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Referat:

In der vorliegenden Arbeit werden abwértsgerichtete spektrale Strahldichten analysiert, die
mithilfe schiffsgebundener Beobachtungen iiber dem Atlantischen Ozean gemessen wurden.
In Verbindung mit hochauflésenden Lidar und Mikrowellenradiometer Fernerkundungsver-
fahren werden optische und mikrophysikalische Wolkeneigenschaften aus spektralen Daten
abgeleitet. Um Probleme bereits existirender Verfahren, die auf Transmissionen basieren,
zu beseitigen, wird ein neuer Fernerkundungalgorithmus vorgestellt, der nicht nur Zwei-
deutigkeiten in der Bestimmung der Parameter umgeht, sonderen auch den Einfluss von Mess-
unsicherheiten verringert. Die Methode vergleicht gemessene spektrale Transmissionsverhalt-
nisse bei sechs Wellenléingen mit modellierten Verhéltnissen. Die neue Fernerkundungsme-
thode ist schnell und exakt, sodass sie fiir operative Zwecke geeignet ist. Sie wird fiir ho-
mogene und inhomogene Wasserwolken als auch fiir Cirren angewendet. Die Ergebnisse
des neuen Ableitungsverfahrens werden mit Beobachtungen des Fliissigwasserpfades eines
Mikrowellenradiometers verglichen. Daraus ergibt sich eine Uberschitzung des Fliissig-
wasserpfades unter dicken Wolken, jedoch eine leichte Unterschitzung fiir diinne Wolken.
Eine statistische Analyse der abgeleiteten Wolkeneigenschaften aus drei Atlantikiiberfahrten
wird vorgestellt. In den mittleren Breiten und nérdlichen Subtropen wurden dhnliche Charak-
erisierungen von Wolkeneigenschaften gefunden, jedoch lésst die Variabilitat der meridionalen
Verteilung in den restlichen Regionen darauf schliefen, dass der Einflufl von Wettersystemen
auf typische Wolkenverteilungen iiberwiegt. Mit etwa 63% aller Daten stellen homogene
Stratocumulus Wolken den vorherrschenden Wolkentyp tiber dem Ozean dar, wihrend durch-
brochene und inhomogene Bewdlkung jeweils mit 16% und 21% vertreten sind. Durch den
FEinfluss von 3D Strahlungseffekten weisen alle analysierten Verteilungen von Wolkeneigen-
schaften eine erh6hte Anzahl an niedrigen Werten auf. Entlang eines Fahrtabschnittes zeigt
der Vergleich zwischen Satelliten— und bodengebundenen Verfahren vergleichbare Ergebnisse
fiir die optische Dicke von Wolken mit Einschriankungen fiir dicke Wasserwolken. Die merid-
ionale Verteilung des effektiven Tropfenradius stimmt innerhalb der Unsicherheiten beider
Methoden iiberein, jedoch sind die Mittelwerte vom Satelliten hoher als die vom Boden aus
bestimmten Werte.
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Abstract:

In this thesis spectral solar zenith radiances are analyzed which were obtained from ship—
based measurements over the Atlantic ocean. In combination with high-resolution lidar and
microwave remote sensing optical and microphysical cloud properties were retrieved using
spectral radiation data. To overcome problems of existing transmissivity—based cloud re-
trievals, a new retrieval algorithm is introduced which circumvents retrieval ambiguities and
reduces the influence of measurement uncertainties. The method matches radiation measure-
ments of ratios of spectral transmissivity at six wavelengths with modeled transmissivities.
The new retrieval method is fast and accurate, and thus suitable for operational purposes.
It is applied to homogeneous and inhomogeneous liquid water and cirrus clouds. The results
from the new algorithm are compared to observations of liquid water path obtained from a
microwave radiometer, yielding an overestimation for thick liquid water clouds but a slight
underestimation for thin clouds. A statistical analysis of retrieved cloud properties during
three Atlantic transects is introduced. Similar characteristics of cloud properties are found in
the mid latitudes and northern subtropics but the large variability of meridional distribution
in the remaining regions imply the prevailing influence of weather systems compared to typi-
cal cloud distributions. With about 63% homogeneous stratocumulus clouds are found to be
the prevailing cloud type over ocean, while scattered and inhomogeneous liquid water clouds
amount to 16% and 21%, respectively. All analyzed distributions are affected by an increased
frequency of small values of cloud properties caused by 3D radiative effects. The comparison
with satellite-based and ship—based cloud retrievals along the cruise track show comparable
results for the cloud optical thickness with limitations for thick liquid water clouds. The
meridional distribution of effective radius agreed within the uncertainties of both methods,
however, the satellite-derived values are biased toward larger mean values.
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1 Introduction

Although clouds have been studied for several decades, they are still contributing to ma-
jor uncertainties in estimating the Earth’s energy budget (Stocker et al., 2013). To infer
macro— and microphysical properties from satellite, airborne or ground—based observation
a multitude of cloud retrievals have been developed. The cloud properties vary for differ-
ent cloud types and on temporal and spatial scales. Beside global observations of clouds
from satellite measurements over the ocean, in contrast to land, ground—based observations
of optical and microphysical cloud parameters are relatively sparse. The general objective
of this work is to contribute to the improvement of retrieval techniques of marine cloud
properties from ground-based observations in different climate zones. The presented data
were collected over the Atlantic ocean and benefit from a combination of different active and
passive remote sensing instruments with a high temporal and spatial resolution as compared
to satellite observations to obtain optical and microphysical properties of marine clouds.
This introduction, which is partly published by Briickner et al. (2014), gives a brief overview
of marine clouds and their radiative effects on the Earth’s energy budget. The challenges
in the remote sensing of optical and microphysical properties of clouds over the ocean are
summarized. This chapter is concluded by presenting the main objectives of this work.

1.1 Marine Clouds

Diverse marine cloud regimes represent diverse meteorological environments and are orga-
nized by large—scale circulations. In Figure 1.1 a schematic meridional cross section of preva-
lent cloud regimes over the ocean is illustrated. In the tropics with intense solar radiation
precipitating cumulonimbus develops over the warmer ocean (see Figure 1.1a). Those con-
vective clouds with extensive cirrus anvils are associated with ascending air motions in the
Intertropical Convergence Zone (ITCZ). From the tops of those thunderstorms, the air flows
toward higher latitudes and often forms thin cirrus clouds. In the warm subsiding regions in
the subtropics (around 30°N and 30°S) over the colder oceans shallow stratocumulus forms
under a strong inversion. Within the surface trade winds to the equator typical shallow
cumulus clouds are seen captured underneath the trade wind inversion. The schematic cross
section from mid-latitudes to high latitudes in Figure 1.1b illustrates a typical extratropical
cyclone system. In the warm sector turbulence—driven boundary layer stratus clouds evolve
followed by a region of nimbostratus clouds on the frontal zone between cool polar air and
the warm subtropical air. In the upper—tropospheric frontal outflow multiple layer clouds
consisting of higher cirrus and mid-level altostratus occurs.

In Figure 1.2 the annual distribution of cloud amount over the ocean is illustrated. Averaged
lidar profiles of Calipso (Winker et al., 2003) merged with data from CloudSat (Stephens et al.,
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Figure 1.1: Schematic meridional cross section of cloud regimes over the ocean for (a) the tropics
and subtropics and (b) for mid-latitudes and high latitudes. Graphic is adopted from Boucher et al.
(2013).

2002) over a period from 2006-2011 are shown. Low-level marine stratocumulus clouds
(Figure 1.2a) with a global mean amount of about 43% occur primarily along the the
west coast of continents in the subsiding regions, while high clouds with a global mean
amount of about 36% (Figure 1.2b) are located primarily in the tropics and the mid—
latitudes (Christensen et al., 2013). The arid subtropics are characterized by fewer clouds
(Figure 1.2c). The remaining cloud regimes consist of deep convective clouds or multi-layer
clouds (Figure 1.2d).

Over the oceans, clouds are involved in the latent heat exchange between air and sea as
well as in the moisture transport between ocean and land (Fowler and Randall, 1994). Due
to condensation, precipitation and evaporation processes latent heat and fresh water are
transported by clouds which determines the stability of marine boundary layer as well as the
vegetation over land (Trenberth et al., 2011).

