology derived from passive microwave ob-
the algorithms have different treatments of clear-sky restorakervations (O’Dell et al., 2008) and fourth a comparison of
and the pixel resolution has a great effect. CPH, LWP and.WP diurnal cycles for four months and all cloud types on
cloud fractional cover (CFC) including CTY meet the re- the Northern Hemisphere.
quirements for a qualified data set of the CM SAF project
(Kniffka et al., 2013D). 3.1 General characteristics of distributions and

statistical properties

Analysi L .
3 aysis One objective of the present study is to explore the poten-

This analysis is based on level 2 data sets of CTY and LWp,tiaI for parameterisation of LWP in relation to CTY suitable
with CPH as auxiliary data. Four months of 2009 were anal-for process studies or model evaluation and testing. From
ysed instead of averaging over a complete year in order t&ach pair of LWP and CTY fields frequency distributions of
highlight the effect of the individual seasons. In the follow- LWP were determined for the individual cloud types, where
ing, only those pixels that were marked as filled with liquid e pixels were sorted with respect to local time. It was
water were considered; ice or mixed phase pixels were exfound that the shape of the frequency distributions them-
cluded from the discussion. The analysis was restricted t€lves remained constant with time, when larger areas are
liquid cases since the two branches of liquid and ice retrievafonsidered, e.g. half of the SEVIRI field of view. Bugliaro

in the CPP algorithm are not comparable. Ice crystals havét &l (2011) evaluated the cloud property retrievals used by
a larger variety of shapes, for example, hexagons and clusCM SAF with simulated satellite radiances based on the out-

tered pieces in various forms, as opposed to spherical liquidUt of the COSMO-EU weather model. It was found that CM

droplets. Therefore more assumptions have to be made cor?AF’s algorithms are capable of reproducing the predeter-

cerning the shape of the particles in the retrieval of ice watefMined LWP distribution regarding the form (modal classes
content. and skewness), with a slight overestimation of the histogram

peak location and an underestimation of the peak number of
occurrences.
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Fig. 2. Frequency distribution of LWP for 4 cloud types, average from the SEVIRI disc for 7 October 2009. Upper left: low clouds; upper
right: middle level; lower left: high opaque; lower right: high semitransparent.

The distributions for all points in time and all cloud types  Middle level clouds possess a larger spectrum of LWP,
are unimodal and positively skewed. With these constanthe average values are between 153.8¢rn July and
properties it is possible to characterise the liquid part of174.8gnT2 in October while the variance lies between
a cloud type as having a certain distribution. For a mathemat51.5 gnv2 in April and 58.1 gn72 in January.
ical description either a log-normal distribution or a gamma The distributions with highest absolute values can be
type distribution has to be chosen. The non-zero skewnes®und in the high opaque cloud class, for which the distri-
forbids description with the help of a Gaussian distribu- bution is not as broad as for middle level clouds. For these
tion. This corresponds to the findings of de la Torre Juarezlasses, the average values range from 148.8%im Jan-
et al. (2011) who derived fitting functions for the probabil- uary up to 187.3gm? in April. The variance changes be-
ity distributions of LWP amongst other cloud properties re- tween 50.3gm? in October and 59.2 gn? in July. High
trieved from MODIS-Aqua. In their work, the best fit was semi-transparent clouds again have smaller average values
found to be either a log-normal or gamma type distribution, compared to the high opaque class (34.4¢grmn April —
depending on the considered spatial scale. Unlike in Consi43.9 gnT2 in October) and the most narrow distributions of
dine et al. (1997), who proposed Gaussian distributions inall (variance: 11.0 gm? in April — 16.0gnT2 in January).
case of very large cloud fractions close to 100 %, a GausMore figures on averages and variances for the complete
sian distribution was never found to produce the best fit. TheMSG disc as well as a subset for Europe can be found in
gamma type distribution has also been observed from shipTable4.
based as well and airborne measurements (McBride et al., As a next step, let us consider specified regions. A dis-
2012). tinction between land and water pixels leads to the follow-

In general, the CLAAS distributions of the LWP can be ing observations: distributions appear broader for land pix-
characterised as such (Fi@. low clouds show on average els than for water pixel. This means that the variance is
a rather narrow highly peaked distribution with small LWPs greater and more high LWP values are measured. On aver-
of approximately 67.2-86.2gM™. The averaged variance age LWP is higher over land than over sea: for example low
ranges from 21.9 to 29.7 gTA. clouds show the following behaviour: in January 98.8¥m

over land compared to 84.0 grhover sea; April: 78.4 gm?
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Fig. 3. Averaged proportion of cloud types from the cloudy fraction in 2009 based on monthly mean data; left: Europe; right: SEVIRI disc.

