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1 Preface

This Algorithm Theoretical Basis Document was produced by the Satellite Application
Facility on Nowcasting (NWC SAF). The Satellite Application Facility on Climate
Monitoring (CM SAF) has implemented the herein described PPS software.

The version number assigned by NWC SAF is kept in the appended document.
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1. INTRODUCTION

The EUMETSAT “Satellite Application Facilities” (3A are dedicated centres of excellence for
processing satellite data, and form an integrat pathe distributed EUMETSAT Application
Ground Segment [ttp://www.eumetsat.in). This documentation is provided by the SAF on
Support to Nowcasting and Very Short Range ForagasSAFNWC. The main objective of
SAFNWC is to provide, further develop and maintaoftware packages to be used for
Nowcasting applications of operational meteorolabsatellite data by National Meteorological
Services. More information can be found at the SAFNwebpagehttp://www.nwcsaf.org This
document is applicable to the SAFNWC processingkage for polar orbiting meteorological
satellites, SAFNWC/PPS, developed and maintaine8Ndi| ( http://nwcsaf.smhi.sg

1.1. PURPOSE

This document is the Algorithm theoretical Basicchment for the PGEO5 (CPP, Cloud Physical
Properties) of the SAFNWC/PPS software package.

This document contains a description of the algarjtincluding scientific aspects and practical
considerations.

1.2. SCOPE

This document describes the algorithms implememtethe PGEO5 version 1.1 of the 2014
SAFNWC/PPS software package delivery, with prodDctNWC-071. The official products of

SAFNWC/PPS PGEO5 are: LWP and CPH. Additional pctslare: IWP, COT, REFF and
CPH_extended.

It is also worth to notice that the software is eleped by, and used in, CM-SAEM-SAF will

use the software for the generation of CLARA-A2 ¢Qd Albedo and Radiation dataset using
AVHRR, edition 2). In CM-SAF the following productames and product IDs are used for the
AVHRR products: CPH (CM-11041), LWP (CM-11051) aidP (CM-11061). COT and REFF
are provided as by-products of LWP and IWP.

1.3. DEFINITIONS AND ACRONYMS
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Acronym Explanation Acronym Explanation
ACPG AVHRR/AMSU Cloud Product JPSS Joint Polar Satellite System
Generation software (A major (US)
ﬁ\?:rlhgrnth?hiﬁFGNEV'\é C)/PPS SWe KNMI Koninklijk Nederlands
g o Meteorologisch Instituut
AEMET Agencia Estatal de
Meteorologia (Spain) LUT look-up-table
AHAMAP ~ AMSU-HIRS-AVHRR LWP Liquid Water Path
Mapping Library (A part of the MODIS Moderate Resolution Imaging
SAFNWC/PPS s.w.) Spectroradiometer
AMSU Advance Microwave Sounding ~ MODTRAN  MODerate spectral resolution
Unit atmospheric TRANsmittance
AVHRR Advanced Very High and radiance code
Resolution Radiometer NOAA National _ Oce_ar_nc _ and
CDOP Continuous Development and Atmospheric Administration
Operational Phase NPP NPOESS Preparatory Project
CDOP-2 Second Continuous (relates also to JPSS)
Development and Operational PC Precipitating  Cloud (also
Phase PGEO04)
CM-SAF Climate Monitoring SAF PGE Process Generating Element
CMA Cloud Mask (also PGEO1) PPS Polar Platform System
CMIC Cloud Micro-physics REFF (orre) Effective radius
COT (or 1) Cloud Optical Thickness SAF Satellite Application Facility
. SAFNWC Satellite Application Facility
CPH Cloud thermodynamic Phase for support to NoWcasting
CPP CloudPhysical Products SHDOM Spherical Harmonic Discrete
CT Cloud Type (also PGE02) Ordinate Method
CTTH Cloud Top Temperature, SMHI SWGdISh. Meteqrologlcal and
Height and Pressure (also Hydrological Institute
PGEOQ3) SW SoftWare
CWP Cloud Water Path TBC To Be Confirmed
DAK Doubling Adding KNMI TBD To Be Defined
DISORT Discrete Ordinate
EPS EUMETSAT Polar System TOA Top Of Atmosphere
EUMETSAT European Organisation for the VIIRS V'S't.’le Infrar_ed Imaging
o . Radiometer Suite
Exploitation of Meteorological
Satellites
IWP Ice Water Path

Table 1 List of acronyms and abbreviations
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1.4. REFERENCES

1.4.1.Applicable documents

The following documents, of the exact issue shofwnm part of this document to the extent
specified herein. Applicable documents are thosereaced in the Contract or approved by the
Approval Authority. They are referenced in this doent in the form [AD.X]

For dated references, subsequent amendmentsreyisions of, any of these publications do not
apply. For undated references, the current eddfdhe document referred applies.

Current documentation can be found at SAFNW&pdeskweb: http://www.nwcsaf.org

Ref Title Code Vers Date
[AD.1] NWC SAF Product Requirements DocumentNWC/CDOP2/SAF/AEMET/MGT/PRD| 1.5 05/06/14
[AD.1.] NWCSAF Project Plan NWC/CDOP2/SAF/AEMET/MGT/PP 1.2 28/06/13
[AD.3.] System and Components Requirements Documé¥WC/CDOP2/PPS/SMHI/SW/SCRD 1.0 15/09/14

for the SAFNWC/PPS

Table 2: List of Applicable Documents

1.4.2.Reference documents

The reference documents contain useful informatedated to the subject of the project. These
reference documents complement the applicable aare$,can be looked up to enhance the
information included in this document if it is dexi. They are referenced in this document in the
form [RD.X]

For dated references, subsequent amendmentsr&yisions of, any of these publications do not
apply. For undated references, the current edidfdhe document referred applies

Current documentation can be found at SAFNW&pdeskweb: http://www.nwcsaf.org
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Ref Title Code Vers Date
[RD.1.] The Nowcasting SAF Glossary NWC/CDOP2/SAF/AEMET/MGT/GLO 2.0 18/02/14
[RD.2] Validation Report AVHRR GAC cloud 1.1 30/04/12

products, Edition 1 SAF/CM/SMHI/VAL/GAC/CLD

[RD.3] User Manual for the SAFNWC/PPRSNWC/CDOP2/PPS/SMHI/SCIUM/1 1.0 15/09/14
Application: Science Part

[RD.4] Scientific and Validation report for theNWC/CDOP2/PPS/SMHI/SCI/VR/Cloud| 1.0 15/09/14
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[RD.5] Algorithm Theoretical Basis Document fpNWC/CDOP2/PPS/SMHI/SCI/ATBD/1 1.0 15/09/14
the Cloud Mask of the NWC/PPS

[RD.6] Algorithm Theoretical Basis Document fpNWC/CDOP2/PPS/SMHI/SCI/ATBD/3 1.0 15/09/14
the Cloud Top Temperature, Pressure and
Height of the NWC/PPS

Table 3: List of Referenced Documents

1.4.3.Scientific References
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Mon. Wea. Rey118 2377-2388.

Anderson, G. P., S. A. Clough, F. X. Kneizys, J.Gthetwynd, and E. P Shettle, 1986: AFGL
Atmospheric Constituent Profiles (0-120km). TecepRAFGL-TR-86-0110, 43 pp.

Baum, B. A., P. Yang, A. J. Heymsfield, C. G. Sctiyr¥. Xie, A. Bansemer, Y.-X. Hu, and Z.
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sensing of ice clouds, Appl. Meteorol. Clim50, 1037-1056, doi:10.1175/2010JAMC2608.1.

Berk, A., G. P. Anderson, P. K. Acharya, J. H. @hetd, L.S. Bernstein, E. P. Shettle, M. W.
Matthew, and S. M. Adler-Golden, 2000: MODTRAN4 ¥en 2 Users Manual. Technical
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Directorate, Hanscom AFB, MA 01731, USA.

Chandrasekhar S., 196Radiative TransferNew York, Dover, 393 pp.

Coakley, J. A., M. A. Friedman, and W. R. TahnkQ20Retrieval of cloud properties for partly
cloudy imager pixels). Atmos. Ocean. Technd2, 3-17.
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1.5. DOCUMENT OVERVIEW

The set-up of this document is as follows. In SectB a short overview of the retrieval

algorithms is presented. Section 4 gives a detadledcription of the retrieval algorithms,

consisting of the relevant underlying physics (#®ect4.1), the radiative transfer modelling

(Section 4.2), the implementation of the retrieseheme (Section 4.3), the error budget of the
retrieved products (Section 4.4), and the practaggllication of the algorithms (Section 4.5).