1.2 Radiative Cloud Effects

With a coverage of roughly two thirds of the globe clouds are an important component of
the Earth’s radiation budget. They influence the radiative energy budget by scattering and
absorption of solar radiation (dominant in the wavelength region 0.2 — 5 um) and emission
and absorption of terrestrial radiation (dominant in A = 5 — 100 um) in the atmosphere.
On average, globally and annually, clouds tend to cool the climate system (Wielicki et al.,
1995) because the solar cooling due to the cloud albedo effect (by approximately —50 Wm™?2)
dominates the greenhouse warming (by approximately +30 Wm™2) in the terrestrial spectral
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Figure 1.2: Annual global distribution of (a) low—level clouds below 3km, (b) high clouds above
4km, (c) cloud—free, and (d) remaining clouds including optically thick clouds and profiles of more
than two cloud layers. Lidar profiles from Calipso were binned in 2.5° x 2.5° areas and merged with
CloudSat observations and averaged over a time period spanning from 2006-2011. Graphic is adopted
from Christensen et al. (2013).

region with an uncertainty of less than 10% (Loeb et al., 2009). However, the variability of
cloud properties among and in between diverse cloud types (vertical extent, thermodynamic
phase, optical thickness and droplet size) is high. Depending on those properties they may ef-
fect both solar and terrestrial radiant flux densities (called irradiances) as much as changes in
total cloud cover (Chen et al., 2000). On an annual average, the reflection of incoming solar
radiation by clouds over the extratropical oceans exceeds the absorption of upwelling terres-
trial radiation and thus strongly contributes to the net cooling effect of clouds on the Earth’s
radiation budget (Harrison et al., 1990). In the terminology of the Earth Radiation Budget
Experiment (ERBE) the cloud radiative forcing (C'RF') at the top of the atmosphere (TOA)
can be obtained from satellite data by comparing upwelling solar and terrestrial radiation in
non—cloudy and cloudy conditions by CRF = Cs+ C; (Ramanathan et al., 1989). According
to these definitions, the solar cloud forcing Cs is generally negative because clouds reduce the
amount of solar radiation, while the terrestrial cloud forcing C} is generally positive because
clouds increase the amount of terrestrial radiation. Harrison et al. (1990) found a clear dif-
ference in the seasonal warming of clouds over the Northern Hemisphere (NH) extratropical
oceans. This means that the magnitude of net C RF', and particularly the individual com-
ponents of Cy and CY, is affected in a way that relatively small percentage changes in cloud
properties and cloud cover result in abnormal climate forcing of several Wm™2, comparable
to the direct forcing due to a doubling of COy (e.g., Ramanathan et al., 1995). Thus, over
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the ocean with the associated relatively low surface albedo, it is important to quantify the
physical mechanisms that affect CRF in these regions (Weaver and Ramanathan, 1997).

The annually averaged mean C'RF' at the TOA is strongly linked to the altitude —dependent
cloud distribution. Regional patterns of C} are dominated by high clouds. Cirrus clouds
absorb more radiation emitted from the lower atmosphere and surface than they emit or
reflect back to space. Depending on the microphysical and optical properties of ice clouds,
the combined solar and terrestrial cloud forcing of high clouds may either warm or cool the
atmosphere below these clouds (Stephens et al., 1990; McFarquhar et al., 2002). In contrast,
regional patterns of Cy are sensitive to optically thick clouds at all altitudes. Particularly,
thick low—level clouds, such as stratocumulus (Sc), cool the surface because the reflection of
solar radiation dominates the emission of terrestrial radiation to the surface. These clouds
are most common and energetically most important over the North Atlantic extratropi-
cal ocean and are characterized by geometrical thickness and cloud top heights less than
3km (Hartmann et al., 1992; Mace, 2010). The reflectivity and transmissivity of low—level
clouds in the marine boundary layer (MBL) is very sensitive to their liquid water content
and microphysical parameters (Taylor and Ghan, 1992). Their development and life time is
characterized by turbulent mixing due to strong infrared radiative and evaporative cooling
near the cloud top (Christensen et al., 2013). The amount of the radiative cooling and en-
trainment can be affected by several factors. Various studies (e.g., Comstock et al., 2005;
Caldwell and Bretherton, 2009; Wood, 2012) investigate the linking between properties of Sc
and changes in net radiation due to the diurnal cycle. Generally, Sc thickness and amount are
largest in the morning and decrease in the afternoon as absorption of solar radiation through
upper cloud regions increases. Other studies focus on the influence of aerosols (Chen et al.,
2011), wind shear (Wang et al., 2012), and overlying layers of aerosols (Wilcox, 2010) or
cirrus clouds (Christensen et al., 2013) on radiative effects of Sc clouds. However, the sim-
ulation of MBL clouds, which are highly sensitive to changing environmental conditions, is
currently the main sources of uncertainty of cloud feedbacks in general circulation models
(Bony and Dufresne, 2005).

Numerous studies quantified the radiative effects of ice clouds from satellite and ground-—
based observations and numerical models (e.g., Liou, 1986; Lynch et al., 2002; Yang et al.,
2007; Baran, 2012). However, ice clouds still remain one of the main source of uncertainty
component in the atmospheric system. Beside the cloud altitude (temperature), the geometri-
cal vertical and horizontal extent, microphysical properties, such as particle size distribution
and ice water content (IW ('), the ice crystal shape (habit) is an important factor affect-
ing the radiative properties of cirrus (e.g., Macke et al., 1998; Wendisch et al., 2005, 2007,
Eichler et al., 2009). Furthermore, optical properties such as extinction coefficient, phase
matrix, single-scattering albedo and asymmetry factor of non—spherical ice crystals may
differ substantially from spheres (Takano and Liou, 1989; Fu and Liou, 1993; Macke, 1993).
More recently, progress in the parametrization of optical properties of ice crystals in general
circulation models (GCM) has been made (e.g., Kristjansson et al., 2000; Edwards et al.,
2007), which uses an ensemble of ice crystal shapes including roughened surfaces. Recent
studies by Yang et al. (2012) and Yi et al. (2013) emphasize the parametrization of ice par-
ticle surface roughness, which results in a reduction of the asymmetry factor compared to
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smooth particles of the same size. The cloud radiative effect of cirrus is highly sensitive to
the cirrus optical thickness, whereas only a weak sensitivity is found to effective radius. For
the tropical region Choi and Ho (2006) found a warming net radiative effect of cirrus with
an optical thickness less than 10 but a cooling effect for optical thickness larger than 10
observed from satellite measurements. With an observed occurrence of 60% of optically thin
cirrus in the tropics, the warming of cirrus dominates the cooling and the radiative energy
budget is determined by the variations of optically thin cirrus in the tropics.

1.3 Remote Sensing of Clouds

The most important microphysical parameters describing the radiative energy effects of
clouds are the cloud optical thickness 7 and the droplet effective radius reg (ratio of the third
moment of the cloud droplet size distribution to its second moment). To investigate cloud
properties of marine clouds different remote sensing methods are used on the basis of satellite,
airborne, and ship-based radiation measurements. The synergy of cloud radar and microwave
radiometer measurements (e.g., Dong and Mace, 2003; Wang and Sassen, 2002; Wang et al.,
2004) is of great advantage. Long—term global cloud data such as the International Satellite
Cloud Climatology Project (ISCCP, Rossow and Schiffer, 1991; Rossow and Cairns, 1995;
Rossow et al., 1996) are based on space-borne observations of cloud reflectivity. In non-
absorbing water vapor wavelength regions (visible) cloud reflectivity primarily depends on 7,
whereas due to the proportionality of the liquid/ice absorption coefficient and 7g (in the so-
lar spectral region) cloud reflectivity primarily depends on r.g in liquid water/ice absorbing
wavelength regions (near-infrared). This is the basis of most satellite-based cloud retrievals
(e.g., Nakajima and King, 1990; Platnick and Twomey, 1994; Nakajima and Nakajima, 1995).
Operational retrieval algorithms, such as the Moderate Resolution Imaging Spectroradiome-
ter (MODIS) algorithm, additionally include emitted thermal radiation measurements
(King et al., 1997, 2006). The cloud reflectivity is mostly determined by the upper cloud
layers in these reflectivity-based retrievals (Platnick et al., 2003). Platnick (2000) modeled
photon transport through cloud layers using vertical weighting functions to quantify the rela-
tive contributions of distinct cloud layers to the retrieval of rog. These simulations show that
the upper part of the cloud is weighted stronger than lower cloud parts using reflectivity. In
contrast, transmissivity is mostly determined by the center layers of the cloud.

However, transmissivity principally contains less information on r.g as reflectivity. This
is due to the competing effects of absorption and forward scattering. With increasing r.g
forward scattering increases; however, in this case also cloud droplet absorption increases
in the near—infrared wavelength region. Furthermore, transmissivity has a non—monotonic
behavior with regard to 7. This causes ambiguous retrieval results in contrast to using
reflectivity, which is a monotonic function of 7 (Kikuchi et al., 2006). For optically thin
clouds (7 < 5) an increase in 7 results in an increased number of scattered water droplets in
the upward looking sensor field—of—view and thus larger transmissivity. As the cloud becomes
optically thicker, zenith radiance decreases and attenuation dominates which enhances the
uncertainty of r.g retrievals.
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Different ground-based retrievals were developed to obtain 7 and reg. A number of stud-
ies utilizes a combination of instruments. Min et al. (2003) and Feingold et al. (2006) used
solar irradiance and microwave observations to retrieve 7 and reg by a least—squared er-
ror minimization technique. Garrett and Zhao (2013) retrieved 7 and r.g based on cloud
transmissivity at 1040 cm™! and cloud emissivities in two other microwindows from inter-
ferometer measurements. Other studies obtain simultaneously 7 and 7.g using zenith ra-
diance measurements (Rawlins and Foot, 1990; Kikuchi et al., 2006; Schofield et al., 2007;
Pandithurai et al., 2009; McBride et al., 2011, 2012; Chiu et al., 2012). The basic princi-
ple of these transmissivity—based methods is to combine a non—water absorbing wavelength
with a liquid-water/ice absorbing wavelength. Rawlins and Foot (1990) used the spectral
transmissivity at 1040 nm and the ratio of transmissivity at 1550 nm and 1040 nm to retrieve
7 and reg. They demonstrate that 7 can be retrieved from transmissivity measurements;
however, the r.g retrievals were not significant given their high uncertainties. Kikuchi et al.
(2006) and Pandithurai et al. (2009) used transmissivity of liquid water clouds at 1020 nm
to 1600 nm, or 2200 nm. For 7 between 10 and 35 they found reg ranging from 1 — 6 pum for
a single—layer stratocumulus cloud.

