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Acronyms and Abbreviations

Medium Resolution Imaging

AOPC At.mospherlc Observation Panel for
Climate

AOT Aerosol Optical Thickness

coT Cloud optical thickness

CTP Cloud-top pressure

dof degrees of freedom

Envisat ESA satellite (see
http://envisat.esa.int/)

EO Earth Observation
European Space Agency

ESA (http://www.esa.it/export/esaCP/i
ndex.html)
European Organisation for the

EUMETSAT |Exploitation of Meteorological
Satellites

FUB Free University Berlin

FoV Field of View

GCOS Global Climate Observing System

GEOSS Global Earth Observing System of
Systems

GEWEX Global Energy famd Water
Exchanges Project

GNSS Global Navigation Satellite System

GPS Global Positioning System

HITRAN High-resolution tra?nsmlssmn
molecular absorption database

IR Infrared
GEWEX International Satellite

ISCCP . .
Cloud Climatology Project

TCWV Total Column Water Vapour

L1/L2 Level 1/ Level 2

LBL Line-by-line

LUT Look-up table

MERIS Spectrometer Instrument
(http://envisat.esa.int/)
Moderate  Resolution  Imaging
MODIS |Spectroradiometer (on board the
NASA EOS-Aqua satellite)
MOMO |Matrix Operator Modell
MSG, METEOSAT Second / Third
MTG Generation
MWR Microwave Radiometer
NASA Natu?nlal Ae.ronaut|cs and Space
Administration
NIR Near Infrared
NWP Numerical Weather Prediction
OE Optimal estimation
Ocean and Land Colour Instrument
OLCI )
onboard Sentinel-3
Quality assurance framework
QA4EO )
for earth observation
RTC/ -
RTM Radiative Transfer Code / Model
Radiative Transfer for TOVS (TIROS
RTTOV
© Operational Vertical Sounder)
SoW Statement of Work
SWIR Shortwave Infrared
Total Column Water Vapour
TEW ctewy)
TIR Thermal Infrared
TIROS TeIeV|S|or.1 and Infr.aRed
Observation Satellite
TOA Top of atmosphere
TPW Total Precipitable Water (=TCWV)
VIS Visible/solar part of the spectrum
WMO World Meteorological Organization
WMO UR |WMO User Requirements

1Dvar

1 Dimensional Variational
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1 Introduction

This document provides information on the validation of the OLCI cloud top pressure retrieval as
defined within EUMETSAT’s ‘Cloud Top Pressure development from Sentinel-3 OLCI’ project OCTPO2.

The 1D-var algorithm estimates cloud top pressure, cloud optical thickness, cloud geometrical
thickness and the centre of gravity as well as an uncertainty for each retrieval. The instrument
characteristics of Sentinel-3/0LCl as well as atmospheric properties, relevant for the cloud properties
retrieval, are discussed with a view to validation of the cloud products.

The satellite Earth-observing spectrometer OLCI onboard Sentinel-3 is introduced and discussed with
respect to the task of developing a cloud top pressure retrieval using OLCl’s 02 A-band channels in the
corresponding ATBD of this project (see Preusker and Fischer, 2021).

The upward top of atmosphere radiance within the spectral domain of OLCI’s 02 A-band channels are
shown in Figure 1. The OLCI channels 13, 14, and 15 are selected to support the cloud detection and
to enable the retrieval of cloud properties, mainly the cloud top pressure. There are hundreds of
absorption lines within the 02 A-band but also a few Fraunhofer lines are clearly seen. The nominal
response functions of OLCI 02 A-band channels 13, 14, and 15 as well as the reference channels 12
and 16, which are not or not significantly affected by oxygen absorption lines, are plotted as well.
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Figure 1: Upward top of atmosphere radiance via wavelength; The response functions of the O2 A-band OLCI
channels 13, 14, and 15 as well as the reference channels 12 and 16 are plotted.

2 Cloud Properties Product Validation

The validation of the OCTPO2 cloud products, cloud top pressure, cloud optical thickness, cloud
geometrical thickness, cloud base pressure, and center of gravity is challenging and will be tackled
utilizing ground-based, airborne and satellite measurements.