and 65.4gm?; July: 79.3gn1?, 63.4gnT2; and October:  the proportion of the cloud types — middle level, high opaque
108.6 g2, 79.2 gnT2. In Table3 the average values for all and fractional — do not change vigorously during the months
cloud types can be found for the SEVIRI disc, where we alsoof 2009, but in the summer month the low cloud class frac-
distinguish between land and water pixel. The enhancementon increases to exceed the high semitransparent one. In Eu-
of LWP above land is particularly visible for high opaque rope, the monthly variation for all cloud types is generally
and middle level clouds. The difference is more pronouncedbigger compared to the results for the full SEVIRI disc with
for October and January than for April and July. The peaks inan exception: the seasonal variation of low clouds is bigger
the distributions of high opaque and middle level clouds havefor the SEVIRI disc. Most noticeable in the European sea-
lower values, nevertheless the peaks occur approximately isonal variation is the increase in fractional clouds during the
the same LWP bin (not shown in the table). The differencessummer months that is not visible when considering the full
in the distributions of LWP between land and water pixels aredisc and the subsequent increase of the high opaque cloud
likely due to several factors. The albedo of the land surfaceclass from September to December. This might indicate that
is much more variable relative to that over the ocean, whichthe increase is caused by seasonal changes in the circulation
will affect convective processes due to solar heating variapattern. A shift of the general circulation, such as the merid-
tions. Also the formation of clouds over ocean is influencedional movement of the polar front, has an observable effect
by the temperature of the underlying sea current that usuallyn this small subset of the SEVIRI disc.
fluctuates more slowly than the surface temperature of land. The differences become much more noticeable when con-
In addition, the orography has an effect on the atmospherisidering smaller timescales. For October 2009 daily aver-
flow and influences the formation of clouds. On the micro- ages of LWP were calculated from the non-averaged data for
physical scale, aerosol over land is of a different type thanthe European region. The average is a daylight-only average,
that over sea and is also more variable in composition. Ad-that is, where the solar zenith angle is smaller thah The
ditionally the number density concentration is mostly highertime series for low clouds is displayed in the upper panel in
over land than over ocean. Over the Atlantic ocean, sea saFig. 4 together with the daily averages.The time series of the
dominates together with mineral dust from the Saharan desedaily averages shows a pronounced temporal variation with
(Prospero et al., 1983). apparently periodic fluctuations. The repetition period is in
The second focus was placed onto analysing a smallethe order of several days, which corresponds to the timescale
and more heterogeneous region from the SEVIRI disc, wereof synoptic features such as cyclones and anticyclones. The
the surface type (land or water) should vary on a compa-auto-correlation function reveals, that the fluctuations solely
rably small length scale. Central and Western Europe (beappear to be periodic, which can be expected for a single
tween 36 N and 60 N and 10 E and 30 W) were chosen, month of data within a chaotic dynamic system. It has to be
see Figl. No distinction between land and water pixels was noted that in Fig4 all available points in time were plotted,
made. The frequency of occurrence of different cloud typesregardless of a possibly low number of observations during
in the total cloud coverage is slightly different for Europe sunrise and sunset times due to the varying solar zenith an-
than for the full SEVIRI disc. The most striking feature is, gle. The low values during these times might have a compa-
that the relations are not constant with time, as can be seen irably large retrieval error, see below for details. Nevertheless,
Fig. 3. In here, the share of the individual cloud types from low LWP values at the respective hours in approximately this
all cloudy pixels is displayed. On the left hand side the fig- region are also simulated with the regional climate model
ures for Europe, spatially averaged from the monthly mearRACMO?2, see Roebeling and Van Meijgaard (2009). How-
data product of CM SAF for the months of 2009, are shown;ever, the auto-correlation function is not influenced at larger
The full disc data can be found to the right. On the full disc, time lags and an exclusion of the early morning and evening
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Table 3. Average LWP (gr2) for land and water pixels on the SEVIRI disc for January, April, July and October 2009, only filled pixels
were averaged.

Low Middle level Highopaque Highsemi. Fractional

Land

Average values

Jan 98.8 199.8 206.0 41.1 8.9
Apr 78.4 181.5 202.2 37.4 9.3
Jul 79.3 161.2 239.4 39.0 9.2
Oct 108.6 215.3 234.7 50.1 9.6
Variances

Jan 275 53.7 48.7 12.0 29
Apr 23.6 48.7 42.3 11.7 2.7
Jul 26.2 52.4 41.7 12.6 3.0
Oct 27.4 53.6 44.8 125 3.0
Water

Average values

Jan 84.0 139.4 140.3 40.6 6.7
Apr 65.4 141.6 176.5 29.5 6.3
Jul 63.4 143.4 154.3 325 5.8
Oct 79.2 150.8 149.4 37.2 6.3
Variances

Jan 27.4 52.6 48.8 14.9 2.4
Apr 19.7 46.0 44.8 8.9 1.9
Jul 19.5 49.4 40.2 11.0 1.9
Oct 22.5 47.3 42.4 10.8 2.0

hours does not lead to a better representation of synoptic fea- 120
tures. lgg
As can be seen from Tablg the monthly mean values 60 32 B
show enhanced LWP values (on average) for middle level and = 405cco, , % oo o o0 0 o g C o ®
high opaque clouds. On the contrary, the LWPs of the high % %ooj%iojoi%w;;goQowwooo O S0 ]
semitransparent and the fractional cloud classes are smaller o 200 400 600 800
in Europe, compared to the full SEVIRI disc. A typical un- Fours from 01/10/2009 00:00
certainty is caused by the viewing geometry of SEVIRI since
it is mounted on a geostationary satellite: the cloud amountz
and also the liquid water path are dependent on the lines
of sight through the atmosphere, and so the uncertainty in-S
creases towards the rims of the disc, see the validation reporf(’
for CLAAS (Kniffka et al., 2013b). Due to the slant line of
sight at high viewing angles, gaps between clouds cannot be Lag [days]
seen properly, so the detected CIO.Ud amount will be'too h.lgrl:ig. 4. Upper panel: time series of LWP for low clouds in Europe,
towards the rims of the SEVIRI d'S_C' The LWP retrieval is 10/2009, diamonds depict spatial averages for Europe of the indi-
also affected, but not as systematical as cloud amount, be&jiqya) time slots, i.e. one diamond per hour; the red line shows
cause LWP depends on the type of cloud, particularly its verhe daily averages of the respective data points; lower panel: auto-
tical and horizontal structure. For a study analysing the decorrelation function of daily averaged data.
pendence of COT retrieval on the viewing angle of MODIS
see Varnai and Marshak (2007).