McBride et al. (2011) introduced a method for retrieving 7 and reg with enhanced sensitivity
to Tef using the spectral slope of transmissivity between 1565 nm and 1634 nm in combination
with transmissivity at a visible wavelength. This spectral method agreed with the common
two—wavelength approach for 7 retrievals but improved results for r.g for 7 > 25. Fur-
thermore, the comparison of retrieved 7, rog and liquid water path (LW P) agree well with
satellite and ship—based microwave observations. The comparison of airborne in situ measure-
ments of averaged vertical profiles of cloud droplet size distribution with ship—based transmis-
sivity retrievals of rog reveal with retrieved mean values of 7.7 um and 5.7 um, respectively
(McBride et al., 2012). Larger differences in retrieved reg for the analyzed stratocumulus
scene were found for satellite observations and ship—based spectral irradiance observations
with mean values of 11.5 ym and 9.5 um, respectively. The different sampling volumes of
these remote sensing techniques are reported as the most likely contributors to the observed
variability in reg (McBride et al., 2012). More recently, almost parallel but independent from
this work (Briickner et al., 2014), LeBlanc et al. (2014) introduced a new retrieval method
for 7, ref, and additionally cloud phase using ground—based spectral transmissivity. Using
multiple spectral variations in zenith radiance due to absorption and scattering of liquid
water and ice clouds, they found a closer fit by a weighted least—squares retrieval between
observed and modeled transmissivity compared to existing retrieval methods.

1.4 Objectives

This work is concerned with a ground—based retrieval of 7, ro.g and LW P of marine clouds
by analyzing spectral zenith radiance measurements. A new retrieval technique is devel-
oped which is similar to LeBlanc et al. (2014). As shown above the microphysical properties
of different cloud types are one essential parameter affecting the radiative effects of clouds
and the Earth’s energy budget. Data used in this work are based on spectral zenith ra-
diance measurements with the COmpact RAdiation measurement System (CORAS). The
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measurements are complemented with data collected with different active and passive re-
mote sensing instruments. The data set was gathered during three Atlantic ocean transfers
of the Research Vessel (RV) Polarstern in the framework of the German Leibniz—network
OCEANET-project (autonomous measurement platforms for material and energy exchange
between ocean and atmosphere). The measurements benefit from the regular transfers of RV
Polarstern between the polar regions on both hemispheres and provides the opportunity to
observe clouds in three climate zones (tropics, subtropics, and mid-latitudes) which enables
to obtain a statistic of cloud properties in a meridional cross section. The observations de-
liver high temporal and spatial resolution of atmospheric cloud properties. Thus, variability
in cloud parameters and microphysical inhomogeneities can be resolved and quantified for
different cloud types.

The outline of this thesis is as follows: The radiative and cloud optical quantities are in-
troduced in Chapter 2. In Chapter 3 a detailed description of the radiation measurements
and the calibration procedure of CORAS is given. The additional remote sensing instru-
mentation of the OCEANET—-Atmosphere container is introduced and a brief overview of
the three Atlantic transfers during the OCEANET-project that are used in this study is
given. The radiative transfer model as well as existing ground—based retrievals are presented
in Chapter 4. These common retrievals reveal some problems which are avoided with a new
multi—-wavelength cloud retrieval developed in this work to infer 7 and 7.g using transmis-
sivity measurements. The retrieval is applied to different cloud types in Chapter 5. A cloud
statistics is given in Chapter 6. The thesis is completed with a summary and conclusion as
well as an outlook in Chapter 7.



2 Definitions

In this chapter the terminology used in this work is introduced. The subsequent definitions
follow the textbook on atmospheric radiative transfer by Wendisch and Yang (2012). The
fundamental radiometric quantities (Section 2.1), the cloud optical quantities (Section 2.2),
including the single—scattering properties of individual cloud particles (Section 2.2.1) and
volumetric (bulk) optical properties of clouds (Section 2.2.2) are introduced. In Section 2.3
the microphysical properties of liquid water and ice clouds are presented. The radiative

transfer equation is explained in Section 2.4.

2.1 Radiative Quantities

The radiant energy flux @) is the radiant energy E,q (in units of Ws=J) passing through
a small area element within a time interval ¢ 4 d¢, for a wavelength range A + dA:

d2E’rad
Dy = .
AT T dtda

(2.1)

@, in units of Wnm™! defines the power of electromagnetic (EM) radiation at a certain
position and time. By normalizing @) to the corresponding area element d?A, the spectral
radiant energy flux density F) is derived by:

o d?¢y  d*Eyaa
AT R2A T @2Adtdx

(2.2)

The unit of Fy, also called spectral irradiance, is Wm™2nm™'. F) is a measure of the
spectral radiant energy flux transported through a unit area. The orientation of the unit
area d2A can be random but for radiative transfer in the atmosphere it is assumed horizontal.
F), is weighted with the cosine of the angle of incidence 6 (zenith angle) which defines the
orientation of d?A(n) and d?A, (7)) (see Figure 2.1). The spectral radiance I, () in units

1

of Wm™2nm~!sr~! is defined as the radiant energy within a solid angle element d?{2 which

is pointed along the direction of propagation s:

d*®, dSFE, g

1,(3) = . .
AO) = I BAED ~ didr cos CAED

(2.3)

The geometry for the definition of I)(5) is illustrated in Figure 2.1. The solid angle element
d2(2 is expressed in terms of the atmospheric zenith angle 6 and the atmospheric azimuth



2.1. RADIATIVE QUANTITIES 9

“>
Il
S
-

-

Figure 2.1: Geometry relevant for the definition of irradiance and radiance.

angle ¢ and defined as d?¢2 = sinfdf dyp (in units of sr). In Eq. (2.3) the quantity d?A; =
cos® - d2A is the projection of d2A onto a perpendicular plane to the propagation direction

~

S.

The integration of I(3) over d2f2 gives F:

Fy = //I,\(g)-cosﬁdQQ (2.4)

2msr

2 pm
= / / I (0, ) - cosf - sin @ df de. (2.5)
o Jo

For atmospheric applications F)\ can be separated by integration over the lower
0 = (n/2...m),¢ = (0...2m)] or the upper [# = (0...7/2),p = (0...27)] hemisphere
which yields the upward irradiance FT, or downward irradiance F)%:

2 pw/2
Fi = / / I (0, ) - cosf - sinfdf dy (2.6)
o Jo

2T pm
Fl = _/ // I)(8,¢) - cosf - sin B db de. (2.7)
0 /2

According to the specific direction 3, the upward radiance (II(§)) or downward radiance
(Ii(fs\)) can be defined. In case of an anisotropic distribution of radiation, radiance is inde-
pendent of the orientation (1)(5) = I iso)) Which results in:

— ¥

A,iso

Jall

A,iso

=T- I/\,iso- (28)

However, for atmospheric applications the radiation field is mostly anisotropic and F' i con-
sists of a direct and diffuse component. The upward irradiance F)T is diffuse only.
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2.2 Optical Properties of Clouds

Consider the solar radiation incident on a plane parallel atmosphere, the reflected radiation
at the top of the atmosphere and the transmitted radiation at the bottom of the atmosphere
is expressed by I I(O, —p, ) and T i(TC, i, ), respectively. Here, p is the cosine of zenith angle
0. The spectral reflectivity function Ry(7c; p, fto, ¢) and the spectral transmissivity function
T\ (7e; 1, 110, ) are defined as:

/I\
[ I (07 — L, 90)
Ra(reippio, ) = — o (2.9)
Ho - £\ TOA

1
w1 Tey by @

T/\(Tc;lunanSO) = A(F’C ) (210)
Mo - £ X TOA

T is the total optical thickness of the atmosphere (or the cloud), u is the absolute value of
the cosine of observation angle measured with respect to the positive direction of 7., ug is
the cosine of solar zenith angle 6y, ¢ is the atmospheric azimuth angle, and F)\ toa is the
spectral incident flux density at top of atmosphere (TOA).