Finally, assumptions and limitations are discusaeskection 5.

1.6. SCIENTIFIC UPDATES SINCE PPS VERSION 2012
The main updates of CPP since PPS Version 201tharellowing:

* Generation of new look-up tables (LUTSs) based orkKDAdiative transfer simulations.
The most important changes in the LUTs are: caoeatf ice particle shape for the
3.8 um channel (which was erroneously set to spherdsadsof hexagons in the
previous version), extension of the range of satith angles (SZAs) and viewing
zenith angles (VZAs), and increase of the numbdrrange of effective radii.

* Implementation of a newcloud phase algorithm. Tlesvrcloud phase algorithm
closely follows the approach taken by the PATMO®&am as described in Pavolonis
et al. (2005). In the output file this product vk called ‘extended cloud-top phase’.

* Inclusion of observational sea ice and numericaathwer prediction (NWP) snow
cover data to better characterize the surface albed
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2. INTRODUCTION TO THE SAFNWC/PPS CLOUD PHYSICAL
PROPERTIES PRODUCT

This SAFNWC Algorithm Theoretical Basis DocumeniT@D) provides detailed information on
the retrieval algorithm deriving cloud physical pesties (CPP) products from VIS-NIR-IR
satellite imagers. The algorithm retrieves cloud-fghase and liquid water path as official
products. Cloud optical thickness, effective radiee water path, and an extended cloud-top
phase are derived as additional products.

Table 4: Overview of SAF products covered in thi8B.

Cloud property Explanation Status in NWCSAF/PPS
CPH Cloud-top thermodynami¢ Official product
phase
LWP cloud liquid water path Official product
Cloud-top thermodynami¢
CPH_extended phase, more classes than  Additional product
in CPH
IWP Cloud ice water path Additional product
CoT cloud optical thickness Additional product
REFF Cloud partu_:le effective Additional product
radius

Further details about these cloud physical propsofyware can be found in the product user
manual ([RD.3]). The requirements for the SAFNWC3RPPP products can be found in [AD.1].
The quality of the official products, CPH and LW&discussed in the validation report [RD.4].

The software is used by CM-SAF to generate clindgta records of cloud properties. Their
AVHRR-based climate record named CLARA-Al (Karlsstnal., 2013), including the cloud
physical properties, was extensively validated RD[2]. Further validation results of older
algorithm versions are presented in Roebeling et(2008) and Wolters et al. (2008). The
algorithm description in this ATBD is originally sad on Roebeling (2008), but contains a range
of modifications and improvements implemented sitieen. The CPP algorithm and products
have been used for many studies (e.g., Roebelingl.eR006, 2008; Wolters et al. 2008;
Roebeling and Van Meijgaard 2009; Greuell and Rivedp@009; Wolters et al. 2010; Greuell et
al. 2011).

The cloud physical properties retrieval algoritheguires a cloud mask and cloud-top height and
temperature as input. The SAFNWC/PPS algorithmgHese products are described in [RD.5]
and [RD.6].

2.1. REQUIREMENTS

The requirements for the SAFNWC/PPS products aserdeed in the Product Requirements
DocumentFel! Hittar inte referenskalla.. In Table 5 and Table 6 is given a summary of the
requirement specific for the cloud physical projsrproduct.
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Table 5 Accuracy requirements for CPP Cloud Phase

Water POD Water FAR Ice POD Ice FAR
Threshold 70% 35% 60% 35%
accuracy
Target accuracy | 80% 20% 80% 20%
Optimal 90% 10% 90% 10%
accuracy

Table 6 Accuracy requirements for CPP Liquid Wdath

RMS Bias

Threshold 100 g/nf 20 g/nf
accuracy
Target accuracy | 50 g/nf 10 g/nf
Optimal 20 g/nt 5 g/nf

accuracy
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3. ALGORITHM OVERVIEW

The CPP (cloud physical properties) algorithm cstssof two main parts. First, the cloud-top
thermodynamic phase (CPH) is determined from adclyping approach following Pavolonis
and Heidinger (2004) and Pavolonis et al. (2008)s Eloud phase algorithm consists of a series
of spectral tests applied to infrared brightnessperatures. It has a nighttime branch as well as a
daytime branch in which shortwave reflectancescarsidered in addition.

The algorithm then proceeds with retrieving cloydical thickness (COT ar) and cloud particle
effective radius (REFF ar,), as well as liquid/ice water path (LWP/IWP), digridaytime given
the thermodynamic phase determined before. Thievat scheme was developed at KNMI, first
described in Roebeling et al. (2006), and is baseearlier methods that retrieve cloud optical
thickness and cloud particle effective radius freatellite radiances at wavelengths in the non-
absorbing visible and the moderately absorbingrsofeared part of the spectrum (Nakajima and
King 1990; Han et al. 1994; Nakajima and NakajirB@3; Watts et al. 1998).

4. ALGORITHM DESCRIPTION

4.1. THEORETICAL DESCRIPTION

The principle of the CPP retrieval algorithm isttkize reflectance of clouds at a non-absorbing
wavelength in the visible region (VIS: 0.6 or Quf) is strongly related to the optical thickness
and has little dependence on particle size, whetleageflectance of clouds at an absorbing
wavelength in the near-infrared region (NIR: 1.6 38 um) is primarily related to particle
effective radius. This feature allows the retrieedlCOT and REFF from two channels of a
passive imager. Moreover, Figure 1 shows that theginary parts of the refractive indices of
water and ice, which are a measure for absorpdiifier. For example, around 1.6 and gu8 ice
particles are more absorbing than water droplétss feature, together with a series of spectral
tests on the thermal infrared (IR) window channglased to retrieve cloud-top thermodynamic
phase.

The cloud optical thickness is defined at & under the assumption of a plane parallel
atmosphere with reference to a vertical transeloe particle effective radius is the relevant
guantity for radiative scattering, and is giventhg ratio of the mean particle volume to the mean
projected cross-sectional area A (e.g., Schumaah,&t011):

r.=@V)/(4A) (1)
In case of a collection of spherical water dropléts can be rewritten to:
Jm r°n(r)dr
fo =, ()
IO rn(r)dr

wherer is the droplet radius, andr) dr is the number of particles per unit volume witkites
betweerr andr+dr.

Liquid Water Path (LWP) is computed from the reteidt andr by (Stephens 1978):
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LWP=21r.0,, 3)

wherep, = 1 g cn® is the density of water. Ice Water Path (IWP)dsnputed analogously, but
using the density of ic@; = 0.93 g crii.
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Figure 1 Simulated top-of-atmosphere (TOA) reflaceaspectra for a stratocumulus (water)
cloud and a cirrus (ice) cloud, and the imaginagrtpof the index of refraction of water and ice.
The simulations were made with MODTRANgt 45°,0 = 0° ande = 0°. The reflectances are
plotted as black lines, while the refractive indi@e plotted as gray lines

4.2. RADIATIVE TRANSFER

The CPP algorithm compares satellite observed ateffees at visible and near-infrared
wavelengths to look-up tables (LUTs) of simulateeflectances for given cloud optical

thicknesses, particle sizes and surface albedosdter and ice clouds (Watts et al. 1998; Jolivet
and Feijt 2003). The Doubling Adding KNMI (DAK) radive transfer model (RTM) has been

used to generate the LUTs of simulated cloud riflezes. DAK has been developed for line-by-
line or monochromatic multiple scattering calcwdas at UV, visible and near infrared

wavelengths in a horizontally homogeneous cloudyoaphere using the doubling-adding
method (De Haan et al. 1987; Stammes 2001). A pseplderical correction is used as in Caudill
et al. (1997). This correction accounts for attéiomaof the solar beam as in a spherical
atmosphere, while higher-order scattering is cateal for a plane-parallel atmosphere. DAK has
been selected because it is the KNMI in-house slaag¢ RTM, and there is ample hands-on
experience with this RTM at KNMI. Furthermore, caamigons with other RTMs have been

performed, showing generally favourable resultdd8K (see also Section 4.4).

Clouds are assumed to be plane-parallel and embedda multi-layered Rayleigh scattering
atmosphere. The particles of water clouds are asduim be spherical droplets with effective
radii between 3 and 3@gm and an effective variance of 0.15. For ice cloudsgperfect (or
roughened), randomly oriented, hexagonal ice dg/stamonodisperse size distributions with
effective radii between 5 and §@n are assumed. Scattering properties were calcuwetd Mie
theory for spherical droplets and with a raytraaioge using the geometric optics approximation
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(Hess et al. 1998) for the hexagonal ice crystésp et al. (2005) demonstrated that roughened
hexagonal crystals give adequate simulations af &otd polarized reflectances of ice clouds.