The heterogeneity of clouds has multiple effects on the
retrieval accuracy of cloud properties. For SEVIRI's pixel
size, two kinds of error are relevant: the plane-parallel
bias and the shadowing-illumination error. Schutgens an
Roebeling (2009) state, that the shadowing-illumination

P [g/m?

OO RO
PR

Autocorrelation of daily means

error dominates at shorter spatial scales about 1 km. So the
retrieval of LWP for SEVIRI is mainly affected by the plane-
arallel bias. The plane-parallel problem, which arises when
neglecting the varying spatial structure of a cloud within
a pixel was widely investigated by many groups. In general,
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Table 4. Average LWP (gnT2) for Europe and SEVIRI disc for January, April, July and October 2009 based on level 2 data, only cloudy
pixels were averaged.

Low Middle level Highopaque Highsemi. Fractional

Europe

Average values

Jan 89.0 189.8 176.6 50.4 6.8
Apr 68.0 161.6 350.1 335 5.6
Jul 74.6 174.7 220.6 29.5 5.0
Oct 86.7 2125 229.1 34.9 5.8
Variances

Jan 6.1 12.0 12.9 34 0.4
Apr 7.0 16.9 20.4 3.8 0.6
Jul 8.7 20.2 14.8 3.6 0.6
Oct 7.0 15.4 15.4 3.1 0.5
SEVIRI disc

Average values

Jan 86.2 155.5 148.8 435 7.3
Apr 67.7 162.8 187.3 34.4 6.9
Jul 67.2 153.8 172.1 36.9 6.5
Oct 82.5 174.8 166.2 43.9 7.1
Variances

Jan 29.7 58.1 55.3 16.0 2.7
Apr 21.9 51.5 53.0 11.0 2.2
Jul 22.7 54.8 59.2 13.0 2.3
Oct 24.8 53.9 50.3 12,5 24

most studies conclude, that the plane-parallel bias causes arompared LWP from synthetic 100 m cloud fields to LWP on
underestimation of COT, which in turn causes an underesSEVIRI's pixel size.

timation of LWP. At the same time, the effective radius is The connection between high-semitransparent clouds and
often overestimated. Both effects tend to compensate eacliquid water can only be rated as approximate, because of
other when deriving LWP. But the magnitude of the effect an inconsistency between cloud top temperature (CTT) from
depends strongly on the geometric formation of the cloudthe msgv2012 algorithm and the one used for the derivation
fields and the viewing conditions (see Marshak et al., 2006:0f the cloud physical properties. In CPP v3.9, the cloud top
Iwabuchi and Hayasaka, 2002; Barker et al., 1999). Theretemperature is derived from the 10.8 um channel where a lin-
fore most studies consider the average effect of a small samear relationship between radiance and CTT is assumed and
ple of test cases or have to limit the studies with certain con-the infrared emissivity of the cloud (Roebeling et al., 2006).
straints (e.g. Schutgens and Roebeling (2009) limited theiWhile this performs well in most cases, it leads to greater dif-
study to cloud fields that were at least 25 km contiguous butferences between the two independently derived CTTs in the
not patched fields). Marshak et al. (2006) showed, that thecase of high semitransparent clouds where a more sophisti-
sign of the differences in effective radius and cloud opti- cated method would have to be used to refine the results.

cal thickness retrieval depends on the cloud’s structure and

the viewipg condiFi'ons (i.e. ma.inly the sun zenith angle ar?dLiquid water in high opaque clouds

can be either positive or negative). The bias varies also with

cloud type in terms of heterogeneity (i.e. stratiform or cu-
mulus cloud cover). So an overall estimation of retrieval er-

ror cannot be given in this paper, but Schutgens and Roebe The majority of those clouds are regarded as having a cloud

ing (2009) who originally studied the sources of error whent p consisting of ice particles. While this is the case for most

validatin nsor with other m rements, al nal . . o .
alidating a sensor with other measurements, also a aYSeg oudy pixels in the analysed scenes, it is not true for all high

the influence of the plane-paraliel assumption on the I‘Wpopaque cloud fields. First of all, measurements of SEVIRI

retrieval, especially for SEVIRI scenes, and the algorithm !
S .__always provide a snapshot of the current state of the atmo-
used for the derivation of the CLAAS data set. The median : -
sphere and therefore contain also clouds that are still in the

of the LWP bias amounted te3.3gn12. Here the authors L . .
process of glaciation, which occurs at timescales of the order

It may seem a little optimistic to show distributions of lig-
id water for high clouds, for example high opaque clouds.
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Fig. 5. High opaque clouds with liquid water on top; left: over ocean (10 October 2009, 11:45 UTC)); right: British Isles land and ocean
(20 October 2009, 11:45 UTC), only pixels with CET—38°C.