Before we describe the results of the validation exercises, we shortly explain relevant parts of the
OCTPO?2 retrieval scheme (see ATBD for further details: Preusker and Fischer, 2021). The crucial and
central part of the cloud top pressure retrieval is the forward operator, a module that calculates for a
given state of atmosphere and surface the OLCI measurements. To reduce computational effort, we
are using look-up tables and interpolations therein, which are based on accurate radiative transfer
simulations for the used OLCI bands considering surface reflectivity spectra, surface pressure,
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atmospheric temperature profiles and vertical profiles of the cloud optical and microphysical
properties.

Principally all data that are crucial for the cloud properties retrieval need to be considered in the
simulation, but even in complex air-borne campaigns it is impossible to measure all information on the
vertical profiles of the cloud optical and microphysical properties. Further it is impossible to prepare
and perform all radiative transfer simulations to express the total possible variability of a profile, e.g.,
independent values in each layer, as independent parameters in a LUT, since the size of these tables
would grow very rapidly with an increasing number of parameters (the curse of dimensionality). This
problem can and must be mitigated by using dimensionality reduction techniques.

The profile of cloud extinction is not accessible from the few 02 channels of OLCI, thus, the degrees of
freedom must be reduced to a smaller parameter state space. In addition to the cloud top pressure
and the cloud optical thickness, we are using only two further parameters to describe the vertical
structure of the cloud: the cloud geometrical thickness CGT and the center of gravity COG (the first
moment of the vertical distribution of extinction) as shown in Figure 2, assuming a triangular shape of
the extinction profile. This is simple enough to be tackled by the low amount of information of an OLCI
observation. CGT and COG are parametrized by numbers between 0 and 1. This modus operandi has
two other advantages: first it reflects partly the experimental findings for ice and water clouds, and
second it provides differentiable parameters, advantageous for optimal estimation.

The simulations to generate the LUTs were performed using the Matrix Operator Model (MOMO,
Hollstein and Fischer, 2012). The absorption due to atmospheric gases, namely oxygen, has been
calculated by using HITRAN 2016, updated by Drouin et al. (2017). The k-bins are estimated by using
the approach from Doppler et al. (2013) and updated by Preusker and Fischer (2019). The radiances
were calculated for different solar zenith angles (SZA), viewing zenith angles (VZA), relative azimuth
angles (RAA), surface reflectances, cloud optical thicknesses, vertical profiles, and spectral
characteristics of the bands. Water surfaces are simulated with a fixed wind speed of v=7m/s taken
the Cox and Munk (1954) wave slope distribution into account. Above land surfaces a Lambertian
reflector is assumed with reflectance values between =0.0 and =0.95 in steps of Aa=0.05.

40 0
IQQ,G,_ = Mo
CGT - Extent
1

Figure 2: Cloud top pressure CTP, cloud geometrical thickness CGT, and center of gravity CoG.

For the validation of the OCTPO2 cloud products we used ground-based observations, airborne and
satellite measurements. The cloud-radar, micropulse and ceilometer measurements at the SGP ARM-
site provide comprehensive cloud observations which are taken for a comparison with the OLCI
OCTPO2 cloud products. In the framework of the EUREC*A cloud campaign in 2020, dedicated flights
above the Caribbean with a lidar have been performed. As a third exercise, we compared cloud
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properties, derived from MODIS measurements, which fly onboard the Terra and Aqua satellite, with
the OCTPO2 retrievals.

2.1 Validation of OLCI Cloud Properties with Air-borne Lidar Measurements

Airborne-based validation studies of cloud top pressure products, which are derived from satellite
observations, are challenging due to the temporally and spatially high variable clouds. However, there
are dedicated airborne campaigns, such as the field campaign EUREC*A for the validation of the
OCTPO2 cloud products (Bony et al., 2017).

During the EUREC*A HALO airborne campaign, which last from the 19 of January to the 18" of
February 2020, there have been 15 flights (see Table 2). The German high-altitude and long-range
research aircraft HALO is a modified Gulfstream G550 business jet with a long endurance (more than
10 flight hours), a long-range (about 8000 km), and a high ceiling (15.5 km) (Wendisch et al. 2016). In
cooperation with the DLR and the Universities of Cologne, Hamburg, Leipzig, and Munich, it was
equipped with an extensive set of remote sensing instrumentation including: the differential
absorption and high-spectral-resolution lidar system (WALES, Water vApour Lidar Experiment in
Space), HAMP (the HALO Microwave Package) which includes the cloud radar MIRA36 (36 GHz) and a
microwave radiometer, the spectral imager specMACS, and an instrument system that measures
spectrally resolved upward and downward solar radiances and irradiances (SMART). The payload also
includes in situ measurements of the meteorological properties along the flight track (BAHAMAS), and
the ability to launch dropsondes using the AVAPS system (for more details see Bony et al., 2017). The
most interesting instrument for the validation of OCTPO2 products are WAVES and MIRA36, however,
so far only WALES measurements are available.