Scattering phase functions of water droplets arccigstals are compared in Figure 2. For water
droplets a strong reduction in sideways scattddrapserved as well as enhanced scattering at the
rainbow angle and in backscatter direction. Smamtcrystals tend to yield distinct halo features
and a strong backscatter peak. In contrast, rowgherystals show virtually featureless phase
functions, and also yield considerably lower asyrmynparameters compared to smooth crystals
(Zhang et al., 2009). The recently revised phasetions for the official MODIS retrievals, based
on a size distribution of a collection of roughenesl crystal shapes (Baum et al., 2011), are also
plotted in Figure 2. They are remarkably similardor phase functions, demonstrating that
roughening has a far larger impact on phase funstiban particle shape and size distribution.

Perfect hexagonal
Imperfect hexagonal
General habit mixture (Baum)

(o]

N
=

=
TII

A=0.640 pm

log(Scattering Phase Function)
o

—_
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a0 100 150
scattering angle [deg]

o

Figure 2 Comparison of scattering phase functiohwater droplets, perfect (smooth) hexagonal
ice crystals, imperfect (roughened) hexagonal igstals, and the Baum et al. (2011) roughened
ice crystal habit mixture. The wavelength is Oufd and the effective radii are X2n for the

water droplets and 1fim for the ice crystals.

Figure 3 shows an example of DAK calculations 6f&nd 1.6/3.§im reflectances as function
of T andr, for water droplets and ice crystals. The figuhesirates that for optically thick clouds
lines of equak and particle size are nearly orthogonal, meanireg the 0.6 and 1.6/38m
reflectances contain independent informationtamdr,, respectively. This is not the case for
optically thin clouds. Moreover, for these cloutte lines of different, are very close together,
implying that the retrieval of particle size is @rently uncertain. Further, it is evident that ice
clouds have lower 1.gm and 3.84m reflectances than water clouds, which is a camsece of
the stronger absorption of ice particles comparedvater droplets at these wavelengths (see
Figure 1). Although the features of the absorbingnmels at 1.6 and 318n are similar, there are
clear differences. At 3.8m the absorption by both water and ice is muchgeothan at 1.am.

As a result, the dynamical range of reflectancévger, but lines of equat andr, are more
orthogonal.
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Figure 3 DAK calculations of TOA reflectance at A versus (a) 1.am and (b) 3.§m for

clouds consisting of spherical water droplets (ceives) and imperfect hexagonal ice columns
(blue curves). The reflectances have been calalilater a black surface (albedo = 0). Solar and
satellite angles are indicated in the plots. Theigally oriented lines represent lines of equal
cloud optical thickness, while the horizontallyestied lines represent lines of equal particle size.
Values of optical thickness and effective radiwsiadicated in the plot. Note the different
scaling of the vertical axis in panels (a) and (b).

Table 7Properties of the cloudy atmosphere that are usethie radiative transfer calculations
to generate the LUTS.

Parameter Settings
Vertical profiles of pressure, Midlatitude summe?
temperature, and ozone
Aerosol model None
Cloud height Water clouds: 1000-2000 m; Ice clo&@®0-6000 m
Solar zenith angleg) ” 0 - 84.3 (73 Gaussian points ji = cos@))
Viewing zenith angleq) Same a%
Relative azimuth angleg)” 0 - 180 (equidistant, 91 points)
Cloud optical thickness 0 — 256 (equidistant in log), 22 points)
water clouds ice clouds
Cloud particle type Spherical water droplet Imperfect hexagonal ice crysfal
Cloud particle size 3-34um 5-80pm
equidistant in logt), 8 points equidistant in logt), 9 points
Liquid / Ice water path 0 — 5,800 g°m 0-12,700 g A
Size distribution Two-parameter gamma -
Effective variancew) 0.15% -
Complex refractive index Segelstein (1981) Warned Brandt (2008)

3 The midlatitude summer (MLS) atmosphere model taien from Anderson et al. (1986). The choice eftémperature
and pressure profile has a marginal impact on td&,Lnamely only through Rayleigh scattering. Dewas from the
MLS total column ozone are taken into account exdtmospheric correction procedure, see Eq. (5).

® The chosen distributions of angles are motivatéd/olters et al. (2006).

° Aspect ratios of the imperfect hexagonal crystegstaken from Table 1 in Yang et al. (2013). Towdate the roughening a

distortion angle of 30is applied.
@ This value is within the range found from in siheasurements. Different choices are possible, Hriirhpact on the

retrieved cloud properties is modest.



EUMETSAT Satelite Application Algorithm Theoretical Basis | Code: - NWCICDOPZIPPSISNHISCUATED
Facility to NowCasting & Very | Document for Cloud Physical Issue: 1. Date: 15 September 2014
Short Range Forecasting Properties of the NWC/PPS ; File: NWC-CDopz-PPS-SMHl-sg-é-\/TSEérs»_vl
age:

Table 7 summarizes the governing characteristicghef cloudy atmosphere, together with
information about intervals of cloud properties awiéwing geometries used in the DAK
simulations to generate the LUT. The DAK simulasiamere done for a black surface. The TOA
reflectanceR(as) over a surface with reflectaneagis computed using (Chandrasekhar, 1960):

astc (90) tc (e)

R(a.) = R(a. =0)+
(as) =R(@s =0)+ ==

(4)

Here, t(&) andt. (6 are the cloud transmissivities at the solar amdvwvg zenith angles,
respectively, anda, is the hemispherical sky albedo for upwelling,tigpic radiation. The
required parameters are determined from two adwditioDAK calculations with surface
reflectance values of 0.5 and 1.0.

The DAK calculations concern monochromatic radmtivansfer at a wavelength close to the
centre of the respective satellite imager narrowbaifhese calculations neglect scattering and
absorption by atmospheric gases, except for Raylsitgttering by air molecules and absorption
by ozone. Before the reflectance simulated by DAIK be compared to an observed reflectance,
the absorption by atmospheric gases in the banddag taken into account. This so-called
atmospheric correction has been implemented based/©@DTRAN4.2 (Berk et al. 2000)
radiative transfer simulations. The atmosphereexbed TOA reflectanceR{im.corr) IS calculated

as:

Rimcor. = R, (6, H , WVPIt_ (6,H ,WVPTCO), (5)

where t, oc IS the above-cloud atmospheric transmissivity $ated by MODTRAN using a
Lambertian surface placed at the cloud top heiglt énd for a given water vapor path (WVP)
and total column ozone (TCO). The two-way transivilys i.e. the product of the two
transmissivities in Eq. (5), is a function of theognetrical air mass factor (AMF =p&/+ 1/u).
This two-way transmissivity is stored in a LUT widimensions AMFH., and WVP. Absorption
by trace gases within and below the cloud is négtecAn indication of the magnitude of the
atmospheric correction is given in Table 8.

Table 8 Typical magnitude of atmospheric correctexpressed as 1 minus the two-way
transmissivity, in %. The numbers have been catedléor a reference atmospheté.(= 2 km,
AMF = 2, TCO = 332 DU, and WVP = 30 kg3n based on the NOAA-15 AVHRR spectral
response, and for individual absorbing gases as agefor all gases together.

Gas Channel 1 Channel 3a Channel 3b

H,O 0.6 % 0.2% 11.9%

0Os 0.7% - -

0, 0.1% - -

CG, 3.1% 0.2%

CH, 0.1% 3.7%

N.O 1.6 %
No-continuum 0.7 %

All gases 1.5% 3.4 % 17.6 %
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More details on the implementation of atmosphedection and the effect on retrieved cloud
properties can be found in Meirink et al. (2009).

Whereas at 1.¢uim reflected sunlight is the only significant compah of the measured TOA
radiance, at 3.&im thermal emission by the surface, atmosphere &l provides a non-
negligible contribution. Thermal emission is exgeb as a reflectancBd, and calculated as the
sum of contributions from surfacdR{9) and cloud R.J) following Nakajima and Nakajima
(1995):

R, =R, +R, = (£,B, M), (O, (6) +£,B, (Tt .. (6)) ’; )

0" 04

where ¢ is the surface emissivity]s and T, are the surface and cloud-top temperatures,
respectivelyB,(T) is the Planck function at temperatdrand wavelength (= 3.8um), Fy, is the
extraterrestrial solar flux at wavelengthands. is the cloud emissivity approximated as:

& =1—tc(30)— R(BO'a(o)- (7)

& IS a function oft andre through the cloud transmissivity and reflectivityR. The retrieval
procedure is the same as for the lmé-channel with the observed 3.8 radiance converted to
a reflectance which is compared with the sum ofutated reflected sunlight and thermal
emission.