of a few minutes (Ansmann et al., 2009) or even up to tens To be more precise, the CTT provided from the cloud de-
of minutes depending on certain atmospheric conditions suclection algorithm is not entirely the same as the CTT that was
as ice nuclei concentration or updraft velocities (Korolev andused for the retrieval of LWP. Therefore some discrepancies
Isaac, 2003). From the experimental side, supercooled ligin individual pixels can occur with CTk —38°C and cloud
uid water can be found in clouds down to temperatures ofphase set as liquid. The number of falsely classified pixels is
—37.5°C, as was experimentally proven by Rosenfeld andvery low, about 4 x 10-3 % in our considered months.
Woodley (2000). They conducted in situ aircraft measure- Also the number of high clouds that are flagged as liquid
ments in deep convective clouds and found that most ofis fairly small compared to the other cloud types. To make
the condensed water remained liquid untiB7.5°C. The  our results more plausible, we further restricted the fields for
amounts of detected liquid water content were not negligibleOctober 2009 using the corresponding CTT. Cloudy pixels
with values between 0.4 and 4.0 gdhmeasured during sev- of liquid phase were only considered to be valid if the cloud
eral passages through the same cloud fields. This suggest®p temperature was warmer tha38°C.
that the large amounts of supercooled water are not tran- In Fig. 5 a typical example of CTT for day 22 of Oc-
sient features. Freezing times were about 7 min. Rosenfeldober 2009 is shown. Only the pixels with high opaque
and Woodley (2000) suggest that in those cases heteroge&louds and phase liquid plus the restriction of C¥ F+38°C
neous freezing plays a minor role and homogeneous freezingre displayed. We found that the pixels are not randomly
is the main glaciating mechanism. In a further study by Khaindistributed, but form contiguous areas. Also the pixels are
et al. (2001), the mechanisms leading to these supercooledot preferably situated in regions with high viewing angles,
cloud water droplets are simulated with the bin microphysicswhere the detection of clouds becomes more complicated due
Hebrew University cloud model (HUCM). Supercooled wa- to the slant viewing geometry. High opaque liquid cloud pix-
ter at low temperatures was most often found for cloud fieldsels are found both over water as well as over land, as can be
with high cloud condensation nuclei number concentrationsseen in the cloudy regions in Fi§. On the left hand side
together with high vertical velocities. The authors argue thatthe pixels lie over water, on the right hand side the cloudy
the existence of large amounts of liquid water at heights uppatches can be found both over water and over land. No de-
to 9 to 10km seems to be a common feature of deep vigpendence on the underlying surface could be found.
orous convective clouds, but is not often modelled by cloud The number of pixels with high opaque clouds and lig-
modellers due to gaps in knowledge and a lack of parameterid water and CTT> —38°C is much smaller compared to
isations for some microphysical processes. Particularly theother cloud types for the same conditions. When averaging
rate of drop freezing seems to be overestimated significantlythe data for October 2009, the cloudy pixel that satisfy the
mostly in the temperature range froa82 to—38°C. above conditions consist of 87.3% low clouds, 3.6 % mid-
Another question arises when dealing with multi- dle level clouds, 0.24 % high opaque clouds and 8.8 % high
algorithm data: could the cloud phase attached to the cloudgemitransparent clouds. So the number of high opaque pixels
pixels that were identified as, for example, high opaque bds approximately 7 % of the number of middle level clouds.
erroneous? In the present study, CFC and LWP are derive&till the number is not negligible, and somewhat corrobo-
with different algorithms and so are inconsistent in a numer-rates the findings of Khain et al. (2001). A more detailed
ical sense, so it might be possible, that the phase “liquid” isanalysis of this subject can be found in Hogan et al. (2004).
attached falsely to a cloudy pixel. The authors measured the global distribution of supercooled
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water clouds by analysing data from the Lidar In-space Tech- Mean LWP, October 2009 \
nology Experiment (LITE). The lidar, which was mounted | Ceenena. T e I
on a space shuttle ha.d the advantage of prowdmg.a view o geaa.. o igh Opaqe i
from above, as a satellite instrument does and so delivers re- i B e Sl B
sults that are suitable for comparison with our data. In this - o AlTypese 3

study, the highest amounts of the coldest supercooled clouds 400} 4
were found in the midlatitudes of the Northern and Southern ]
Hemisphere, but not in the region of the Intertropical Con-
vergence Zone. Also Hu et al. (2010), who studied the oc-
currence of supercooled water clouds with CALIPSO found
supercooled clouds mainly in the mid- or high-latitudes, as-
sociated with storm-track regions. This corresponds roughly ]
to our findings for October 2009, but a more careful study - e e e e E
with a broader database would have to be made. 1
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Directly from the level 2 data, monthly averaged diurnal cy- Fig. 6. Average diurnal cycle of LWP for distinct cloud types (filled
cles of LWP were created per cloud type for the Northernsymbols) and the corresponding number of occurrence (correspond-
Hemisphere of the SEVIRI disc. Only cloudy pixels were ing open symbols), October 2009. Level 2 data from the North-
averaged, i.e. we consider the intrinsic diurnal cycle of Lwp.ern Hemisphere of SEVIRI disc were considered; cloud-free pixels
The local time of the individual data points was taken into were not |r1_cIqueq in the average, i.e. variations in the average are
account by sorting the pixels into time zones. In Faghe caused by intrinsic LWP variability.