The lidar system WALES is a combined differential absorption and high-spectral-resolution lidar (HSRL)
system developed and built at DLR (Wirth et al., 2009). WALES is capable of nearly simultaneously
emitting four wavelengths, three online and one offline, in the water vapour absorption band between
935 and 936 nm. The three online wavelengths achieve the necessary sensitivity needed for
measurements over the whole range of tropospheric water vapour concentration. The vertical
resolution of the raw data is 15 m. In addition to the 935-nm channel, the receiver is equipped with
polarization-sensitive aerosol channels at 532 and 1064 nm, the first one with high-spectral-resolution
capabilities using an iodine filter in the detection path (Esselborn et al. 2008). This allows for collocated
measurements of humidity, optical depth, clouds, and aerosol optical properties.

Table 2: HALO flight days and flight duration during EUREC4A, data used for validation are in green.

[Datum ____lolcl __[time(UTQ) _________ HALO ____ltime(UTC) ______[comments |
[ ]
AB 14:13.56 — 14:16.56 transect 09:33 - 18:48 No WALES data so far
[22.01.2020 [ 13:56.49 - 13:59.49 circle 14:56 - 19:34 No overpass
A 13:44.01 - 13:47.01 circle 09:29 - 18:41
B 13:53.04 - 13:56.04 circle 12:05-21:21
A 13:40.17 - 13:43.17 circle 16:12 - 23:00 No overpass
B 13:49.19 - 13:52,19 circle 11:19 - 15:09

A 14:02.43 - 14:05.43 circle 14:07 - 00:10 No overpass, lidar starts
w B 13:23.08 - 13:26.08 15:30
I
B 14:11.45 - 14:11.45 circle 11:28 - 20:15 too far west
A 13:32.48 - 13:35.48 circle 09:15 - 18:20
07.02.2020 A 14:21.25 - 14:24.25
-e 13:41.50 - 13:41.50 circle 12:00-21:11
A 13:29.04 - 13:32.04 circle 09:35 - 18:02
11.02.2020 A 14:17.41 - 14:20.41 too far west
-B 13:38.06 — 13:41.06 circle 12:29-21:37
[13.022020 |3 13:25.19 - 13:28.19 circle 07:56 - 17:18

A 14:13.56 — 14:16.56 circle 15:06 - 24:12 No overpass
w B 13:34.22 - 13:37.22
A transect No WALES data so far
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For the validation of the OCTPO2 cloud products, namely the cloud top pressure we used the WALES
cloud top height which we converted into cloud top pressure, using the surface pressure and the
surface temperature as provided in the OLCI data files. The WALES cloud top height is delivered with
the coordinates (latitude and longitude) and time of the measurements. These data are used to
collocate the OLCI and WALES measurements, whereby the cloud top height products are averaged
over a distance of roughly 300 m, the spatial resolution of OLCI. The used OLCI Data is full resolution,
non time-critical, L1B, and L2 (for the cloud mask), provided by EUMETSAT Sentinel data-hub (CODA).
No further auxiliary data is used.

The two photos, taken from the HALO on the 24" of January 2020, 11:58 (left) and one hour later at
12:59, demonstrate the variability of clouds in the overserved region (Figure 3).

Figure 3: Photos, taken from the HALO on 24% of January 2020, 11:58 (left) and one hour later at 12:59 (taken
from HALO flight report, B. Stevens, 2020).

There was an overflight of Sentinel-3A on the 24™ of January 2020, which takes from 13:44.01 to
13:47.01 UTC to observe the study area. The derived OCTPO2 cloud top pressure is shown in Figure 4.
The white circle indicates the flight track of HALO, which flew in a clockwise direction. The white arrow
points to the location where HALO was during the overpass. The geometrical size of the clouds varies
significantly, some clouds are only a few 100 meters in diameter, others have dimensions of more than
100 km. With a spatial resolution of 260*300 m?2, even small cumulus clouds are detected. The
estimated CTP varies from 950 to less than 500 hPa. The CTP values of the small-scale cumulus clouds
are between 950 to 850 hPa.