4.3.RETRIEVAL SCHEME

The CPP retrieval scheme consists of two parts.fif$tepart is the retrieval of an extended cloud
phase, and is described in Section 4.3.1. Thisneei® phase is then reduced to two categories:
liquid and ice. The second part is the retrievatlofud optical properties (optical thickness and
effective radius) for the retrieved phase. Thifairgher described in Section 4.3.2.

4.3.1.Cloud phase

The cloud phase retrieval is based on a numbéireshold tests using AVHRR channels 3a, 3b,
4 and 5. The algorithm is run for cloudy pixels amelds one of the following extended cloud
phase categories: fog, liquid, supercooled, opaqeg cirrus, and overlap. Separate retrieval
schemes are applied during daytime and nighttinmeeXtensive motivation for and description
of the several spectral tests is given in Pavolamd Heidinger (2004) and Pavolonis et al.
(2005). Here, we provide a complete overview ofgpectral tests and the order in which they are
performed. Values of the thresholds are given ilN&X B.

The algorithm contains a number of tests using38gqum reflectance Rz g) during daytime or
emissivity ¢sg) during night time. These are estimated from tl&ahd 11um radiances alone.
For the 3.8um radianced.; g we have:

/’IOFO,B.S

L3.8 = R3.8 + 83.8 I‘bb,3.8 ! (8)

whereLp 351S the black-body radiance at Jué. Assuming a 10.§m emissivity of one (i.e.
opaque clouds) yields:
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Lobas = Bag(Ton) = Bag(Ti) 9)

Assuming then also zero 348n transmissivity (again: opaque clouds), we have:

€38 = 1- R3.8' (10)

. o L. ~B.(T.)
Inserting Egs. (9) and (10) in (8) yieldR;, = 8 se s (11)
° HFozs ! TT=Byg(Ty)

and the emissivity during night time is:

‘93.8 = L3.8 / B3.8 (Tll) ' (12)

As stated above, these relations assume opaqueésclmadeed, the NIR reflectance tests are less
reliable for thin clouds (see Pavolonis et al. 2088ct. 6).The algorithm starts with an initial
cloud phase assignment basedlgn

e T33<253.16K — opagque ice
e 253.16 K<T11<273.16 K — supercooled
e T13>273.16 K — water

The daytime(& < 88) algorithm then proceeds with the following testsywhich Ryr is either
R1.6 Or Rz g, depending on the available channel.

d1: First NIR reflectance test
Clouds classified as supercooled, with < 263.16 K, andRyr < NIR_PHASE_THRES, are
re-set to opaque_ice. Here, NIR_PHASE_THRES dependke NIR channel used and the
surface type (see Appendix).

d2: Second NIR reflectance test (‘inverse’ of d1)
Clouds classified as opaque ice, with > 233.16 K, andRyr > NIR_PHASE_THRES, are
re-set to supercooled.

d3: Cloud overlap test
Clouds with ary; - Ty, difference larger than BTD1112 DOVERLAP_THRES,h2tl0 K <
T, < 270 K, withRyr > NIR_OVER_THRES, and not over desert, are set &rlap. Here,
BTD1112 DOVERLAP_THRES depends oR;s, as well as oné#d and &, and
NIR_OVER_THRES depends on the NIR channel usedladurface type (see Appendix).

d4: Cirrus test
Clouds with ar; - Ty, difference larger than BTD1112 CIRRUS_THRES, With< 295 K,
with Ryr < NIR_CIRRUS_THRES, and not classified as overlap,s®t to cirrus. ThByr
criterion is not applied i > 7@, but the cirrus is assigned a ‘low quality’ inghiase.
BTD1112_ CIRRUS_THRES depends on and 8, and NIR_CIRRUS_THRES depends on
the NIR channel used and the surface type (seerilope

d5: Fog test
Only performed if ch3b is available: Rz > 0.25,Rs gRys < 0.6, T11 > 240 K, and the
surface is not desert, the cloud is classifiedbgs f

Thenighttime(& > 88") algorithm proceeds with the following tests.
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nl: First 3.8um emissivity test
Clouds classified as supercooled, with < 263.16 K, and; s> EMS38_PHASE_THRES,
are re-set to opaque_ice. Here, EMS38 PHASE_THRipSrdls of;;.

n2: Second 3.8m emissivity test (‘inverse’ of n1)
Clouds classified as opaque ice, with > 233.16 K, and; s < EMS38_PHASE_THRES,
are re-set to supercooled.

n3: Cloud overlap test
Clouds with BTD1112 NOVERLAP_THRES LEK;- T2 <
BTD1112_NOVERLAP_THRES_H, 210 K&; <283 K, and
EMS38_NOVERLAP_THRES L s35< EMS38 NOVERLAP_THRES H are set to
overlap. Here, the thresholds vary between trogiodl extratropical areas, and between
surface types (see Appendix).

nda: First cirrus test
Clouds withTy; - T;2 > BTD1112 CIRRUS_THRES angg > 1.3, and not classified as
overlap, are set to cirrus.

n4b: Second cirrus test
Clouds withT;; < 300 K ancks g > 1.1, and not classifed as overlap or opaqueaieeset to
cirrus.

n5: Fog test
If £35<0.9,T11 > 240 K, & > 9¢° and the surface is not desert, the cloud is ¢ladsas fog.

Finally, after the day or night portion of the aiiglom, a spatial filter on cirrus and overlap pel
is applied, in which the minimum %, and the mean afgin a 7x7 pixels box around the pixel
of interest are considered.

sl: Spatial test to re-set cirrus to liquid
If a pixel is classified as cirrus with a low qugliand either the pixels in the box have
MIN(T1q) > 295 — 12(16) or MEAN(e38) < 1.2, then the pixel is re-set to supercooléd (i
< 273.16 K) or water (i1, > 273.16 K).

s2: Spatial test to re-set overlap to liquid
If a pixel is classified as overlag > 9¢, and the pixels in the box have MIN() > 273 —
12(1-6), then the pixel is re-set to supercooledT{if < 273.16 K) or water (iff;; > 273.16
K).

The next step in the algorithm is a consistencykhath the cloud-top temperature. Very cold
clouds are not allowed to be liquid, and warm ckack not allowed to be ice. Concretely, if the
extended cloud phase is fog, water or supercoaldd a< 231 K, it is re-set to cirrus or opaque
(if cloud optical thickness has been retrieved iaridrger than 3). If the extended cloud phase is
opaque, cirrus or overlap, amg> 265 K, it is re-set to liquid.

Finally, the extended phase is reduced to a bidanyd-top phase product, by setting the
categories fog, water and supercooled to liquidtaedccategories opaque ice, cirrus and overlap
to ice. This phase enters the optical propertiggeral. As explained in the next section, it is
possible that the optical properties retrievahonsistent with the assigned phase. In that case,
the phase is switched (from liquid to ice or viezsa) and the extended phase is switched
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accordingly. With that last step, which is obvigushly applied during daytime, the cloud-top
phase product is ready.

4.3.2.Cloud optical properties

For the cloud optical property retrieval, the obser VIS and NIR reflectances are compared
with the simulated reflectances in the LUT. In cés® 3.8um channel is used as NIR channel,
the observed radiance is expressed as a reflectance

R3.8 = h (13)
HoFoss

which is then compared with the sum of simulateldrsceflectance (from the DAK LUT) and
thermal emission cast as a reflectance (from By T®ecloud optical thickness and particle size
are retrieved in an iterative manner for cloudyepsxduring daytime & < 84)). During the
iteration the retrieval of at the 0.64m channel is used to update the retrieval aft the 1.6/3.8-
um channel, and vice versa. This iteration procesgimues until the retrieved cloud optical
properties converge to stable values. The intetjpolebetween cloud optical properties in the
LUTs is done with polynomial interpolation ihand linear interpolation in logj. As stated in
Section 4.2, the retrieved particle size valuesuareliable for optically thin clouds. Therefore fo
thin clouds the retrieved effective radius is atjdstowards an assumed climatologically
averaged effective radius ofi8n and 26um for water and ice clouds, respectively, valued th
are close to the ones used by Rossow and ScHif#®®j. The adjustment is performed for clouds
with t < 8 using a smooth weighting function that gives iacreasing weight to the
climatologically averaged effective radius with ceasing cloud optical thickness. At 3181 the
adjustment of is applied forr < 5 because there is more informationrgfor thin clouds in this
channel due to the stronger absorption,

4.4, ERROR BUDGET ESTIMATES

The retrieval of cloud optical thickness and effextradius from 2-channel backscattered solar
radiation is a simple but heavily underconstraipecblem. As a result, many uncertainties are
associated to this retrieval problem (see SteppadsKummerow (2007) for a review). Here we
attempt to describe some of the most importantresooirces. In Section 5, further sources of
uncertainty related to violation of basic retriegabumptions are discussed.