results for October 2009 are displayed; it should be noted

that the algorithm yields results during daylight only, that is,

where the solar zenith angle and the viewing angle of SE-directly be compared. Further studies are required to confirm
VIRI are smaller than 72 Additionally, the average diurnal the observations and to analyse the effect on cloud optical
cycles are only displayed when the number of observationghickness or the radiative budget, respectively.

for the individual hours was not smaller than 1% of the av- In Fig. 6, also the number of observations is depicted, to
erage number of observations. We also considered only thélustrate the dependence of the CPP algorithm on the illumi-
hour for which the retrieval was made, not the minutes, sonation conditions. For solar zenith angles above 7@ use-
11:45a.m. at ®longitude would be sorted into 11:00a.m. ful information can be retrieved for the liquid water path and
for example, which leads to slightly asymmetric curves. Theso in conjunction with the viewing geometry of the geosta-
LWP shows diurnal variations for all cloud types, with the tionary MSG 2 satellite the number of observations is mainly
middle level and high opaque cloud types having the biggestlependent upon the time of day, or rather the length of an
amplitude. The LWP of low clouds shows maximal values in individual diurnal cycle is dependent on its latitude. With av-
the morning hours and around midday, whereas middle levekraging over a large area with a large latitude range individ-
clouds peak in the afternoon (local time). The diurnal ampli- ual characteristics of cloud fields are lost, but the objective at
tude of low clouds is very pronounced in the Northern Hemi- this point of the article is to demonstrate the overall proper-
sphere; not only in October but on average it reaches 29.1 %ies of the diurnal cycle seen by SEVIRI, the analysis will be
of the mean LWP and at maximum, which is in April, 56 % of focused on smaller areas below.

the mean LWP value (not shown in Fig). Pfeifroth (2009) Marine-boundary-layer clouds are a major source of un-
analysed the diurnal variation of CFC from SEVIRI gener- certainty for cloud radiative feedbacks, as stated in sev-
ated by CM SAF for the year 2008 and found that the averageeral publications (see Chlond et al., 2004, Seethala and
CFC has a relative diurnal cycle of less than 30 % of the averHorvath, 2010 or Wood and Hartmann, 2006). Therefore, the
age CFC for 58.5 % of all considered pixels in the Northernclimate modelling community would greatly benefit from ac-
Hemisphere. In relative terms, this indicates that LWP cancurate LWP measurements of marine-boundary-layer clouds.
be more variable than the cloud fraction from SEVIRI dur- Since those clouds are relatively optically thin, their radia-
ing a day. LWP and CFC fluctuations cannot be comparedive impact is very sensitive to their vertically integrated lig-
directly; CFC fluctuations for example result only from vari- uid water content (i.e. the LWP) (Turner et al., 2007). The
ation in the horizontal direction, whereas LWP is a result of cloud deck off the coast of Africa, approximately at Namibia
variability in three dimensions. Nevertheless both kinds ofand Angola serves as an example of marine-boundary-layer
fluctuation cause variations in cloud optical thickness whichclouds that consist mainly of water. This special region shall
again influences the radiative budget. The effect of intrinsicbe considered in more detail. Therefore, a field between
and external COT fluctuations on the radiative budget coulds® W-15 E and 30 S-10 S was cut from the MSG data
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Fig. 7. Average intrinsic diurnal cycle of LWP for 4 months in 2009 for the cloud deck off the coast of Namibia and Angola; left: low clouds;
right, middle level clouds. Cloud-free pixels were not included.

(compare Figl) for LWP and CTY. Level 2 data from the development and changing its cloud type class. To illustrate
months of January, April, July and October were averaged tahis effect, we analysed the above mentioned region off the
form monthly mean diurnal cycles for the respective cloud coast of Africa, which should provide a temporally stable
types. cloud layer. Stable is meant in a sense that this layer stays

In Fig. 7 the average diurnal cycle of low and middle level in more or less the same geographic location and CFC is
clouds for the cloud deck is shown. As can be seen on theoughly constant in the time frame of a month. Hence the
left hand side, the diurnal cycle of low clouds shows a strongobserved changes in CTY and LWP should result mainly due
morning maximum, tending to decrease during the day ando internal developments of the cloud deck during daytime.
then increase again at around 02:00 p.m. local time. This idn Fig. 8, the average diurnal cycle of LWP together with
valid for the months January, April, July and October. Di- the number of observations is displayed for the cloud deck in
urnal variation similar to this is caused by solar absorptionApril 2009. The LWP of low clouds is highest in the morn-
where the cloud top is heated during daytime, which leads tdng hours and decreases during daytime, also the number of
the evaporation of cloud droplets which in turn leads to evap-observed low clouds decreases until 12:00LT and increases
oration cooling and subsidence of air parcels from the cloudafterwards. The numbers of middle level and high semitrans-
top and thinning of the cloud cover (Chlond et al., 2004). Onparent clouds show a similar development. At the same time
the other hand, radiative short-wave heating diminishes thehe number of fractional clouds increases to reach a max-
vertical temperature gradient in the clouds and inhibits ver-imum at 11:00 LT, plus the number of high opaque clouds
tical motion (Chlond et al., 2004). This diurnal cycle can be increases until 10:00LT before decreasing again. Because
simulated for example with a large eddy simulation model bythe cloud deck as a whole is fairly stationary, this indicates
including short-wave heating (Chlond et al., 2004). A sim- a transition of clouds from one type to another in this region.
ilar behaviour was also observed with the imager on geo-We are aware that this study can give only a rough impression
stationary GOES 9 off the coast of California (Greenwald on the possibility of cloud class transition and that a tempo-
and Christopher, 1999), where a low stratocumulus field ex+ally and spatially much higher resolved analysis would be
ists similar to the one off the western coast of Africa. Wood needed to make a more quantitative declaration for this spe-
et al. (2002) propose fitting coefficients for the diurnal cy- cific region. For example we neglected the possibility that
cle of LWP for low clouds. The fitting coefficients in Wood high clouds can obscure lower cloud layers and a clearing of
et al. (2002) for a sinusoidal curve were derived from the mi-high clouds makes the lower layers detectable for SEVIRI
crowave radiometer data of the TMI (Tropical Rainfall Mea- which in turn changes the number of detected low clouds.
suring Mission Microwave Imager), yet our findings confirm  For further characterisation, the diurnal cycles of LWP
that this would be a valid approach. The middle level cloudsderived from SEVIRI were compared to climatological di-
on the right hand side do not show such a constant shaparnal cycles derived from passive microwave observations
of diurnal cycle; in January and April the maximal value is (O’Dell et al., 2008). From this climatology a small sub-
reached in the early afternoon, whereas in July and Octobeset was processed for our region specified above. We show
the maximal values appear in the morning, although the maxeomparisons only for this region because the probability for
ima were quite unpronounced. mixed-phase and ice clouds is low. LWP in mixed-phased