Figure 5 shows the cloud top pressure products derived from OLCI, whereby the standard deviation
within 3*3 OLCI pixels is indicated as bars to illustrate the small-scale CTP variability, as well as from
WALES-Lidar on the 24" of January 2020. The overpass of Sentinel-3 was at 13:44 UTC. The CTP
products are displayed for a complete HALO circle, which takes roughly one hour. Since clouds change
during = 30 minutes of the overpass, we mainly compare the variability of the different cloud fields,
assuming that the general characteristics of the cloud fields do not change significantly. Both cloud top
pressure products, derived from airborne LIDAR and satellite OLClI measurements, are within the same
range and partly agree very well, e.g., within the period 14.1 to 14.2 UTC where the decrease and
increase of both CTP products are very close.

The cloud base pressure CBP is derived from the OCTPO2 product CGT (cloud geometrical thickness)

following:
CBP = CTP + (SPR-CTP) * CGT
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with the surface pressure SPR, provided by the OLCI auxiliary data (ECMWF).

ctp [-]
A A
EAY gAY
450.0514.52 587.1 695.97 853.23 950.0

Figure 4: Cloud top pressure in [hPa], derived from Sentinel-3A, OLCI on the 24th of January 2020 at 13:44 UTC;
a white circle indicates the flight track of HALO, which flew in a clockwise direction; white arrow points to the
location where HALO was during the Sentinel-3A overflight.
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Figure 5: Cloud top pressure products derived from OLCI (blue), whereby std. deviation within 3*3 OLCI pixels is
indicated as bars, and WALES-Lidar (red) on the 24th of January 2020; the overpass of Sentinel-3 is indicated as
a red bar at 13:44 UTC; cloud base pressure as also derived from OLCI (green).
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The quality of the cloud base pressure product depends directly on the uncertainty of the estimated
cloud geometrical thickness, which is generally high, since OLCI’s O, A-band channels contain only a
little information on the cloud extension, as we discuss in the estimation of the degree of freedom of
the OLCI measurements below in more detail.

The cloud optical thickness (COT) and the centre of gravity (COG) are additionally plotted in Figure 6. A
comparison of COT and the difference of OLCI and Lidar-derived CTP points to the fact that the
difference between both retrievals is larger when the COT is below 3, such as seen at 13.9 UTC. The
centre of gravity (CoG) does not change significantly and is more or less constant in this case, however,
CoG™~0.2 is a realistic value for cumulus clouds with an adiabatic droplet growth. The cloud base
pressure (CBP) decreases, often together with decreasing CTP. The accuracy of the retrieved CBP
depends on the accuracy of the CTP and the CGT retrieval, whereby the later is less reliable because of
the limited information content of OLCI’'s 02 A-band measurements. The degree of freedom DoF varies
only between 1.9 and 2.1 within the studied area, which is expected for the type of observed clouds.
The CTP retrieval seems to be more reliable, a better match between airborne and satellite-based CTP
retrievals, when the COT exceeds a value of 2 (see Figure 6). However, also in cases of high COT the
comparison shows larger differences when not the same cloud is observed in a field of varying cloud
pattern.
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Figure 6: Cloud top pressure (blue) and cloud base pressure (green) products derived from OLCI and WALES-
Lidar (red) (lower Figure), cloud optical thickness and center of gravity as derived from OLCI (upper Figure) on
the 24th of January 2020; the overpass of Sentinel-3 is indicated as a red bar at 13:44 UTC.