The transmissivity function obtained from the ground viewing zenith, that is for p = 1,
is defined as the spectral transmissivity T»(7c; i, po, ©). Accordingly, the reflectivity func-
tion obtained from nadir viewing is defined as the spectral reflectivity Ry(7c; p, o, @) with
uw = —1. T\ and R) are independent of direction for an isotropic scattered radiation field.
Throughout this thesis, a measurement—based definition of transmissivity is used. Here, the
surface and the atmosphere below and above the cloud contributes to Ii. Therefore, the
transmissivity defined here is not solely determined by the cloud layer.

2.2.1 Individual Cloud Particles

EM radiation passing through the atmosphere is scattered, absorbed and emitted by gas
molecules, aerosol particles and cloud particles. The interaction between EM radiation and
individual particles in the atmosphere can be described by three single—scattering properties:
the extinction cross section Ceyq, the single—scattering albedo @ and the scattering phase
function P. These quantities depend on the mass/cross—section area, the spectral complex
index of refraction and also on the particle shape, size and orientation of individual particles.
For spherical liquid water droplets an analytic solution results from Mie-Theory (Mie, 1908&;
Bohren and Huffman, 1998). For irregular particles, such as ice particles or aerosol particles,
an analytic solution does not exist. Therefore, numerical solutions have to be used with
different computational methods, e.g., Yang and Liou (1996); Baum et al. (2005a,b, 2007);
Yang et al. (2005, 2013).

The extinction cross section Ceyq (in units of m2) is a measure of how effective a single cloud
particle interacts with incident EM radiation. It is defined by the attenuated radiant energy
flux relative to the incident flux density F):
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Dy
Coxt = —. 2.11
ext F)\ ( )
The sum of the absorption cross section Cyps and the scattering cross section Cye, (both in
units of m?) is equal to Cexs,

Cext = Cabs + C'sca- (212)

The dimensionless single—scattering albedo @ is a relative measure of how much incident
radiation is scattered or absorbed by a single cloud particle. It is defined by the ratio of Cye,
and Cextv

Csca Csca
- _ , 2.13
“ Cext Cabs + Cvsca ( )

and is closely related to the imaginary part of the refractive index n;. The values of @ range
from 0 (for non—scattering particles) to 1 (for non—absorbing particles).

In Figure 2.2 the imaginary part of the spectral refractive index 7; and the single—scattering
albedo w for liquid water droplets and solid column shaped ice crystals of different sizes are
plotted as a function of wavelength. The spectral characteristics of @ are closely linked to
73 shown in Figure 2.2a. With increasing 7n; absorption increases, which means a decrease of
@. Figure 2.2b shows that @ is sensitive to the particle size (cross section). The larger the
cloud particles the smaller .

The dimensionless scattering phase function P characterizes the angular probability of scat-
tering radiation incident from direction [ui, ;] and scattered into direction [u,¢]. By nor-
malization to 47 sr the scattering phase function P is given by:

27 1
| Pllse) — el dudg = amsr (2.14)

The scattering angle 1 is defined by the relation between the incident and scattered radiation
in the scattering plane as follows:

cosd = p-pi + /1 —p? /1 — pd. (2.15)

Scattering phase functions for single liquid water droplets and solid column shaped ice crys-
tals for two different effective radii are illustrated in Figure 2.3. Differences in P result from
the different particle sizes and shapes. As indicated by the left close up panel for scattering
angles ¥ = 0 — 5°, non—spherical ice particles exhibits a strong but narrow forward scattering
peak, while the forward peak for liquid water droplets is weaker. The intensity of the forward
peak increases with increasing particle diameter. Furthermore, the fluctuation in P from the

liquid water droplets compared to P of solid columns results from resonances in the solution
of Mie-Theory.
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Figure 2.2: The imaginary part of the spectral refractive index 7; of liquid water (blue lines) and
ice (red lines) over the wavelength region (panel a). Data were provided by Wieliczka et al. (1989);
Yang et al. (2005). Spectral single-scattering albedo @ of different effective radii reg (see Sec. 2.3)
for liquid water droplets and ice crystals (panel b). For an individual particle the effective radius can
be described as the ratio of the volume of a particle to its cross-section.

‘P can be expanded into a series of Legendre polynomials:

P(cost) = i Cy - Pp(cos@). (2.16)

n=0

The dimensionless Legendre polynomials P, (cosf) are orthogonal basis functions given by:

1 d" 9

P, (cosf) = QTn!m(COS 9—1)" cosve[-1,1] n=1,2,... (2.17)

The contribution of each Legendre polynomial to the Legendre expansion is given by the
dimensionless Legendre coefficients C,:

2 1 +1
c, =t
2 Ja

P(cos?) - P, coshdcosd. (2.18)

An infinite number of Legendre polynomials would be required to accurately represent the
phase function P(cos?)). For practical applications, only a finite number A of Legendre
polynomials P, (cos 6) is used. The computing time needed for the calculation of C), increases
with increasing number of C),. The value of A is chosen on the basis of the required accuracy
of phase function. The truncated phase function P*(cos) at a certain degree of the series
A is given as follows:
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Figure 2.3: Scattering phase functions for individual particles at 530 nm wavelength (panel b). Blue
lines refer to liquid water droplets with two different values of radii reg, red lines refer to solid column
shaped ice crystals with two different values of radii r.g. Panel a shows a close up for scattering
angles ¥ = 0 — 5°. Data for ice crystals were provided by Yang et al. (2013).

A-1
P*(cost}) = Z Cy - Py(cos ). (2.19)

n=0

The truncation of the forward scattering peak (Wiscombe, 1977) minimizes the computa-
tional time. The truncation approximation proposed from Potter (1970), uses the fact, that
in atmospheric applications, the forward scattering peak in scattering angles close to 9 = 0°
is often considered as being unscattered and can be practically reallocated into the direct so-
lar radiation. The truncated scattering phase function Py, results from the truncated forward

scattering in the original P:

P =P — hiy (2.20)

Here, hy, is the truncated part of P. The truncation increases the fraction of direct radiation
and by the same amount reduces the fraction of scattered radiation. Accordingly, to maintain
energy conservation, the single-scattering properties (Cext, @, P) have to be scaled with the
fraction of energy fi, within the truncated forward peak. With an unchanged absorption cross
section C!, = Cyps and the scaled scattering cross section CY, given by C!, = = (1 — f),
the cross section Coyy and the single—scattering albedo @ are scaled accordingly by:

oxt = (1= fir - @) - Cext,s (2.21)
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and,

~1 1*ftr ~
w —_—_— .

s (2.22)

Because of the normalization introduced in Eq. (2.14) the truncated phase function Py, has
to be scaled too, with:

73tr

[ = . 2.2
The Legendre coefficients of Py, are described by,
C,—-D
Cf = —— 2.24
1- ftr ( )

with D,, representing the Legendre coeflicients of the truncated function hy,.

The asymmetry factor g related with an individual particle is a measure of the angular
distribution of scattered radiation by the particle. Using P it is defined by:

1
1
9= //p(ﬁ) ccos¥d?Q = 5 /cosz? - P(cos ) d cos I, (2.25)
4

-1

where the phase function p represents the relative angular distribution of the scattered ra-
diation and the assumption that P(cos)) is independent of the scattering azimuthal angle.
A value of g = 1 means pure forward scattering (J = 0°, cos?) = 1), while ¢ = —1 means
specular reflection in the backward direction (¢ = 180°, cos?) = —1). In general, g = 0
indicates scattering directions evenly distributed between forward and backward directions,
i.e., isotropic scattering (e.g., Rayleigh scattering).

2.2.2 Volumetric Properties of Clouds

The volumetric (bulk) optical properties of a cloud particle volume are calculated by inte-
gration of the single—scattering properties. The properties are weighted by the number size
distribution % of the scattering cloud particles within a respective maximum dimension
interval D + 0D (Wendisch et al., 2005), where D is the particle diameter in units of pm.
The spectral volumetric extinction coefficient (bext(A)) and the spectral volumetric scattering
coefficient (bgca())) both in units of m~! are defined as:

& dN
— AW / /
<bext(>‘)> - /; Cext(>‘7 ‘D ) legD(D )dIOgD Y (226)
Y , dN , ,
tea) = [ CualA. D) (D) dlog D 2:27)
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The dimensionless cloud optical thickness 7 is the integral of (bext(A)) of a cloud between
cloud base zpase and cloud top ziep.

=/ " e (V) () d2. (2.28)

Zbase

The dimensionless spectral volumetric single—scattering albedo (@(X)) is derived by:

~ _ 1 Ooa) /‘ /. dN ! ) /
G = 5 /0 (A D)+ Con(\ D) - (D) dlog D (2:29)

The volumetric phase function (p(\)) in units of st~ is obtained by:

1 o0 dN
= <b(>\)>/0 p(A, 3, D") - Csca(D") - dlogD(D/) dlog D'". (2.30)

{(p(A, 9))

The relationship between the dimensionless phase function P (%) and the phase function p(1})
is given by P() = 4msr - p(V).