Errors in radiative transfer

To assess the potential error caused by uncedaiirtiradiative transfer modeling, Roebeling et
al. (2005) compared four well-known RTMs that ugiéetent methods to solve the equation of
radiative transfer. All these models are suited $onulating short-wave and narrow-band
radiances in a cloudy atmosphere. However, the cdiee originally been developed and
optimized for different applications. The followingethods for solving radiative transfer were
compared:

 Monte Carlo method

The Monte Carlo model (Macke et al. 1999) is a Emdvscheme with a local estimate procedure
for radiance calculations. It is a straightforwarddel that can be extended from one-dimensional
to two- or three-dimensional calculations (Davisat 1985). Monte Carlo treats multiple
scattering as a stochastic process. The phasddnrgdverns the probability of scattering in a
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specific direction. Photons are emitted by a seyecg. the sun or a lidar device) and undergo
scattering and absorption events inside a predefineee-dimensional cloudy atmosphere until:
(i) the intensity of the photons falls below a eartthreshold (due to absorption), (ii) the photons
escape from the system. After each scattering etlenintensity of the photons that contribute to
predefined sensor viewing angles is calculateda(lestimate procedure).

* Doubling Adding method

This is the method used in the DAK model introduge®ection 4.2. DAK first calculates the
reflection and transmission of an optically thigdg in which no more than two scattering events
may occur. Thanks to this restriction the radiatirgnsfer equation can be solved analytically.
Next, the reflection and transmission of two idealtilayers on top of each other can be obtained
by computing successive reflections back and foetween the layers. This doubling procedure
is continued until the actual optical thicknesshef cloud is reached. The cloud is embedded in a
multilayer Rayleigh scattering atmosphere. The DA&del includes polarization.

* Discrete Ordinates method

In the MODerate spectral resolution atmospheric NRWittance and radiance code
(MODTRAN), the multiple scattering calculations drased on the Discrete Ordinate (DISORT)
method (Stamnes et al. 1988). The radiative transfgiation is solved foN discrete zenith
angles to obtaiMN equations folN unknowns. These unknowns may be solved numericBlig
MODTRAN single scattering radiances are computgausgely from DISORT with inclusion of
spherical geometry effects; the plane-parallel CRSOsingle scattering contributions are
subtracted from the DISORT radiances for generatibrihe total radiance values. For the
comparisons a beta version, MODTRAN4v2r0, was use@hich user-defined phase functions
for cloud particles could be specified.

» Spherical Harmonics Discrete Ordinates method

The Spherical Harmonics Discrete Ordinate MethodOSN! (Evans 1998) has been developed
for modelling radiative transfer in inhomogeneobseé-dimensional media. SHDOM uses an
iterative procedure to compute the source funatibthe radiative transfer equation on a grid of
points in space. The angular part of the sourcetiom is represented by a spherical harmonics
expansion mainly because the source function ispated more efficiently in this way than in
DISORT. A discrete ordinate representation is usedhe solution process. The number of
iterations increases with increasing single scatgealbedo and optical thickness.

The intercomparison study demonstrated that SHDONBI BAK are suitable models for the
calculations of narrow-band cloud reflectances. &atear atmosphere all models showed small
absolute differences relative to the reference m@dente Carlo), while for a cloudy atmosphere
considerably larger absolute differences were oleskrThe causes for the latter differences are
due to numerical noise or differences in the mldtgrattering calculations. The implementation
of a user-defined phase function in MODTRANA4v2r@téorelease) was a large improvement, it
was still the least accurate model for the simatatof cloud reflectances in this study. On
average MODTRAN simulations deviated less than 3®&fthe reference model, but for
individual viewing angles in the principal planettleviations can increase to about 30%. It was
suggested that the differences in MODTRAN refleceancannot be fully explained by the
method for multiple scattering calculations (DISQRPart of the observed differences may be
explained by different or incorrect model parametgions. However, MODTRAN has been
further improved since the study by Roebeling e{2005). The DAK and SHDOM calculations
were similar to Monte Carlo, with mean differensgsaller than 3%. However, for individual
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cases the differences were occasionally much largeroticeable finding was that the Monte
Carlo has a 3% bias as compared to SHDOM and DAMs Dias may be explained by
differences in the treatment of the forward peakhef scattering phase function. Especially for
large particles with a strong forward peak this ncayse significant differences in simulated
reflectances. Beside these differences, Monte Cslmtmved small non-systematic oscillations
relative to SHDOM and DAK. These oscillations wéargest for optically thick cloudsE 64),

for moderate patrticle sizes. € 10um) and for large viewing zenith angles {y\.5~or these cases
the number of multiple scattering events is lange to 200) and the forward peak is strong, such
that small differences in single scattering paramsetan easily accumulate to large errors in the
reflectances (x2%). Finally, the used version ofD&HM became unstable at certain optical
thicknesses and effective radii. Comprehensiveyaisashowed that these instabilities occur at
0.63 and 1.6lJum wavelengths and that the problem disappearech agaichoosing another
optical thickness or effective radius.

Instrument errors

The solar channels of the satellite instrument®ered in this ATBD are not calibrated on-board.
For AVHRR the pre-flight calibration coefficientsrfthe solar channels have been shown to be
sometimes off by tens of percents (Heidinger e2@02). Recalibration using ground targets and
other satellite instruments, such as MODIS, is ttrusial, and enhances the accuracy to typically
2-3% (Heidinger et al. 2010). The thermal chanaeésnormally in a better shape because they
are calibrated on board using blackbodies.

Errors in the observed reflectance translate nogalily into errors in retrieved cloud properties,
since the relationship between reflectance anddcfoperties is non-linear. The CPP algorithm
includes an error estimate for this retrieval erdye start from the functional relationsti®pn =
f(t,re), whereRy  is the reflectance in the VIS or NIR channel. Dation of this relation leads
to:

_aRVN| al:</N| 14
AR, == AT+ ar, |rAre,- (14)

where A denotes an error. The partial derivatives witlpees tot (r¢) are at constant. (1),
respectively. Eq. (14) can be inverted to:

fe

1(0R oR,
AT=Z| N AR, -—Y AR, | 15
d F[areTR’ or, | N} 4o

1( oR oR,
Ar,==|-—N AR, +— AR, |- 16
fe F( arreR\’+6rre NJ (16)

with
£ 2OR[ R _O0R|0R,[ a7
or| or, | or,| orl,

The retrieval error in LWP follows directly frometerrors inc andre. These relations are applied
in CPP with a 3% relative error in the VIS and Ni&lectance. The resulting error estimates
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relate to the propagation of reflectance errors @rtrors in retrieved cloud properties, and do not
cover error sources discussed further on in thisig@nt.

Figure 4 shows the estimated retrieval errorsypical conditions, and their dependence on the
cloud properties. Two important features are itiatstd by this figure. First, the cloud optical
thickness retrieval becomes highly uncertain fackitlouds as a result of the asymptotic relation
between visible reflectand® and cloud optical thickness The derivativad77dR increases with
increasingz, and for large values of a marginal change in visible reflectance causésge
increase in the retrieved cloud optical thickn&econd, the error in effective radius is generally
between 2 and @m, but becomes much larger for thin clouds. Fa teason the retrieval of

for thin clouds is weighed towards a climatologicalue, as was discussed in Section 4.3. Figure
4 shows that errors get larger at high solar zeaitgles, but not dramatically. Errors may
increase more for particular parts of the phasetfon, e.g. the backward scattering peak or the
rainbow.
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Figure 4CPP retrieval errors as calculated using Eq. (14). The errors in (top),re

(middle), and LWP (bottom) are shown as a functibn(left, withre = 12 z/m kept constant) and
re (right, withz = 10 kept constant). The calculations were domédfc= 45° andf, = 70°,0 =

30° ande = 90°, and are based on the 0.6-/J6t channel combination.