Three more comparisons of satellite OLCl and airborne WALES lidar-based cloud top pressure products
are shown in Figure 7. On the 26™ of January only a few measurements agree, which might be caused
by the dominated presence of scattered clouds. There are larger gaps of cloud top height observations
from WALES-lidar, which leads to the difficulty to find matchups of OLCl and WALES measurements.
On the 30" of January clouds between 740 hPa and 940 hPa are estimated from OLCl and WALES data,
however, the agreement is less good when COT is smaller.
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Figure 7: Cloud top pressure (blue) and cloud base pressure (green) products derived from OLCI and WALES-Lidar
(red) (lower Figure), cloud optical thickness and center of gravity as derived from OLCI (upper Figure) on the 26
Jan. (upper block), 30" Jan. (middle block), 5% Feb. (lower block) 2020; the overpass of Sentinel-3 is indicated as
ared bar.
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Different cloud types with small-scale cumulus and horizontally outspread clouds are observed on the
5% of February, which is shown in Figure 7 (lower part) and Figure 8. The increase in CTP is consistently
estimated from OLCI and WALES measurements, such as the increase in CTP from 760 hPa to 900 hPa
after 10 minutes and even after 40 minutes of OLCI’s overpass.

Assuming that the observed cloud fields might not change too much within the 60 minutes of a HALO
circle, the comparison of OLCI and WALES cloud products has been performed. However, the high
variability of cloud sizes in terms of horizontal spread can be seen in Figure 8. The white circle illustrates
the flight track of HALO, but it also shows the difficulty to catch the same cloud from satellite OLCl and
airborne WALES measurements.

iy [Ay
646.9 689.88 738.23 810.76

Figure 8: Cloud top pressure in [hPa], derived from Sentinel-3A, OLCI on the 5th of Feb. 2020 at 13:44 UTC;

white circle indicates the flight track of HALO, which flew in a clockwise direction; white arrow points to the

location where HALO was during the Sentinel-3A overflight (upper Figure); blue box indicated zoomed area
(lower Figure).
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Figure 9: Cloud top pressure (blue) and cloud base pressure (green) products derived from OLCI and WALES-
Lidar (red) (lower Figure), cloud optical thickness and center of gravity as derived from OLCI (upper Figure) on
the 7" Feb. (upper block), 9" Feb. (middle block), 11" Feb. (lower block) 2020; the overpass of Sentinel-3 is
indicated as a red bar.



OCTPO2 Cloud Properties Product Validation

Even clouds of a pixel size of 260*300 m? could be observed within the expected range of cloud top
pressure, but in the case of low optical thickness, which is also due to partly filled pixels, the estimated
CTP is too low. This occurs mainly at cloud edges, obvious by the blueish coloured parts. There is no
atmospheric process that supports such observation, however, from the radiative transfer processes
in the 02 A-band we know that in cases of low atmospheric optical thickness we estimate a lower CTP.

There are more comparisons of satellite OLCI and airborne WALES lidar-based cloud top pressure
products from the 7™, 9" and 11* of February which have been studied. All three cases support the
previous findings, that the cloud top pressure variability could be well described when compared to
WALES lidar-based CTP (see Figure 9).
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Figure 10a: Cloud top pressure (upper left), cloud base pressure (lower left), cloud optical thickness (upper right)
and center of gravity (lower right) as derived from OLCI on the 13" of Feb. 2020 at 13:25 UTC; the flight track of
HALO is indicated as a blue circle.
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Figure 10b: As Figure 10a, but for RGB and degree of freedom DoF; HALO flight track in blue.

On the 13™ of February there have been larger extended clouds as well as small-scale cumulus (see
Figure 10b). To study the different cloud fields, we display images of the cloud top pressure, the cloud
optical thickness, the cloud base pressure and the centre of gravity in Figure 10a. There is a prominent
cloud feature in the northeast of the OLCl image with low cloud top pressure as well as low cloud base
pressure. There are larger areas where CTP is less than 200 hPa.

The cloud optical thickness shows high variability in this area with quite low values. The values of the
centre of gravity are more heterogeneous, indicating that the ice water content is in the more upper
part of the cloud. But both quantities, the cloud base pressure and the centre of gravity, have to be
interpreted with extremely carefulness (see Figure 10a). The information content of these
measurements, or the degree of freedom (DoF), is estimated within the OCTPO2 retrieval scheme,
described in the ATBD section 5.7 (Preusker and Fischer, 20121). It varies between 1.9 and 2.3 in the
analysed OLCI scene, showing a significant increase in the region of lower cloud top pressure. The
higher DoF values in the north-eastern part of the image points to higher variability in the cloud vertical
profile. The cloud optical thickness is increased in this area as well (see Figure 10a, upper right).