Here we consider the possibility of particular clouds clouds is detected by microwave observations and cannot be
to develop during a day, for example, through convectivefiltered from the climatology. In Fig9 a direct comparison
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Mean LWP, April 2009 \ LWP data set from which the climatology was derived with
600 AR MODIS measurements. Coinciding overpasses from two
B e+ 1 months of data were directly compared, the bias was found
889000 High Semitransparent m 107 to be 10.0gm? with an RMS difference of 17.0gn?.
i o DR AllTypes @ CLAAS LWP was also compared against MODIS for in-
400~ +10° dividual scenes, the bias is 1.2 gfand the RMS differ-

ence 38.0gm?, the probability of detection of clouds with

% ;1055 COT < 0.1is 0.65 for the CLAAS data set when compared to
g ER CALIPSO (Kniffka et al., 2013b). So the deviation between
- ] 0F CLAAS LWP and the microwave-derived LWP can be ex-
20017 ERd pected to be close to 10.0 grhwhen considering co-located
measurements. The observed deviation of the SEVIRI mea-
. +410° surements from 2009 and the microwave climatology lies in
L . LI ] the range of 2—40 gn? and can be explained by yearly fluc-
ol ot et e tuations. For the retrieval of LWP from SEVIRI, the common
0 5 0 e ol 15 20 2 assumption that liquid water content (LWC) is constant with

height was applied. Wood and Hartmann (2006) applied in
Fig. 8. Filled symbols: average intrinsic diurnal cycle of LWP for their study on LWP in marine low clouds a LWC profile that
distinct cloud types in the cloud deck off the coast of Namibia and |inearly increases with height as is often observed in marine
Angola, April 2009; corresponding open symbols: respective num-stratiform cloud cover. The profile assumption was applied
ber of observations. to MODIS measurements in their case which is quite compa-

rable to the SEVIRI instrument and LWP retrieval. The LWP

was reduced by a factor of 6 = 0.83 in that study. Applica-
between the SEVIRI derived LWP values and the microwavetion of this LWC-profile to SEVIRI data would shift the 2009
measurements (aggregated from SSM/I, TMI and AMSR-Edata to the microwave data, but since the latter is a climatol-
data) can be found. The microwave data are climatologicabgy and the deviation in an acceptable range, no attempt is
average values from the years 1988-2008, the SEVIRI dataone for the present study. Chellappan (2011) compared CM
are monthly averages from the year 2009. For a better comSAF LWP to TMI in the South Atlantic, including our region
parability also cloud-free pixels were included for the SE- of interest, together with aerosols. They also found gener-
VIRI data and no distinction between cloud types was madeally higher LWP values derived from SEVIRI, where a better
although clouds in this region are mostly of low type. Addi- agreement occurs during unpolluted episodes. As can be seen
tionally, there was no cloud edge removal in the SEVIRI dataon the right hand side of Fi@, with SEVIRI it is possible to
in order to give the best consistency with the O’Dell clima- provide high temporal resolution diurnal cycles for the whole
tology where a mixed signal from cloudy and cloud-free por- of a given day, so also the temporal fluctuation of the diurnal
tions is measured with a pixel size of 2% 2.5° as opposed cycles during, for example, a month can be studied in con-
to 0.05 x 0.08° from CLAAS. As can be seen, the shape of trast to measurements from polar orbiting instruments.
the diurnal cycles derived from SEVIRI corresponds reason- The diurnal cycle of LWP is created by either the intrinsic
ably well with the diurnal cycles derived from the climatol- fluctuations of LWP within a cloud field or by the macro-
ogy, especially if the times near sunrise are not consideredscopic change of cloud cover, i.e. the absence or presence of
Particularly April and July show a good agreement in termsclouds in this respect. In Fig.0 we refined the diurnal cycle
of both the shape and magnitude for all the times of the daydescription by splitting the average diurnal cycle into con-
available. Close to the sunrise and sunset hours, the deviaributions from these two parts. The intrinsic share is deter-
tions increase. This is caused by two effects: first, the qualitymined by averaging over all pixels with LW 0.0 gm 2.
of LWP retrieved from SEVIRI is reduced at high solar zenith The macroscopic change in cloud cover is assessed by cre-
angles mainly due to the plane-parallel bias as described imting masks for which a value of 1 is given for a pixel
Sect.2.2 (see also Varnai and Davies, 1999) and second thavith LWP > 0.0gm 2 and 0 for pixels without clouds or
climatology of O’Dell was fitted with a sine curve, which can with ice, subsequently the average of all those pixels in the
lead to increasing differences where(sinis close to 1. mask is calculated. For a better comparability, the result-