Errors in ancillary data

A significant source of retrieval error is causaduncertainties in surface reflectanece This is
illustrated in Figure 5, which displays the impawxt retrieved LWP of a — realistic — 25%
(relative) uncertainty ini. Deviations ofos in the non-absorbing channel (left panels) mainly
affect the retrieved cloud optical thickness. Thepact is relatively largest for thin clouds
because the TOA outgoing radiation over these cdl@atains a considerable contribution from
the surface. Deviations of in the absorbing channel (right panels) mainleeifithe retrieved
effective radius. This impact is also largest fointclouds, but due to the weighing with a
climatological effective radius it is suppressed tbe thinnest clouds. Hence, a maximum
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sensitivity is observed for an optical thicknessuad 5. In all cases LWP is more sensitive to
uncertainties i over the brighter land surfaces than over theetaskean. Over ice- and snow-
covered surfaces, with a typical Qué surface albedo of 0.8, the retrieval becomesemety
sensitive, with LWP deviations of over 100% (nodwh in Figure 5).
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Figure 5 Sensitivity of retrieved LWP to uncertagntin surface reflectance. The curves show the
relative (top panels) and absolute (bottom paneésjiation of LWP from the truth following from
retrievals with a 25% increased or decreased swgfagflectance in the 0.6m (left panels) and
1.6+m (right panels) as a function of the true optittatkness. Two types of surfaces are
distinguished: ocean witds = 0.05 at 0.6 and 1.6ém (solid lines) and land witk, = 0.1 at 0.6
andas = 0.2 at 1.6um (dashed lines). The calculations were donéger 45°,0 = 30° andop =

90°.

Another source of error is the ancillary data neefie the atmospheric correction. The largest
impact is expected from uncertainties in the watgrour path and to a lesser extent the total
ozone column. Errors in geolocation, solar angtessatellite angles can be assumed to be small,
and hence their impact on cloud property retriel@lémited. Finally, the cloud mask, which is
external input to the CPP algorithm (and thus atergid here as ancillary data), is of importance.
The cloud mask determines for which satellite @Exed retrieval is performed. It does not
influence the retrieval itself, i.e. the level-Dducts, but is does have impact on aggregated-level
3 products. Typically, a more selective cloud mésk assigning less pixels cloudy) leads to a
larger aggregated cloud optical thickness for tbady portion of the sky.

4.5.PRACTICAL APPLICATION

This section provides details on the AVHRR/VIIRStiuments and other input data used by the
CPP algorithm.
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4.5.1. AVHRR/VIIRS instrument

NOAA has launched a series of polar orbiting siésllthat carry the AVHRR instrument.
Recently, EUMETSAT also launched an AVHRR instrumen the METOP polar orbiting
satellite. The AVHRR passive imager operates sanaels at wavelengths between 0.5 and 12.0
pm. Table 9 summarizes the AVHRR channels used . ORe to fundamental constraints, the
near-infrared 1.um and 3.8um channels are time-shared. On NOAA-16 (duringfits® two
years of its life), NOAA-17, and METOP the 1ué channel has been operated during the
daylight part of the orbit, while the 3|8n channel was operated during night. All other NOAA
satellites have only transmitted data from the [Bi8-channel. The spatial resolution of all
channels at nadir is around 1x1%rout this is degraded to 5x4 kifor GAC-AVHRR.

Table 9: AVHRR channels used by CPP

Channel Central Nominal spectral band
wavelength gm) (1)
1 0.63 0.58 - 0.68
3a? 1.61 1.58 - 1.64
3b? 3.74 3.55-3.93
4 10.8 10.30- 11.30
5 12.0 11.50 - 12.50

Y 0Only one NIR channel at the same time can be trteshto the ground.

NOAA has also launched the polar satellite NPP ctvhwill be followed by a series of JPSS
satellites. All of them carry the sensor VIIRS. TeahO summarizes the VIIRS channels used by
CPP. The spatial resolution of these channels G&sX7350 ni at nadir. CPP can be run with
VIIRS data either M10 or M12 as absorbing channel.

Table 10: VIIRS channels used by CPP.

.Channel Central Nominal spectral band
wavelength gm) (1)
M5 0.672 0.662 - 0.682
M10 1.61 1.58 - 1.64
M12 3.70 3.61-3.79
M15 10.76 10.26 - 11.26
M16 12.01 11.54 - 12.49

4.5.2.Input data

In this section, the required input data for thgpoathms are described.

3.5.2.1 Radiances

Radiances from 0.m, 1.64m or 3.8um, 10.8um, and 124m channels are the basic input.
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3.5.2.2 Solar and satellite angles

The solar zenith anglép, the satellite viewing zenith angl@ and the relative sun-satellite
azimuth angleg are required. These angles are calculated by WECISAF software and
provided as input to CPP.

3.5.2.3 Cloud mask

A cloud mask is needed to decide for which pixeldaaud physical properties retrieval will be
attempted. The cloud mask of the NWC-SAF is usedtticc purpose (see [RD.5]). The CPP
retrievals are run for pixels classified@dsud contaminatedr cloud filled

3.5.2.4 Cloud top height and temperature

CPP needs the cloud top temperature and heighthvare taken from the CTTH product from
NWC-SAF ([RD.6]).

3.5.2.5 Surface albedo

Over land this is prescribed from a 5-year mean M®D.6- and 1.Gim snow-free gap-filled
white-sky surface albedo database with 16-day wéisol (Moody et al., 2004, 2008). This
database was chosen because: (i) it is a frequesstyl and well recognized dataset; (ii) it
contains the spectral channels needed for CPP AVHRRVIIRS processing; (iii) it has global
extension and (iv) it is gap-filled. Over ocean sieface albedo is assumed to be 0.05 at both 0.6
um and 1.6um, and 0.02 at 3.8m.

3.5.2.6 Surface emissivity

For the 3.8am retrieval, a climatology compiled from four yearsthe MODIS-based surface
emissivity database by Seemann et al. (2008) id oser land, while over ocean the surface
emissivity is set to 0.98. The motivation for chmgsithis dataset was similar as for the surface
albedo dataset. Another advantage is that thecidlbedo and surface emissivity datasets are
consistently based on MODIS observations.

3.5.2.7 Numerical Weather Prediction (NWP) model fields

The following NWP model fields are required:
» Surface temperature. This is needed only for tBgqif retrieval.

* Water vapour path. For the atmospheric correctienttater vapour path is needed. As
a back-up it is possible to use a monthly-mean atiology based on ERA-Interim
data.

* Snow depth and snow albedo. These are used fatdhd phase determination and to
correct the MODIS snow-free albedo in case of srmwthe ground. The snow
parameters are not mandatory input, in the seradahh algorithm will still run if they
are missing, but obviously with lower quality inosnaffected areas.

The NWP fields are obtained from operational ECMuda or ERA-Interim.
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3.5.2.8 Sea ice concentration

The concentration of sea ice is used for the cfzhake determination and to correct the albedo of
sea for the presence of ice. It is obtained froem@$I-SAF. (Either operational products, or re-
processed.) Like the snow parameters, this inpubtisnandatory.

3.5.2.9 Ozone

A monthly mean total ozone column climatology at¢ 1.5 degrees was generated from the Multi
Sensor Reanalysis (MSR) dataset (Van der A et28l0). This is needed as input for the
atmospheric correction. All ozone is assumed tmeegbove the clouds.

4.5.3.Description of Output

The output file contains seven datasets with prisjilcree datasets with error estimates and three
processing flags. Here, for each dataset in SAFN®R®S/ the name, the data it contains and the
units are listed. The physical data are implementét scale factor, add offset and no-data-
value, of which the values can be read in the fAdl. products except cpp_phase and
cpp_phase_extended are available only in daylightiitions & < 84).

cpp_phase Cloud-top thermodynamic phase, classes: liqal, i

cpp_phase_extendedCloud-top thermodynamic phase, extended to mdasses. Classes:
clear,fog, water, super-cooled, mixed, opaqueuysjroverlap

cpp_lwp: Cloud liquid water path, unit: kg/m
cpp_iwp: Cloud ice water path, unit: kgfm
cpp_cwp Cloud water path, unit: kg/m

cpp_cot Cloud optical thickness, dimensionless
cpp_reff: Cloud patrticle effective radius, unit: m (thougypical values are in thgm-
range)

cpp_dcwp  Error estimate for cloud water path, relates pp_@wp, but is also valid for
cpp_lwp and cpp_iwp, unit: kg/m

cpp_dcot Error estimate for cloud optical thickness, re¢atio cpp_cot, dimensionless
cpp_dreff: Error estimate for cloud particle effective raglivelates to cpp_reff, unit: m

cpp_conditions flag for geophysical and processing conditioritstlédg, described below
cpp_quality: flag for quality indicators, bit flag, describedlow
cpp_status_flag flag for processing conditions and status, la,fdescribed below

The formulations of the flags cpp_conditions ang_gpality are common with the other
SAFNWC/PPS PGE:s, though the content is updateCR? (e.g., quality criteria are specific,
while land/sea is the same for all PGE:s). The tdation of the cpp_status_flag is specific for
the CPP product.