Unfortunately, HALO did not fly into this area this day. There have been airborne measurements in the
most westerly part of the OLCI swath (see the blue circle in Figure 10a/b). The cloud top pressure,
derived from OLCI and WALES, agree well for optically thicker clouds. Again, partly filled pixels, which
often occur when small cumulus is present, are interpreted with low cloud top pressure (see Figure
11).
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Figure 11: Cloud top pressure (blue) and cloud base pressure (green) products derived from OLCI and WALES-
Lidar (red) (lower Figure), cloud optical thickness and center of gravity as derived from OLCI (upper Figure) on
the 13th of Feb. 2020; the overpass of Sentinel-3 is indicated as a red bar at 13:25 UTC.

2.2 Validation of OLCI Cloud Properties with Ground-based Observations

Ground-based cloud-radar, micropulse lidar and ceilometer measurements, taken from the southern
great plains ARM-site in Oklahoma are suitable for the validation of OLCI’s cloud products. For the
comparison of the ground- and satellite-based cloud products we chose the period of 26" of June 2020
to 1% of February 2021.

The ARM-site provides cloud observations from a Micropulse Lidar (http://dx.doi.org/10.5439/
1508389), a Ka-band ARM Zenith Radar at 35 GHz (http://dx.doi.org/10.5439/1393438), and a
ceilometer. The micropulse lidar (MPL) alone provides retrievals of the cloud-top and cloud-base
pressure, which are also estimated from a combination of cloud-radar, micropulse and ceilometer
measurements.

The matchups with OLCI observations have to fulfil the following criteria: 5x5 FR (Full Resolution) pixel
collocated L1B- and L2- measurements within a time window of + 6 minutes. Different criteria/filters
are selected in the following analysis. Depending on the applied filter criteria 18 to 90 matchups could
be realized. When no specific cloud filter is applied, 90 matchups could be identified within the
considered period. The correlation between the cloud top pressure, derived from OLCIl and micropulse
lidar, is 0.52. while the use of a combination of radar-MPL-ceilometer measurements leads to a
correlation of 0.59 (see Figure 12). There is quite a large spread with a root-mean-square-difference
(rmsd) of ~200 hPa.

When the matchup conditions are more restricted, that cloud cover has to be >0.8 and the cloud
optical thickness >3, the correlation increases to 0.87 for MPL data alone and 0.79 for all three
combined ground-based measurements (Figure 13). The rmsd is also drastically reduced to 126 hPa.

When the criteria are even more restricted, a cloud fraction of >0.8 and clouds in a range of COT >3
and <30, (arbitrarily chosen to account for the low sensitivity of ground-based measurements of
optically thick clouds) the correlation between OLCI and ground-truth CTP increases to 0.90, but the
rmsd does not improve (Figure 14). While the combined CTP retrieval, based on radar-, MPL-, and
ceilometer-measurements estimates lower CTP than the MPL retrieval alone, which might be caused
by the fact that the lidar signal does not penetrate clouds with larger COT. The signal of a cloud radar
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at 35 GHz is altered by cloud droplets but penetrates through clouds and detects also ice crystals at
higher atmospheric layers.
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Figure 13: As Figure 12, but only for cloud fraction > 0.8
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Figure 14: As Figure 12, but only for cloud fraction > 0.8 and cloud optical thickness > 3 and <30; for more

details see text.

To better understand those features, both ground-based CTP products are compared to each other
(Figure 15, right). For all clouds, up to COT of 300, the results differ with a rmsd=206 hPa and a low
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correlation of 0.50. When the matchups are more restricted and only optically thinner clouds of
maximum COT=10 are considered the relationship between both retrievals agree much better (Figure
15, left). This confirms the fact that the MPL does not see the cloud top pressure well under thick

clouds.

A validation of OLCI’s cloud geometrical thickness product is challenging but has been proved by using
the MPL and the combined radar-MPL-ceilometer products (Figure 16). From MPL data alone we
estimate CGT values between 0.1 and 0.5, from OLCI measurements we retrieve CGT between 0.4 and
0.8. In general, the cloud geometrical thickness with the OCTPO2 algorithm is overestimated.