2.3 Microphysical Properties of Clouds

The effective droplet radius reg in units of pum is defined as an area—weighted mean ra-
dius calculated from the ratio of the third to the second moment of a droplet number size

distribution dﬁ)]gv 5 (D) (Hansen and Travis, 1974).

1)y D'gdﬁfgz) D) dlog D'

2 [ D2 (D) dlog D'

Teff = (2.31)

In general, rog is related to the ratio of the volume of a cloud particle to its cross—sectional
area. For non-spherical particles, like ice crystals, reg is calculated as follows (Yang et al.,
2000; Key et al., 2002):

3[V(D)- dgng (D')dlog D’

4[AD) - 5 (D) dlog D'’

Toff = (2.32)

where V' and A are the volume and the projected area of the particle with the maximum
dimension D (um) of an ice crystal. V and A are obtained from spherical diameter with
equivalent V/A. This equivalent V/A refers to spheres with the same V/A as the ice crystal
(Grenfell and Warren, 1999; Yang et al., 2000).

The liquid water content LW C in units of gm™3 is defined as the mass concentration of
liquid water droplets in the cloud volume:

47 < /D'\? dN
LWC = — - gy ) D'Ydlog D' 2.
¢ 3 ¢ /0 ( 2 ) dlog D( ) dlog I’ (2.33)
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with the density of liquid water gy. LW C can be parametrized using 7 and r.g for a vertically
homogeneous cloud from cloud base zpase to cloud top ziop With,

2 W Ztop .
LWC = % : / Tei, Taz. (2.34)
Z]

base

Replacing % with % parametrize the LWC' for an adiabatic cloud (Wood and Hartmann,
2006). The liquid water path LW P in units of gm~2 is the vertical integral of LW C"

Zto
wp= [ Lwo()d:. (2.35)

Zbase

2.4 Radiative Transfer Equation

The extinction (attenuation) of direct solar radiance Ig; along a path through the (cloudy)
atmosphere, with 7 as a vertical coordinate, can be described via the Beer—-Lambert—Bouguer
law (also called Beer’s law):

S T
Laie (T, po, p0) = ﬁ - exp (_Mo> : (2.36)

Here, g = cosfy and ¢y define the position of the sun, Sy is the incident extraterrestrial
irradiance at the top of atmosphere (solar constant). For the sake of completeness, the term
sr~! should be considered in the following definitions but here it is omitted. From Eq. (2.36)
it follows, that Ig; is strongly attenuated in the presence of clouds because 7 is large for
clouds. Thus, solar radiative transfer through clouds can be described by the diffuse radiance
Laig. For the solar spectral region from A = 0.2 — 5 um, the thermal emission of radiation
can be neglected. Assuming a plane—parallel, horizontally homogeneous atmosphere the

one—dimensional (1D) radiative transfer equation (RTE) can be written as (Chandrasekhar,
1950):

dlgig (7, 1,
y (T, 1)

= Taig — (Jair + Jaisr), 2.37
= aiff — (Jair + Jaifr) (2.37)

where Jy;, and Jgig describe the radiance scattered into the viewing direction. The single—
scattering term Jg;,, quantifies the direct solar radiation, the multiple-scattering term Jgig
specifies the diffuse solar radiation, which is scattered into the viewing direction, respectively.
Jair and Jgig depend on the absorption (@) and the scattering phase function P. This result
as:

s = 20 s0-exp (<L) PG o] — el (289
a(r)

27 1
Ju = A /fmmM%»MMM%wﬁmmmeL (2.39)

47



3 Experimental

Data presented in this work were collected during the OCEANET—project (autonomous mea-
surement platforms for material and energy exchange between ocean and atmosphere). A
container with several active and passive remote sensing instruments was operated on the
German Research Vessel (RV) Polarstern (Alfred-Wegener Institute for Polar and Marine
Research, AWI). The COmpact RAdiation measurements System (CORAS) measured the
spectral zenith radiance data. In Section 3.1 the Atlantic ocean transfer cruises are intro-
duced. CORAS, the calibration procedure, measurement uncertainties and horizontal mis-
alignment correction procedures are introduced in Section 3.2. Details of the instrumentation
of the OCEANET-Atmosphere container are provided in Section 3.3.

3.1 Atlantic Transfers on RV Polarstern

RV Polarstern is a German polar research and supply vessel from the ice category Arc-
tic/Antarctic Research Classification ARC3. Technical data of the ship are given in
El Naggar and Fahrbach (2010). The main operational areas are the polar regions in the
respective summer hemispheres. The ship is a platform for atmospheric, oceanographic,
chemical, biological and geological experiments.

The regular Atlantic ocean transfers between the two hemispheres are a good opportunity
to perform meridional atmospheric measurements in tropical, subtropical and mid-latitude
climate zones. The data used in this work were collected during three Atlantic transfer cruises
of RV Polarstern (ANT-XXVII/4 in Spring 2011, ANT-XXVIII/5 in Spring 2012 and ANT-
XXIX/1 in Fall 2012) between Cape Town (South Africa), Bremerhaven (Germany), and
Punta Arenas (Chile) back to Bremerhaven (Germany). Cruise plots are shown in Figure 3.1
and are listed in Table 3.1.

CORAS was installed on the ship on ANT-XXVII/4 from Cape Town to Bremerhaven in
Spring 2011. The OCEANET-atmosphere container (see Section 3.3) was already tested and
used on sea on previous cruises and was located on the higher-level monkey deck. In the
first part of the cruise short phases of easterly winds with 7 Bft? were observed. Polarstern
reached the trade wind zone on April 23, where the typical trade wind cumuli were observed.
While approaching the ITCZ on April 30, some rain showers occurred but thunderstorms
did not cross the ship track. On May 4 Polarstern reached the northeast trade winds with
prevailing 5Bft. A short station (stop of the ship) was made on May 10 in Las Palmas
(Gran Canaria). A high developed at 50° N/40° W moved southwest causing strong winds of

#Wind force is given in units of Bft according to the wind force scale. Here Beaufort Bft =

(v/0.8360 ms~ 1)/, where v is the wind velocity in units of ms™?.

17
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Figure 3.1: Cruise plots of ANT-XXVII/4 Cape Town back to Bremerhaven April/May 2011 (red),
ANT-XXVIII/5 from Punta Arenas to Bremerhaven April/May 2012 (blue) and ANT-XXIX/1 from
Bremerhaven back to Cape Town Oct/Nov 2012 (green). Numbers indicate geographic longitude and
latitude (in degrees).

9 Bft off the Iberian Peninsula. A rough sea with swell between 4 — 5 m were observed and,
therefore, no measurements were performed on May 14-15. After passing the high (May 16)
in the Bay of Biscay the west wind zone was approached while entering the English Channel
and during the remaining cruise 4 — 5 Bft dominated. The measurements were finished on
May 18.

ANT-XXVIII/5 from Punta Arenas to Bremerhaven with the short station in Las Palmas
(May 6) in Spring 2012 took place with the same measurement setup described before but
without lidar (see Section 3.3). The OCEANET-container was located on the helicopter
deck; CORAS was installed on the superior monkey deck to avoid the influence of sea spray.

Table 3.1: Overview of Atlantic transfers of RV Polarstern with respective periods, start and end
harbors, and the detailed cruise reports. ANT refer to expeditions from or to Antarctic.

Cruise leg Period Start/end harbor Cruise report
ANT-XXVII/4  April 20 - Cape Town — El Naggar (2011)
May 20, 2011 Bremerhaven
ANT-XXVIII/5  April 10 - Punta Arenas — Bumke (2012)
May 15, 2012 Bremerhaven
ANT-XXIX/1 October 26 — Bremerhaven — Auel (2013)

November 27, 2012 Cape Town
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Figure 3.2: (a) Satellite Image from NOAA satellite on April 30, 2012. The red cross marks the
position of RV Polarstern. (b) Typical clear sky photo during dust event from April 30, 2012. (c)
Dust deposition on the optical inlets and fibers.

In the first part of the cruise the meteorological conditions were characterized by storms near
the Drake Passage and the Strait of Magellan and winds up to 7 Bft. A high pressure system
off Uruguay on April 17 caused mostly calm winds (4 Bft) and clear sky. Polarstern entered
the trade wind zone on April 24. While approaching the ITCZ on April 27 showers and high
sea surface temperatures of 30° C were observed. The northeasterly trade wind zone was
reached on April 30 with gradually increasing wind up to 7 Bft.