Code:
Issue:

NWC/CDOP2/PPS/SMHI/SCI/ATBD/5
1.0 Date: 15 September 2014
File: NWC-CDOP2-PPS-SMHI-SCI-ATB[5- v1

Algorithm Theoretical Basis
Document for Cloud Physical
Properties of the NWC/PPS

EUMETSAT Satellite Applicatio
Facility to NowCasting & Very
Short Range Forecasting

Page:

32/38

Table 11 CPP conditions and processing flags

Bit Flag: cpp_quality Explanation

number

0 Non-processed Containing no data. Cloud-freel pixpixel for which
no product could be retrieved.

1 Spare

2 Spare

3-5 Quiality 0: N/A nodata
1: Good
2: Questionable (Set when there is snow or ichat t
surface or when the cloud phase has been changed by
the optical properties retrieval)
3: Bad (Set when the NIR reflectance is outside the
range of the look-up-table)
4: Interpolated/Reclassified (Set when the pixeal ha
been reset to clear by the optical propertieseet)

Bit Flag: cpp_status_flag Explanation

number

0 Cloud-free Cloud-free

1 Bad optical conditions When the optical condisi@me too bad for retrieving
cwp, cot and reff (too high solar zenith angle)

2 Snow/ice There is suspected snow or ice at ttiacau

3 1.6 micron used The 1.6um channel has been used for the retrieval.

4 3.8 micron used The 3.8um channel has been used for the retrieval.

Bit Flag: cpp_conditions Explanation

number

0 Outside swath Pixel is outside swath (can ocftar eemapping to
region)

1-2 [llumination day/night/twilight

3 Sunglint possibly sun glint

4-5 Land Sea land/sea/coast

6 High Terrain high terrain

7 Rough Terrain rough terrain

8-9 Satellite input data Satellite data is avadéailissing

10-11 NWP input data NWP data (surface temperatndetotal water
vapour) is available/missing

12-13 Product input data Cloud mask data is aviailatissing

14-15 Auxiliary input data Auxiliary data is availe/missing

5. ASSUMPTIONS AND LIMITATIONS

In this section some of the assumptions and limitat associated with the retrieval algorithms
are listed. There are also general limitationsteelato the characteristics of the satellite
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instruments. For example, GAC-AVHRR has a nomieablution of 5x4 krfy compared to 1x1
km?® for LAC-AVHRR. A coarser resolution gives rise ggstematic biases in the derived cloud
physical properties, as outlined below. Also, padriters have only two overpasses per day in
the tropics (of which one during nighttime) and top=8 near the poles. Thus, coverage of the
diurnal cycle of cloud properties is limited.

Specific limitations for the cloud physical prodsiclude:

The derivation of cloud optical properties fromleeted solar radiation is dependent on the
availability of daylight. This means that no rewaés of cloud optical thickness, effective
radius and liquid/ice water path can be done dunight time. However, cloud phase can be
(and is) retrieved during night time, albeit withs$ spectral information being available and
consequently lower overall product quality.

Sunglint can affect the cloud property retrievalasiderably, in particular for broken cloudy
scenes over ocean. Therefore, possibly sunglietedtl pixels (defined by a scattering angle
differing more than 25 degrees from the directtglingle) over ocean are flagged.

Cloud retrievals are performed assuming that clardsplane parallel. This is true only in a
minority of cases, which implies that retrievalces become larger as clouds deviate from
being plane parallel. Especially convective cloods be problematic, as they frequently have
illuminated and shadowed sides (see, e.g., Marshak 2006). Broken cloud fields can also
cause problems for retrieving cloud propertiescesia passive satellite sensor measures an
averaged radiance of the cloudy and cloud-free gfaaitpixel. The error made in these cases
is among others dependent on the contrast betwleadscand underlying surface, the true
properties of the cloud, and the cloud fractionhitthe sampling resolution of the
instrument (Oreopoulos and Davies 1998; Coakla}.é2005; Wolters et al. 2010).

The retrieval is highly problematic over very bitiglurfaces, particularly ice and snow, as the
visible reflectance from clouds is similar to tfiam the surface.

Unlike active satellite instruments, which can dericloud profile information, retrievals
from passive satellite instruments are limited bg fact that the obtained signal emanates
from the integrated profile. Since near-infraredia#ion is only penetrating into the cloud to a
certain depth (due to absorption by cloud part)cléee retrieved cloud phase and effective
radius are representative for the upper part ofdbed (Platnick 2001). The penetration
depth depends on the amount of absorption by clmarticles, which is increasing with
wavelength. This means that the retrieved CPHradépend on which NIR spectral channel
is used (in our case 1.6 or 31B1). See, for example, Rosenfeld et al. (2004) fdisaussion
on pros and cons of the use of different NIR chéngeethala and Horvath (2010) and
Zhang and Platnick (2011) noted that the|818r. can be significantly smaller than the 1.6 or
2.2umrq in non-raining Sc clouds, for which one would estpén contrast, a steady increase
in re from 1.6 through 2.2 to 3.8 micron. They suggesthdt drizzle and/or 3D
inhomogeneity effects might be the cause. Zharal. €2012) further investigated the effects
of drizzle and cloud horizontal inhomogeneity on DIS r. retrievals using LES models and
synthetic retrievals and found that drizzle doeshave a strong impact but inhomogeneity,
the plane-parallel bias, does.

In the derivation o8 for LWP and IWP it is assumed that the cloud phateffective radius is
representative for the total column . In realitistassumption is not assured. For example,
liquid water clouds often obey adiabatic theorydiaeg to a different relation form of Eq. (3),
in which the factor 2/3 is replaced by 5/9, withdefined as the effective radius at the cloud
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top. However, radiation at 16m penetrates a significant depth into the cloudthsd the
derivedr, is representative of a larger vertical extent@sared to retrievals using channels
at 2.1 or 3.8um. Seethala (2011) showed that for marine stratotusrclouds, LWP derived
using the SEVIRI 1.um channel and a factor 2/3 in Eq. (3) is comparableWP derived
using the MODIS 2..um channel and a factor 5/9 in Eq. (3). This suggdsit automatic
adiabatic correction is applied by using the ju®& channel. Deviations from vertical
homogeneity are also common for ice clouds. Thiekadlouds often have small ice crystals at
the top, which are not representative of the falitical extent. As a consequence, IWP can be
underestimated in these cases. Results are evea quastionable for multi layer cloud
systems. Here the derived effective radius (uppstraloud) may be totally unrelated to any
cloud below. So the relation betweerand LWP/IWP is not applicable here. However, multi
layer clouds are known to be the most difficultteyss to handle and no satisfying solution is
known yet.

Aerosols are not considered in the CPP retrievais &ssumption is usually justified because
aerosols reside below or within the cloud and tbptical thickness is small compared to that
of the cloud. However, if the aerosols reside abthes cloud and if they are sufficiently
absorbing, they can significantly lower the visilbiflectance. The effect on the retrievals
depends on the channel combination used and omehesol properties (Haywood et al.
2004). The impact is strongest for the urfB-channel, with a possible understimatiomdfy
several microns. For the 38n channel, the impact is smaller and can be arestiaration

of r.. Cloud optical thickness generally has a low balthough the annual mean effect of
absorbing aerosols is relatively small, their intaaeous effect on LWP can be as high as a
40 g m? low bias, mostly caused by a reduction in optthalkness. Wilcox et al. (2009) and
Seethala and Horvath (2010) both have given estnaf absorbing aerosol effects on
MODIS LWP by comparing it with passive microwaveérievals and quantifying the aerosol
load with the help of OMI aerosol index. Seetha@1() obtained similar estimates for
SEVIRI LWP by comparison to TMI microwave retriesal

Precipitation may have an effect on cloud propegtyievals in case the radiation penetrates
sufficiently deep into the cloud to be affectedtbg (large) precipitating droplets. Retrievals
with the 1.6pm channel are expected to be most sensitive tplihissynthetic studies (e.g.,
Zinner et al. 2010; Zhang et al. 2012) have noiceted significant impact on the effective
radius retrieval.

Many assumptions are made for the calculation off$With DAK. These include: the
absence of aerosols, the location of the cloud &etwi and 2 km height, the specific habits
and resulting phase functions of ice crystals, thedype and width of water droplet effective
radius distributions. The necessity of these assiomp is an illustration of the heavily
underconstrained nature of the cloud physical ptaseretrieval principle.

While the cloud phase product has been validatedn&iantaneous values against Calipso
data over both land and sea, the LWP product hdg lbeen properly validated for
instantaneous values over sea using AMSR-E dataugfhthere has been made a comparison
with MODIS liquid water path, split in land and sead it show about as good performance
over land as over sea. See Validation report fdéidaaon results, and discussion of land
validation [RD.4].