The absolute values from the SEVIRI measurements aréng diurnal cycles are displayed in Fig0 relative to their

higher for all months. Since the SEVIRI measurements onlymean values. The intrinsic diurnal cycle represented by the
cover individual months of the year 2009 and the microwave-filled stars can easily be described as sinusoidal with a max-
derived diurnal cycles are based on a 20 year climatologyimum in the morning hours and a minimum in the after-
a quantitative comparison should not be made. Thereforeoon. The liquid cloud fraction contribution (open circles)
we will discuss briefly the expected accuracy of the retrievedhas two maxima; one in the morning and one in the late af-
LWP values. Wood et al. (2002) compared the microwaveternoon with a minimum at midday. As pointed out before,

www.atmos-meas-tech.net/7/887/2014/ Atmos. Meas. Tech., 7, 8815-2014



900

LWP [g/m?]

150 —

100 -

50—

J‘an‘ua‘ly '

October 4

10

Hour of day

15

LWP [g/m?]

. Kniffka et al.:

LWP and CTY from MSG

100~

50—

150

10 15
Hour of day

20 25

Fig. 9. Left: average diurnal cycle of LWP for 4 months in 2009 from SEVIRI (solid lines) compared to climatological values of 1988-2008
derived from microwave measurements (dashed lines), all cloud types in the low cloud deck off the coast of Namibia and Angola. Right:
individual diurnal cycles for October 2009 as seen from SEVIRI, spatially averaged over the low cloud deck region (comgarealsig.
cloud-free pixels were included in the average for consistency with the microwave LWP climatology.
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Fig. 10.Left: relative diurnal cycle of LWP of all clouds in the low cloud deck off the coast of Namibia and Angola as seen from SEVIRI in
October 2009. Right: relative diurnal cycle splitinto the intrinsic variability of LWP (black stars) and the variability caused by cloud fraction
fluctuation.

the relative amplitude of the intrinsic fluctuation is greater the relative amplitude tends to be lower than over land, with
than the macroscopic fluctuation of cloud cover in this re-the exception of the Sahara, where the overall lowest val-
gion. This example demonstrates that it is possible to distin-ues of the relative amplitude can be found. Since the cloud
guish between different sources of variability in the overall fraction of any cloud type is so small in the North African
LWP diurnal cycle when monitoring with SEVIRI. The anal- region, it will be excluded from the discussion. Particularly
ysis of the possible consequences on, for example, the enn the cloud deck off the coast of Namibia and Angola the
ergy budget or the transformation of cloud cover on longerrelative amplitude is low and forms a patch like structure.
timescales remains to be elucidated. Further west towards South America the amplitude increases

The final step of the diurnal cycle considerations is theand reaches values comparable to that over the African conti-
mapping of the intrinsic amplitude of the LWP cycle for the nent or higher. The highest relative amplitude can be found in
entire SEVIRI field of view. the Mediterranean Sea. On the right hand side of Fighe

In Fig. 11 the relative intrinsic amplitude of the daylight corresponding local time of the maximal value of the daylight
cycle of low clouds on the complete SEVIRI field of view is cycle of LWP for low clouds is displayed. In the cloud deck
displayed together with the local time of the maximal LWP off the coast of Namibia and Angola the maximal LWP ap-
value. The measurements were averaged over one month amears in the morning hours around 8 a.m. and 9a.m., also on
regridded to 36< 36 SEVIRI pixel. The amplitude is ex- the northwest African coast and the northeast coast of South
pressed in relative terms, that is, amplitude weighted with theAmerica the maximum appears early. In the other regions,
average LWP of the grid box and the results for April are dis-the maximum tends to be later during the day but not later
played. In the Atlantic Ocean west of the African Continent, than 1 p.m.
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Fig. 11. Left: relative amplitude of the intrinsic LWP cycle of low clouds for April 2009. Right: local time of the maximum of low cloud
LWP in the diurnal cycle for April 2009. One grid box containsx386 SEVIRI pixels, all LWP fields or April 2009 were averaged.
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Fig. 12. Average diurnal cycle of LWP from 4 months in 2009 for the Northern Hemisphere in the MSG disc; upper left: low clouds; upper
right, middle level clouds; lower left: high opaque clouds and lower right: high semi-transparent clouds. Cloud-free pixels were not averaged.