During April 30 and May 3 (10°N — 20° N, 23°W — 20° W) Sahara dust was observed in
the satellite image from NOAA in Figure 3.2a. The dust mobilization was forced some
days before by synoptic-scale, mesoscale or local-scale winds and near surface turbulence
processes (Schepanski et al., 2009). Topographic depressions like dry lake beds have been
parametrized as preferential source areas for dust emissions (Tegen et al., 2002). A visibility
less than 10 km was measured temporarily. In Figure 3.2b a photo from the all sky imager
from April 30 is shown. The strong scattering of radiation due to the dust can be seen,
therefore, the sun became blurred to a fuzzy restricted spot. The brownish color can be
seen at the horizon. Also dust deposition on the ground was observed, see Figure 3.2c. The
influence of the dust is evident in the measured zenith radiances from CORAS. In Figure 3.3
I i obs Over the CORAS wavelength region is plotted. The black spectrum refers to a clear sky
observation with dust at 15.2UTC on April 30, 2012 and the red line shows the spectrum
corresponding to a clear sky observation without dust at 15.4 UTC on April 27, 2012. The
solar zenith angle was 6y = 30° for both cases. Due to the enhanced forward scatting the
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diffuse zenith radiance at the surface is increased by up to 38% in the VIS region compared to
clear conditions, while the direct zenith radiance is much reduced for dust. The influence from
the dust due to increased aerosol optical depth (AOD) in the VIS is obvious. The Maritime
Aerosol Network (MAN) component of AErosol RObotic NETwork (AERONET) provides
ship-borne AOD measurements from the Microtops sun photometers (Smirnov et al., 2009).
On April 30 an AOD of 1.79 at A\ = 500nm was measured. In comparison, the AOD on
April 27 was only 0.17 under clear atmospheric conditions. The observations during the
dust event are not part of this thesis. After passing the Canary Islands the dust vanished.
However, dust events often come with dry and warm air layers that can be observed with the
microwave radiometer. A high pressure system over the Atlantic has build a ridge toward the
Bay of Biscay and, therefore, only light and variable winds were measured. While passing
the English Channel on May 13 the measurements were finished. Generally, this cruise was
characterized by a relatively calm sea with wave heights of 1 —2m (78%).

ANT-XXIX/1 from Bremerhaven to Cape Town started under the influence of an upper
trough which brought cold air from the North Sea towards Europe and caused unstable
stratification of the atmosphere. In the English Channel moist and cold air in connection
with an upper trough and an intensive low pressure system which dominates the first part
brought rain showers and winds up to 6 Bft, but later on October 29 when crossing the Biscay
winds increased to 7—8 Bft. Polarstern reached Las Palmas on November 4 with air temper-
atures of 26° C. From November 5 to 8 the northeasterly trade winds with variable speeds of
3 — 6 Bft caused typical trade wind cumuli and clear sky conditions. On November 9 a thun-
derstorm cluster was predicted to become the center of a possible tropical depression. While
approaching the ITCZ on November 10, strong convection caused cumulonimbus clouds, and
some lightnings were often observed far away from the ship. On November 12 within the
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Figure 3.3: CORAS spectral zenith radiance across the wavelength region. Black solid line refers
to measurements of clear sky with dust at 15.2UTC on April 30, 2012. Red solid line refers to
reference measurements of clear sky without dust at 15.4 UTC on April 27, 2012. Both measurements
corresponds to a solar zenith angle 6y = 30°.
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ITCZ convective processes caused by sea surface temperatures of 29° C thunderstorms were
observed surrounding the ship, and a tropical shower in the afternoon caused a rain sum
of 6.2mm/h on Polarstern. The air temperatures dropped from 29° C to 23 — 24° C, the
wind speed reached nearly 8 Bft for a short time. After passing the ITCZ, trade winds with
typical cloudiness and stable conditions dominated. A strengthened inversion caused mostly
a cloud—covered sky under stable stratification for the rest of the cruise. On November 24
the measurements were finished because of a passing cold front which brought maximum
wave heights of up to 8 m.

3.2 CORAS

CORAS is a ground—based version of the albedometer introduced by Wendisch et al. (2001),
which was designed as a modular system to measure spectral radiometric quantities from
airborne platforms. Originally, the Spectral Modular Airborne Radiation measurement sys-
Tem (SMART-Albedometer) was used to measure upward and downward solar irradiances in
the wavelength region A = 400 — 1000 nm (e.g., Wendisch et al., 2001; Wendisch and Mayer,
2003; Wendisch et al., 2004). Several improvements of the original system were carried out
over the years. Measurements of actinic flux densities (Jikel et al., 2005) and spectral up-
ward radiances (Ehrlich et al., 2008b) were added. The spectral region of the measurements
were extended up to 2200 nm by Bierwirth (2008). The instrumentation setup and single
components are illustrated in Figure 3.4.

Two upward—facing optical inlets collect downward radiance (Ii) and irradiance (F i ) data.
Both optical inlets are sketched in Figure 3.5. The irradiance optical inlet collects photons
from all directions of the (upper) hemisphere. The inlet is covered by a quartz—glass dome. A
Spectralon® coated integrating sphere realizes the cosine—weighted collection of the photons
(Bierwirth, 2008). A conical aperture in the center of the sphere circumvents that direct solar
radiation reaches the outlet opening on the bottom of the integrating sphere. A detailed
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Figure 3.4: Instrumentation setup and single components of CORAS (see text for details). The two
types of spectrometers are referred to as visible to near—infrared spectral wavelength region (VNIR)
and shortwave—infrared spectral wavelength region (SWIR).
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description of the design is given by Crowther (1997). The radiance inlet consists of a
collimator lens (borosilicate crown (BK) 7 glass, Carl Zeiss Jena, GmbH ) with a focal length
of 31.6 mm (Ehrlich, 2009). The opening angle of different inlets were characterized and
described by Ehrlich (2009). In this work, Ii data are used with an opening angle of 2°.

The collected radiation from the inlets is transferred via two bifurcated optical fibers to the
spectrometer system. The fibers are purchased from CeramOptec, GmbH and are isolated
with a specific synthetic material adjusted to seaworthy conditions.

CORAS consists of four grating spectrometes (two for each optical inlet). The incoming
radiation is spectrally dispersed by a grating and detected by a single-line photodiode array
(PDA). Data acquisition from CORAS is realized with one computer (PC), in this way that
the different measurement quantities are accessed in sequence and not simultaneously. The
lower resulting temporal resolution (15s per measurement quantity) is not a limiting factor
for ground—based observations because either the system is fixed on the ground or, moves
with a relatively slow velocity (usual ship velocity: 10knP).

Different types of spectrometers manufactured by Carl Zeiss Jena, GmbH are used. The
Multi Channel Spectrometer (MCS UV /NIR) cover the wavelength region A = 290 —1000 nm
with a 1024 pixel PDA. The visible to near—infrared spectral wavelength region (VNIR) covers
ultraviolet (UV) to near-infrared (NIR), but includes the entire visible (VIS) wavelength
region from A = 380 — 700nm. The spectral resolution (Full Width at Half Maximum,
FWHM) of VNIR is 2—3nm. The Plane Grating Spectrometer (PGS) covers the shortwave—
infrared spectral wavelength region (SWIR) A = 900 — 2200 nm with a 256 pixel PDA with
a FWHM = 8 — 10nm. To obtain the radiation signal from the SWIR spectrometer it
is necessary to real-time measure the dark signal (sum of electronic offset and thermally
induced current) to derive the net signal (Bierwirth, 2008). The alternating measurements
of radiation and dark signal is realized with an optical shutter purchased from Ocean Optics

PThroughout this work the ship velocity is given in units of kn. It is 1kn = 0.51ms™".
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Figure 3.5: Sketch of (a) irradiance and (b) radiance inlet.
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which is plugged between optical fiber and the SWIR spectrometer.

Because of limitations in the transmissivity of the optical fibers, the sensitivity of the PDA
and the characteristics of the calibration lamp, reliable data can only be obtained in the
wavelength region A = 350 — 2000nm. The spectrometer system and the computer are
mounted in a rack which can be placed in a ventilated aluminum box to protect from rain
and direct solar radiation.

The field-of—view of the radiance inlet, the integration time t;,, the speed over ground
(SOG) of the ship and the distance between optical inlet and cloud determines the footprint
of the radiance measurements. As a result different footprints are obtained for different
cross—track (d.) and along—track (d,) orientations. The viewing geometry of the radiance
inlet is illustrated in Figure 3.6a. Using basic trigonometry the diameter of the cross—track
footprint d. can be calculated with:

A
de. = 2 - h. - arctan 5 (3.1)

d. is calculated for typical configurations during OCEANET with an opening angle A = 2°
and for different cloud altitudes h. (Figure 3.6b). d. increases linearly with altitude. For
typical marine boundary layer clouds in 1000 — 2000 m altitude, d. varies between 30 — 70 m,
whereas for an altitude of a cirrus cloud in 10km d. reaches values up to 365m. For a
moving ship, additionally the along—track footprint d, have to be considered, which results
from the SOG and #;,; of the radiance measurements. d, was calculated and illustrated in
Figure 3.6c for different (typical) measurements. The resulting range of d, values varies
between 2.5 — 23 m.

3.2.1 Radiometric Calibration

A number of calibration procedures are required and applied to the raw signal to derive
physical radiation quantities form the CORAS measurements.