EUMETSAT Satellite Applicatio
Facility to NowCasting & Very
Short Range Forecasting

Algorithm Theoretical Basis
Document for Cloud Physical
Properties of the NWC/PPS

Code: NWC/CDOP2/PPS/SMHI/SCI/ATBD/5

Issue: 1.0 Date: 15 September 2014
File: NWC-CDOP2-PPS-SMHI-SCI-ATB[5- vi|
Page: 35/38

ANNEX A. List of TBC, TBD, Open Points and Comments

TBD/TBC

Section

Resp.

Comment
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ANNEX B. Thresholds used in the cloud phase algorithm

The cloud phase algorithm described in Sectionl4chntains a number of thresholds, the
settings of which are detailed here.

NIR_PHASE_THRES

Water or snowl/ice Other
Ch3a 0.17 0.32
Ch3b 0.06 0.06

NIR_CIRRUS_THRES

Water or snowl/ice Desert Other
Ch3a 0.20 0.55 0.33
Ch3b 0.12 0.40 0.12

NIR_OVER_THRES

Snow/ice Other
Ch3a 0.17 0.0
Ch3b 0.06 0.0

BTD1112_DOVERLAP_THRES

¢ 0.35<Rys< 0.60: MAX(@ + a1 Rog+ @ (Rog? + ... +as (Rog*, MIN_BTD1112_DOVERLAP) - 0.1

¢ 0.60 <Ry<0.90: MIN_BTD1112 DOVERLAP - 0.1

If Rys< 0.35 0rRy 6> 0.90, the threshold is not applied. In additian, l&titudes poleward of 65 degrees, and if
Rs;g> 0.2, the threshold is not applied.

The coefficientgy toa, and MIN_BTD1112 DOVERLAP are functions 8fnd &, (in 10-degree bins)

% 0

0 0-10 |10-20,20-30,30-40,40-50;50-60,60-70 %

0-10 |10-20,20-30,30-40,40-50/50-60,60-70

6
0 0-10 | .936(-3.25|-2.60| 1.71|-.743|-8.27|-8.27

0-10 | 2.94| 3.14| 3.15| 3.03| 3.27| 3.77| 3.77

10-20 | .936|-3.25|-2.60| 1.71|-.743|-8.27|-8.27

10-20 | 2.94| 3.14| 3.15| 3.03| 3.27| 3.77| 3.77
20-30 | 4.48|-1.20|-2.31| 1.98| .148| 2.65| 2.65

20-30 | 2.76| 3.04| 3.14| 3.20| 3.23| 3.25| 3.25
30-40 | .365| 4.94|-.240| 1.20|-2.60|-2.09|-2.09

30-40 | 2.95[ 2.75| 3.03| 3.15| 3.34| 3.48]| 3.48
40-50 | 6.62| 4.96| 6.72| 5.76| 8.27| 9.71| 9.71

40-50 | 2.62| 2.71| 2.65| 2.80| 2.80| 2.97 | 2.97
50-60 | 12.1] 6.67| 11.2| 10.5| 9.62| 7.24| 7.24

50-60 | 2.26] 2.59| 2.33| 2.43| 2.62| 3.01| 3.01
60-70 | 16.7| 24.5| 19.9| 19.9| 18.1| 33.7| 33.7

60-70 | 1.94| 1.29| 1.65| 1.65| 1.88|0.6490.649
70-80 | 69.2| 62.6| 35.3| 65.7| 45.8| 35.6| 35.6

70-80 | -2.33-1.83|0.417|-2.67|-0.72|0.234/0.234

aQ
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a az

0 0 0-10|10-20,20-30| 30-40| 40-50/50-60| 60-70, 0 0 0-10|10-20,20-30| 30-40| 40-50/ 50-60| 60-70,
0-10 | -41,2-24.1|-27.7|-45.7|-36.0| -8.56| -8.56 0-10 | -50.9 -38.3|-42.0|-55.2|-48.0{-31.6(-31.6
10-20 | -41,2-24.1|-27.7|-45.7| -36.0| -8.56| -8.56 10-20 | -50.9 -38.3|-42.0| -55.2|-48.0|-31.6|-31.6
20-30 | -54.71-32.0|-27.7|-29.6| -38.0| -52.9|-52.9 20-30 | -60.2-43.6|-40.1|-41.4|-46.7| -63.6| -63.6
30-40 | -37.6-55.1|-34.1|-30.1|-24.0| 30.2| 30.2 30-40 | -46.7-58.1|-42.0|-37.9|-32.5(-41.1| -41.1
40-50 | -60.8 -53.0|-57.7|-53.8|-64.1|-76.7| -76.7 40-50 | -62.5-54.9|-54.2|-49.9|-56.3|-71.3|-71.3
50-60 | -81.4 -59.6|-72.9|-65.9|-62.1| -48.8|-48.8 50-60 | -77.2-60.2|-62.8|-51.3|-47.0|-32.2| -32.2
60-70 | -102| -127| -106| -100|-93.7| -138| -138 60-70 | -100| -112|-89.6|-76.5|-70.4| -84.0|-84.0
70-80 | -309| -280|--169| -256| -186 | -123| -123 70-80 | -285| -252| -149| -182| -128|-52.1|-52.1

ay MIN_BTD1112_DOVERLAP

8 9 | 0-10|10-20120-30 30-40{40-50{50-60 60-70 % ® | 0-10|120-20/20-30 3040} 40-50 50-601 60-70
0-10 | 85.8/ 60.5| 66.9| 93.5| 79.1| 42.4| 42.4 0-10 | 0.70{ 0.70| 0.70| 0.70| 0.75| 0.80| 0.80
10-20 | 85.8| 60.5| 66.9| 93.5| 79.1| 42.4| 42.4 10-20 | 0.70| 0.70| 0.70| 0.70| 0.75| 0.80| 0.80
20-30 | 105| 71.4 65.0| 67.8| 79.2| 107 | 107 20-30 | 0.70{ 0.70| 0.70| 0.70| 0.75| 0.80| 0.80
30-40 | 78.8| 103 | 71.6| 64.7| 54.6| 68.2| 68.2 30-40 | 0.70{ 0.70| 0.70| 0.70| 0.75| 0.80| 0.80
40-50 | 111! 97.9 101 | 93.7| 108 | 133| 133 40-50 | 0.70( 0.70| 0.70| 0.70| 0.75| 0.80| 0.80
50-60 | 141| 108 120 108 96|370.1| 70.1 50-60 | 0.70| 0.70| 0.70| 0.70| 0.75| 0.90| 0.90
60-70 | 178| 208 170 158 1483 187 187 60-70 | 0.75[ 0.75| 0.75| 0.80| 0.80| 0.90| 0.90
70-80 | 508| 455 278 369 266 140 140 70-80 | 0.75/ 0.75| 0.75| 0.80| 0.80| 0.90| 0.90
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BTD1112_CIRRUS_THRES = MAX( 1.0, MIN§o + by T1y + ba(T10)%+ ... +by(T10)*, 4.0),

The coefficientdy, to b, are the following functions of (in 10-degree bins)

coeff 0 0-10 10-20 20-30 30-40 40-50 50-60 60-70
by -3.21578e3| -2.94035e] -3.21256¢3  -3.47061e3  -3@Bg -5.08847e3| -5.09507eB
b, 4.88463el 4.47332¢] 4.86994e1 5.27678el 5.32849e17535Bel 7.80031el]
b, -2.76528e-1| -2.53526e-] -2.75139¢-1 -2.99072e-1 019F¥0e-1| -4.40956e-1 -4.45700er-1
bs 6.90693e-4| 6.33594e-4  6.85787er4  7.48048p-4  7.85460 1.10843e-3| 1.12561e-B
by -6.41179e-7| -5.88096e-f -6.35206€-7 -6.95628e-7 020B5e-7| -1.03800e-6 -1.05900e-6

EMS38_PHASE_THRES

Ty, < 245: 0.9
Ty, > 245: 1.12

BTD1112_NOVERLAP_THRES_H/ L and EMS38_NOVERLAP_THRES IH/_

-30 < latitude < 30 | latitude | > 30
BTD1112_NOVERLAP_THRES_H 2.5 2.0
BTD1112_NOVERLAP_THRES_L 0.78 0.58
EMS38_NOVERLAP_THRES_H 5.0 2.0 (over water: 2.5)
EMS38_NOVERLAP_THRES_L 1.1 1.0 (over water: 1.05)

These thresholds are not applied3-T;; < 0 or if the surface type is desert.