The spread of CGT, estimated from radar-MPL-ceilometer data, is larger, which corresponds to the
finding that also lower CTPs are retrieved from the combined dataset.
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Figure 15: Cloud top pressure (CTP) derived from ARM-site MPL (micropulse lidar) and combined radar-MPL-
ceilometer for all clouds (left) and clouds with COT<10; for more details see text.
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Figure 16: Cloud geometrical thickness (CGT) derived from ARM-site MPL (micropulse lidar) and OLCI (left) as
well as derived from combined radar-MPL-ceilometer (right); for more details see text.

The OCTPO2 cloud base pressure (CBP) product is compared with the MPL alone and combined radar-
MPL-ceilometer retrieval (Figure 17). For both validation datasets CBP is overestimated by OLCI for
higher clouds. The OCTPO2 parameter of the centre of gravity (CoG), which is an expression for the
vertical cloud structure, might compensate the effect of the geometrical thickness on OLCI 02 A-band

measurements. At this stage, there are not enough cases to decide whether to constrain CGT or CoG.

This decision depends also on the reliability of the auxiliary data, constraining the vertical profile of

the clouds.
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Figure 17: Cloud base pressure (CBP) derived from ARM-site MPL (micropulse lidar) and OLCI (left) as well as
derived from combined radar-MPL-ceilometer (right); only for clouds with COT>3 and CTP<850 hPa; for more
details see text.

2.3 Information Content of OLCI 02 A-band Measurements

The primary goal of the OCTPO2 retrieval algorithm is to detect the cloud top pressure from OLCI 02
A-band measurements. From previous studies, we know (Fischer et al., 1990; Preusker, 2002; Carbajal
et al, 2014), that the penetration depth of the radiation in the O, absorption band depends on the
vertical structure of the cloud. In particular, the cloud top pressure of thin cirrus or cirrus above clouds
is overestimated. In the framework of this OCTPO2 project, we defined and developed a procedure to
account for the vertical cloud structure by introducing two additional properties, the cloud geometrical
thickness (CGT) and the center of gravity (CoG), beside the cloud top pressure and the cloud optical
thickness. Unfortunately, there are only three OLClI measurements in the O2 A-band absorption and
two just beside as reference, which limits the observed information content.

The information content of the measurements, or the degree of freedom (DoF) has been estimated
from a set of OLCI scenes for the MSG disk on the 18™ of February 2020 (see Figure 18). There are large
areas which are dominated by only 2 independent properties, which could be retrieved. Above the
Sahara Desert the DoF drops to less than 1.5 due the bright land surface and optically thin clouds. In
the tropical regions we achieve values even higher than 2.5, which represent optical thick and vertical
structured clouds.

The information content of the OLCI 02 A-band measurements is limited and even depends on the
clouds themselves. In most cases there is not enough information to retrieve all cloud properties, COT,
CTP, CGT and CoG.
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Figure 18: Degree of freedom (DoF) as derived from OLCI on the 18" of Feb. 2020.

2.4 Comparison between Cloud Top Pressure Derived from MODIS and OLCI

A comparison between two different cloud top pressure retrievals, the CO»-slicing and the 02 A-band
approach, gives further understanding of the capability of the OCTPO2 algorithm. The MODIS CTP
retrieval is based on the CO»-slicing technique, using six thermal infrared measurements along the
shortwave shoulder of the 14 um CO; absorption band between 11 and 14.2 um (Menzel et al., 2008).
Since the weighting functions for the CO; absorption bands on MODIS peak well into the troposphere,
CO; slicing is most effective for the analysis of mid to high-level clouds, especially semitransparent
clouds such as cirrus. Comparisons of MODIS CTP with airborne and satellite lidar retrievals are
confirming, that the cloud top pressures are within 50 hPa in high, optically thin cirrus and midlevel
water clouds. Also, in atmospheres prone to temperature inversions, the MODIS cloud algorithm
places the cloud above the inversion and hence can be as much as 200 hPa off its true location (Menzel
et al., 2008). For this comparison we used CTP products of the MOD0O6 and MYDO6 version 6.01
(Ackerman et al., 2021).
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Figure 19: Cloud top pressure derived from OLCI (upper) and MODIS (lower) for clouds with cot>5 on
the 18™ of Feb. 2020.

A comparison of global MODIS and OLCI cloud top pressure retrievals on the 18" of February is shown
in Figure 19. While the general cloud pattern is caught by both retrieval methods, it is obvious that
MODIS retrieves higher clouds than OLCI. On the other side, MODIS seems to observe fewer low-level
clouds. Those findings are consistent with the result of the MODIS cloud top pressure algorithm
description as given in detail by Menzel et al. (2008).