3.3 Seasonal variation mean values are found in October and the lowest in April.
High semitransparent clouds show a maximum in July and
To complete the picture, the average intrinsic diurnal cycles2 minimum in January. Not only the mean values fluctu-
of low, middle level, high opaque and high semitransparentate with time, but also the shape of the diurnal cycle. High
clouds in the Northern Hemisphere are d|sp|ayed in ]_:m opaque clouds are variable in this reSpeCt, in the months Jan-
The seasonal variation is present for all cloud types in theuary and October a local maximum can be observed in the
Northern Hemisphere. Predominantly a shift of LWP from first half of the day, and in April and July a local maximum

one season to another can be detected for all cloud typeg@pPpears in the second half of the day. This qualitative dif-
In the case of low clouds or middle level clouds the highestference indicates that the cloud formation mechanisms are
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complex and vary with time. Even though these differencesclouds of one type that are existing at the individual points in
are not very pronounced, they are observable when averagingme.

over this large area. The diurnal cycle of low clouds in the region off the coast
The shape of the diurnal cycle of the other cloud classes iof Angola and Namibia seems to be driven mainly by solar
rather constant during the four seasons. absorption. A numerical verification of cloud development

Contrary to the marine region considered before, the lowthrough short-wave heating via large eddy simulation can be
clouds here do not possess a pronounced morning maxifound in Chlond et al. (2004). Maps of the relative amplitude
mum, a more striking feature is the second one around midef low clouds and the local time of maximum LWP for the
day, which is also the absolute maximum in the consideredSEVIRI disc revealed, that the amplitude as well as the max-
months. imum time are not constant but show spatial patterns, where

the time of maximum LWP varied from morning to midday

but not later than 1 p.m. and the amplitude was largest in the
4 Conclusions Mediterranean Sea and lowest in the low cloud deck off the

coast of Namibia and Angola.
In this study we analysed the occurrence of LWP depend- The diurnal cycle of middle level and high opaque clouds
ing on cloud type. The objective was to find characteristicis more characteristic of convective development, with the
features of LWP for the individual cloud types. The general clouds developing during the day and containing more lig-
features of LWP, for example frequency distribution, averageuid water in the afternoon. Please be aware that when con-
value and diurnal cycle are specified to serve as characterisidering the complete SEVIRI disc only a rough average is
tic measures in atmospheric numerical modelling. With theseprovided, which sums up all possible mechanisms of cloud
measures, studies for a better description of LWP distribu-development in just one curve per cloud type. Still we would
tion in models under varying conditions, as for example per-consider these curves to be a useful approximation that can
formed by de Roode and Los (2008), are facilitated. Otherserve as prototype clouds in large-scale numerical process
possible applications are process studies or input data fostudies or simulations on longer timescales because on the
cloud generators (Venema et al., 2006) and radiative transfewhole, the energy cycle or radiative cycle can be described
studies on a wide range of spatial scales. They can also prazorrectly with these approximations. Due to the variety of
vide verification in microphysical measurement experimentsprocess that are mixed in regions with frequent frontal sys-
such as the airborne probing of clouds. tem transits, the choice of averaging domain has a consid-

Each cloud type possesses a characteristic average LWerable effect on the observed diurnal cycles of LWP in case
distribution that is rather constant with time for the com- the domains are chosen small. For regions where one cloud
plete area observed by MSG, but variable for smaller re-type predominates and whose development is at the same
gions, for example, Europe. The fact, that the distributions datime mainly driven by one process, SEVIRI-derived diurnal
not change with time when considering the full disc showscycles of cloud parameters are obviously best comparable
that the disc is big enough to cover all cases so the statiswith models, e.g. regional climate models, since the num-
tics derived from such a large spatial field is robust and genber of complications is as small as possible. This is also ob-
eral for most applications. Also the two retrieval algorithms, served in Roebling and Van Meijgard (2009) and Pfeifroth et
msgv2010 and CPP v3.9 are independent enough, so that ora. (2012) who compared SEVIRI-derived cloud parameters
scheme does not limit the sample space of the other: LWP igo the regional climate models RACMO2 (Regional Atmo-
derived by applying the Nakajima and King scheme usingspheric Climate Model version 2) and COSMO-CLM. Roe-
the 0.6 and 1.6 um channels. The CTY algorithm does nobling and Van Meijgard (2009) found a good agreement be-
use the 1.6 um channel, but together with 6 other channelgween diurnal cycle amplitudes of cloud amount LWP for
the 0.6 um channel is needed to distinguish high semitransEurope, where they subdivided the domain into several re-
parent or fractional clouds from the more opaque cloud typesgions with distinct climatic features such as mediterranean
However, for both thin cloud types several tests are appliedstratocumulus region. In the subregions, differences between
which always include the radiance of 0.6 um, either belowmodel and measurement varied and could be traced back
or above the same threshold. Hence the use of the 0.6 o various process that were covered or not covered by the
channel does not influence the frequency distribution of themodel. In the present study we found and presented tempo-
individual cloud types. We studied the diurnal cycle of lig- rally stable average shapes of the diurnal cycle of LWP de-
uid water path for the entire year 2009 and found that thepending on cloud type for large areas such as the Northern
diurnal cycle is dependent on cloud type. It has to be notedHemisphere and also found pronounced spatial variations of
that clouds can develop during a day leading to a differentthe amplitude and time of maximum.
type assignment by the retrieval. So clouds can change from A drawback is the typical problem of an imager mounted
one cloud type class into another, that is, the diurnal cycleon a geostationary satellite: the cloud amount and also the
of LWP of a certain cloud type should be interpreted as be-iquid water path is dependent on the viewing geometry, and
ing composed of the liquid water content averaged over allso the error increases towards the rims of the disc. The line of
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