A wavelength calibration is necessary to assign the PDA—pixels to respective wavelengths.
The wavelength is determined by the grating of EM radiation of the spectrometer. For
calibration noble—gas emission lamps (Neon, Argon, Krypton, Mercury, Mercury—Argon)
with a well-defined spectrum of emission lines are used. These emission lines are assigned to
a pixel number which corresponds to the maximum of a fourth-order Gauss fit. The width
of theses Gauss curves determines the FW HM of each emission line. To cover the entire
spectrometer wavelength /pixel region each pixel is assigned to corresponding wavelengths
using a polynomial fit over all relevant wavelengths. An overview of the emission lines of the
various lamps is given in Table 3.2.

To transfer the measured digital signal G(\) of CORAS into quantitative values of spectral
radiance and irradiance a spectral calibration with a certified source of diffuse radiation is
required. A certified 1000 W irradiance standard in combination with a certified reflectance
panel was applied to calibrate the radiance inlet for wavelengths A < 380nm. The calibration
setup is illustrated in Figure 3.7a. To reduce stray light (resulting from reflections on other
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Figure 3.6: (a) Illustration of the viewing geometry of the radiance inlet. (b) Cross-track foot-
print diameter d. in dependence of the cloud altitude h. for the radiance measurements with an
opening angle of 2°. (c¢) Along-track footprint diameter d, + d. in dependence of the cloud altitude
h. for the radiance measurements for different measurement cases which are representative for the
OCEANET-transects. Cases 1-3 corresponds to measurements with ship speeds over ground (SOG)
of SOG=5, 10, 15kn and maximum integration time ¢;,; = 1000, 3000, 3000 ms, respectively. Case 2
was the prevailing measurement situation.

surfaces), the measurement setup was placed inside a ventilated, black metallic box. The
1000 W irradiance standard emits defined irradiance F) 1, which is reflected by a reflectance
panel (manufactured by Gigahertz-Optik, GmbH ) made of Spectralon®. The panel reflec-
tivity Rp(A) is certified by an independent calibration traceable to the US National Institute
of Standards and Technology (NIST) standards. According to the calibration certificate, an
angle between the panel surface and the incident F) 1, normal of 8° is required. F) 7, is cer-
tificated for the distance Iy = 50 cm but for practical reasons the distance between the lamp
and the panel was set to | = 53.9cm. The reflected radiation from the panel is measured
from the radiance inlet. The absolute calibration factor C) p from this setup is determined
by:

Table 3.2: Spectral emission lines (nm) of different noble-gas lamps used for the wavelength cali-
bration. Lamps used are Neon (Ne), Argon (Ar), Krypton (Kr), Mercury (Hg) and Mercury—Argon
(HgAr).

Element Emission Line (nm)

Ne 621.73; 692.95; 1291.20; 1321.92; 1523.07
Ar 727.29; 763.51; 826.45; 866.79; 922.45; 965.78; 1694.52; 1782.89
Kr 1125.80; 1286.19; 1442.68; 1568.10; 1582.01; 1709.88; 1761.69; 1800.22; 2116.55
Hg 350.02; 404.66; 435.83
HgAr  1014.25; 1530.00
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Figure 3.7: Absolute radiometric calibration setup for the radiance inlet using (a) reflectance panel
and (b) an integrating sphere.
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P = G0y (3.2)

The calibration setup for wavelengths A > 380 nm is illustrated in Figure 3.7b. A certified
integrating sphere (manufactured by Gigahertz-Optik, GmbH; model UMBB-500) which
emits defined diffuse radiances I g was used for the calibration. Within the integrating
sphere the spectral radiation of a source lamp is reflected on the inside of the sphere. This
is coated with barium sulfate acting as Lambertian reflector. The radiance inlet is placed in
front of the exit aperture of the sphere and measures the spectral diffuse radiance I 5. To
avoid the contribution of direct (non—diffuse) radiance, a baffle is placed inside the sphere.
I, s is certified by external calibration traceable to standards of the German Calibration
Service (DKD). The absolute calibration factor C) g using the integrating sphere is given as
follows:

I
Cyrg = =2

5= G0 (3.3)

The comparison of Cy p and C) g obtained from the VNIR spectrometer for OCEANET is
presented in Figure 3.8a. Both calibration factors have a strong spectral dependence resulting
from the spectrometer characteristics, the spectral pattern of the radiation sources, as well as
radiation absorption within the optical fibers and the BK 7 glass implemented in the radiance
inlet. Because the integrating sphere emits radiation at wavelengths A > 380nm only, C) g
increases significantly for short wavelengths. A discrepancy of Cy p and C) g is obvious for
wavelengths A > 700 nm due to the influence of stray light in the calibration setup with the
panel. For that reason, Cy p was not used for wavelengths A > 700nm. Both calibration
factors agree within 4% in the wavelength region A = 400 — 700 nm. For the stated reasons,
the absolute calibration factor for the VNIR spectrometer was merged from both methods
using C p for A < 420nm and C) g for A > 420 nm.

The absolute calibration factor C) g for the SWIR spectrometer obtained from two differ-
ent integration times ty,; used during OCEANET is shown in Figure 3.8b. In contrast to
the VNIR spectrometer, C) s depends on t;,¢, which is illustrated in the lower panel of Fig-
ure 3.8b. Here, the ratio of derived C) g at tiy, = 300ms (black line) and C)\ g at tiny = 500 ms
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Figure 3.8: Absolute calibration factors for the radiance measurements for (a) the VNIR spectrom-
eter obtained from the calibration setup using the reflectance panel C, p and the calibration setup
using the integrating sphere C g, and (b) the SWIR spectrometer obtained from different integration
time measurements (¢, = 300ms, 500 ms) using C) g from the integrating sphere.

(red line) to Cyg at tiny = 300ms is plotted. With increasing tin this ratio increases and
results in more pronounced peaks due to the non—linear dark signal dependence on ti, in
the SWIR spectrometer (Bierwirth, 2008). For that purpose it is necessary to determine a
calibration factor C) g using Eq. (3.3) for each ti, used in the field experiment.

When CORAS is transported and installed on the ship it is necessary to disconnect the
optical fibers from the spectrometer and the optical inlets. With each reconnection the
transmission properties between the spectrometer and the optical fibers change compared
to the calibration in the laboratory. The identical connection and alignment of the optical
fibers is not perfectly reproducible. To consider these changes in the sensitivity of the CORAS
system a transfer calibration with a small portable barium—sulfate coated integrating sphere
(made by LOT-Oriel GmbH ) has to be performed. The sphere provides a constant source of
radiation. The transfer calibration with the portable integrating sphere was performed in the
laboratory during the absolute calibration to measure the output of the sphere (Giap,), and
after the reconnection of the fibers in the field during OCEANET (Ggelq) to determine the
spectral differences during both calibrations. The transfer calibration factor C) T is defined
as the ratio of the net signal during absolute laboratory calibration to the net signal in the
field by:

Chr=——-=. (3.4)

The field calibration with the portable integrating sphere was performed as often as possible
during OCEANET. Examples of C\ 1 during ANT-XXVIII/5 are presented in Figure 3.9
for the VNIR and SWIR spectrometer. C) T for the VNIR spectrometer reveals a significant
spectral behavior over the wavelength region. For most measurement examples C) T is lower
than unity which means that the transmission and thus Ggelq(\), was larger than the digital
signal in the laboratory Giap(\). But especially near the tropics (see example from April 27
and May 1 2012), where temperatures and relative humidity increases, the opposite is true,
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which emphasizes a frequently determination of transfer calibration factors. The reason for
this are the variable meteorological conditions in different climate zones. The spectrometer
signal Gfea(A) and the dark current signal (which has to be subtracted to obtain the net
signal) are temperature—dependent. For example, the dark current obtained from dark field
calibration measurements in the tropics reveals on average 950 counts whereas in the mid—
latitudes (comparable to laboratory conditions) 400 counts were measured. In the VNIR C) 7
varies dependent on wavelength between 0.95 and 1.15. Whereas for the SWIR spectrometer
the temporal variability of C) T is reduced and values range between 0.98 and 1.05. Here,
absorption bands of water vapor are removed and C) 1 is set to a constant value around
these bands.

Finally, the measured digital signal Geas(A) during OCEANET is converted into values
of I;\L by multiplying the absolute and transfer calibration factors obtained from different
calibration setups as follows:

1.4

Transfer Calibration Factor C, .

Ii’ - Gmeas(A)

1.2
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Figure 3.9: Transfer calibration factors C 1 for the radiance measurements for (a) the VNIR spec-
trometer, and (b) the SWIR spectrometer obtained from the portable integrating sphere for different
measurement examples during ANT-XXVIII/5.

3.2.2 Measurement Uncertainties

The uncertainty of the CORAS measurements is dominated by the contribution of the dif-
ferent calibrations. The relevant measurement uncertainties are the uncertainties in the
spectrometer signal, the absolute calibration and transfer calibration. The composite rela-
tive uncertainty is determined with Gaussian error propagation with the assumption that the

individual measurement assumptions are random and, therefore, independent of each other.

The wavelength—dependent measurement uncertainties, as well as the uncertainty of the ra-
tios used in this work, are given in Table 3.3. The uncertainty of the spectrometer signal
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Table 3.3: Measurement uncertainty in certain spectral wavelength regions and ratios.