To further analyze the differences in both retrievals, we looked at the histograms of the estimated
cloud top pressure only for clouds with an optical thickness higher than 5 and 25 (Figure 20). When all
clouds with COT>5 are considered, we found a correlation of 0.55, a bias of 97 hPa, and a bias-
corrected rmsd of 164 hPa. The number of estimated CTP retrievals is displayed for MODIS and OLCI
in Figure 20 as well, showing even more clearly that OLCI observes more low-level clouds, while MODIS
detects more high-level clouds. When only clouds with COT>25 are compared, the correlation between
both retrievals increases to 0.64. The linear relationship between both cloud top pressure products is
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visible, showing that OLCl is sensitive to different parts of the cloud compared to MODIS. Those results
are also found for other days of the year, thus the general conclusion is valid for different seasons.
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Figure 20: Histogram of cloud top pressure derived from OLCI and MODIS for clouds cot>5 (left) and
cot>25 (right) on the 18th of Feb. 2020.

3 Conclusions and Recommendations

This validation exercise comprises a variety of measurements, based on ground-based cloud radar,
micropulse and ceilometer instruments as well as air-borne lidar, which are used to estimate the
accuracy of OLCI’s OCTPO2 cloud products.

A thorough validation of the OCTPO2 cloud products is difficult because the different cloud observing
instruments are sensitive to different cloud properties, mainly driven by droplet size and droplet
density. Additionally, clouds vary fast in time and the collocation of the different observations are
highly complex and limited in terms of accuracy.

Following the airborne lidar measurements we found generally a good agreement with the cloud top
pressure, derived from OLCI. We further learned that the retrieval of CTP is more accurate with higher
cloud optical thickness which should be larger than 2-3. The estimated cloud geometrical thickness
and centre of gravity seem to be reasonable, but the observed clouds are limited to the lower part of
the atmosphere. Following the analysis of the information content, we expect in most of the cases only
2 independent pieces of information.

The ARM-site cloud observations contribute to a better understanding of the validity of the retrieved
OCTPTO2 products. The root mean square differences between the OLCI and ground-based derived
cloud top pressure is within 130 hPa when the cloud cover is higher than 80% and the optical thickness
larger than 3.

The comparison of cloud top pressure retrievals from OLCl and MODIS measurements provides us with
a global view of different cloud types and regimes. While OLCl is based on the interaction of scattered
and absorbed radiation within clouds, MODIS observes emitted radiation, which is already more
sensitive to thinner and colder clouds. We found that MODIS observes more mid- and high-level clouds,
while OLCI is more sensitive to low-level clouds. In general, OLCI overestimates the cloud top pressure
for mid- and high-level clouds when compared to MODIS CTP retrievals.
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Following the results of the validation study, we conclude that the required accuracy of 0.5 km in the
cloud top height for applications in High Resolution NWP, as discussed in Preusker and Fischer (2021),
is achieved in most of the cases, knowing that OCTPO2 still estimate high clouds to low. In cases of a
perfect match between airborne lidar and OCLI we already estimated the cloud top heights within 200
m by both observations.

We recommend further activities to foster the evolution of the OCTPO2 retrieval. These are:

0 Introducing a procedure to estimate apriori values for CoG and CGT, which could be based on
temperature and humidity profiles, as provide by ECMWF forecasts and part of the L1 OLCI
and SLSTR data files. Detailed studies are needed to quantify the according uncertainties.

0 Improvement of the OCTPO2 algorithm by adding thermal measurements from SLSTR.

0 Further validation studies, including radiative transfer simulations with a focus on higher
spectral resolution, to benefit from the upcoming FLEX mission, which will fly in convoy with a
Sentinel-3 satellite and provide high spectral resolution measurements in the O, A-band.

0 Further validation by the use of ground-based cloud radar measurements as well as air-borne
campaigns.

The new OCTPO2 algorithm has fundamental advantages and is expandable to use additional thermal
infrared bands of SLSTR. Further on, the OCTPO2 algorithm provides consistent retrievals for current
instruments (OLCI and TROPOMI) and future operational instruments such as METImage.
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