Wavelength (nm)  Spectrometer Absolute Transfer Total
signal calibration calibration

350-420 5.7% 5.1% 11.5% 13.8%
420-800 0.5% 5% 0.7% 5.1%
800-1550 1.8% 8% 0.5% 8.2%
1550-1800 2.2% 9% 1.1% 9.3%
18002200 18.7% 10% 1.9% 21.3%
450/680 0.5% - - 0.5%
1050/1250 1.8% - - 1.8%
1670/1560 2.2% - - 2.2%

includes the signal-to—noise ratio of the spectrometers and the uncertainties in the wave-
length calibration (Bierwirth, 2008). The uncertainty of the wavelength accuracy of < 1%
is determined by the FW H M. The standard deviation of the dark signal in the VNIR and
SWIR spectrometer determines the signal-to—noise ratio. Usually, the measured digital sig-
nal in the wavelength region A = 200 — 300nm (no photons should be detected) is used as
an estimate of the dark signal in the VNIR spectrometer wavelength region. The wavelength
dependence of the dark signal in the SWIR spectrometer is known, since the dark signal
of the spectrometer is the digital signal with the plugged shutter in the optical path. For
most wavelengths covered from the spectrometers the uncertainty in the spectrometer signal
amounts to 0.5-2.2%, but for wavelengths A < 420nm and A > 2000nm the uncertainty
increases due to the reduced sensitivity of the spectrometers. For wavelengths A < 420 nm
absolute calibration uncertainties results from the reflectance panel and the 1000 W irradi-
ance standards with calibration uncertainties certified by the manufacturer with 0.8% and
5%, respectively. The uncertainty in the transfer calibration is obtained from the standard
deviation of the calibration factors obtained in the field or the respective cruise transects.
The uncertainty of the transfer calibration is about 1%, except for wavelengths A < 420 nm,
where the low output of the integrating sphere is related with larger uncertainties (11.5%).
Using ratios of spectral radiance (or transmissivity) in certain wavelength regions reduces
the measurement uncertainty. Only the statistical uncertainty of the spectrometer signal of
0.5%, 1.8%, and 2.2% of the three ratios used for the new retrieval method contributes to
the overall measurement uncertainty. The ratio wavelength combinations are 450 nm /680 nm,
1050 nm /1250 nm, and 1670 nm /1560 nm, which are introduced in Section 4.3.2 in detail. The
contribution of the wavelength accuracy of < 1% was neglected in this work.

3.2.3 Horizontal Misalignment

Since the ship movements do not allow for perfect zenith observations an active horizontal
stabilization platform would be desirable (Briickner et al., 2014). The movement of the ship
causes deviations of the sensor detection plane from the horizontal reference plane of the
Earth—fixed coordinate plane. The geometry for the relation between the Earth—fixed plane
and the sensor reference plane is illustrated in Figure 3.10a. This is crucial for irradiance
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measurements but less crucial for radiance observations (Wendisch et al., 2001). Therefore, it
is reasonable to just exclude all radiance data with a horizontal misalignment larger than 5 °
and to avoid a leveling platform. To separate the measurements, according to the respective
horizontal misalignment A0 = 0y — 9(/), the ship solar zenith angle 6/, was calculated using
the solar azimuth angle ¢ and the heading h of the ship (Saunders et al., 1992):

cosf), = —cosa-sinf-sinfy-cos (g — h) (3.6)
—sina - sinfy - sin (¢g — h)

4 cosa - cos 8 - cos Hy,

with the solar zenith angle 6y and the roll o and pitch 3 angles of the ship. An example of the
measured roll/pitch and heading angles from the ship inertial navigation system (INS) from
17 April 2012 is presented in Figure 3.10b. According to the time resolution of the CORAS
measurements the data were low—pass filtered to a time resolution of 15s. This example
illustrates a relatively calm sea, as the roll/pitch angles ranges between —1.5—1° and 0—0.5°.
For a rough sea these deviations can be up to +3° which results in a horizontal misalignment
A0 = 6y — 6(/) of up to 9.3°. Those data were excluded from the data analysis presented
in this work. The laser navigation platform (Marine Inertial Navigation System MINS)
provides data of headings as well as roll/pitch. The ship’s center is the reference position.
Data are provided with a 1s resolution and an accuracy of currently +5m. The deviation
from the zenith direction was originally introduced to airborne pyranometer measurements
(e.g., Bannehr and Glover, 1991; Saunders et al., 1992; Boers et al., 1998b); it is applied to
ship measurements here.

Bannehr and Schwiesow (1993) found that, in addition to the attitude deviation considering
the above maintained horizontal misalignment resulting from the ship movement, it is impor-
tant to determine the precise angles between the optical inlets reference plane and the INS
reference plane. Eq. (3.7) holds when roll/pitch from the sensor plane equals the roll/pitch
from the ship INS. The basic idea of this retrieval algorithm is that the irradiance incident on
the sensor is kept constant under clear skies and at fixed altitudes. Therefore, it is indepen-
dent of the direction of the course of the ship and only trends are expected due to changes
in solar altitude. Applying a correction factor georr, which is valid under clear sky conditions
(direct component only) to the radiation data only accounts for the geometrical not for phys-
ical misalignment. The correction factor geoyr is given as follows (Bannehr and Schwiesow,
1993):

sin ho

(3.7)

Joorr = o8 hg sin acsin(¢g — h) — cos hq sin 3 cos a cos(¢g — h) + sin hg cos B cos o’

where hg is the solar altitude. Here, the observed irradiance data were used to obtain the
deviation from the sensor plane.

The retrieval of the offset angles Aav and Af of the sensor plane (due to installation require-
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Figure 3.10: (a) Geometry for the relation between the Earth—fixed coordinate plane and the sensor
reference coordinate plane. (b) Time series of roll/pitch and heading angles from the ship inertial
navigation system (INS) from April 17 2012 from ANT-XXVIII/5. Data are low—pass filtered to a
time resolution of 15s.

ments) were retrieved with an algorithm by Bannehr and Schwiesow (1993) as follows: in the
beginning of the iteration, n = 0, no installation errors, that is Aa/AS = 0, are assumed.
First, the correction factor georr(n) using Eq. (3.7) including the offset angles o + A« and
B+ Ap is derived and applied to the calibrated irradiance data from CORAS. Second, the
corrected time series is low—pass filtered to determine trends caused by changing hg. This
removes high frequently fluctuations in the time series. In a third step, the residual is de-
termined while subtracting the low—pass filtered time series from the unfiltered time series.
Forth, the standard deviation of the residual time series is calculated. While keeping A3(n)
constant, Aa(n) is found by searching iteratively for the minimum standard deviation of the
residual time series. In a last step, the new Aampew(n) = aolq + Aa(n) is used as a new input
parameter in step n = 1. Steps n = 1 — 5 are repeated until |Aay, — Aayy1| < 0.05°. The
same procedure is used to determine AfSew, while applying the retrieved Aapew. The offset
angles were added to the roll and pitch angles in Eq. (3.7).

Usually, the convergence criteria is achieved after a few iteration steps. The result of the
retrieved Aa and ApS offset angles for the three Atlantic cruises are listed in Table 3.4. The
procedure was applied to a few time series (under clear sky conditions) of one cruise but
the results varies only in the range of 0.05° and thus are considered to be constant for the

respective cruise leg.
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Table 3.4: Retrieved sensor offset angles Ao and AS for the three Atlantic transfer cruises.

offset angles
Cruise leg Aa  AfS

ANT-XXVII/4  2.1°  0.3°
ANT-XXVIII/5 1.8° 0.5°
ANT-XXIX/1 1.6° 0.7°

3.3 Instrumentation of the OCEANET-Container

OCEANET-Atmosphere is a collaborative project in the framework of the German Leibniz—
program which investigates the mass and energy exchange between the ocean and the atmo-
sphere (Macke et al., 2010). A measurement container was designed to operate on research
and freight vessels and which covers a wide range of atmospheric measurements.

A sketch of the OCEANET-Atmosphere container is illustrated in Figure 3.11a. Figure 3.11b
shows the container on the monkey deck of RV Polarstern with the installed instruments
on the roof of the container during ANT-XXVII/4. The measurement container combines
latest measurement techniques and records the data with an internal computer network. It
represents an autonomous platform for atmospheric profiling which can operate on ships and
land. After the loading only a few hours are required to install all instruments for operation
usage. The frontal part contains the microwave radiometer with a hatch on the roof and
additional upward looking devices. A lidar and data acquisition devices are placed in the
weather protected back part of the container.

To obtain standard meteorological data a Scalable Automatic Weather Station SCAWS
(El Naggar and Macke, 2010) was developed at the German Weather Service (DWD). Data
of wind, pressure, temperature, humidity, position as well as solar and terrestrial downward

(2)

Figure 3.11: (a) Sketch of the OCEANET-Atmosphere container and (b) photograph of the con-
tainer (right: OCEANET-Atmosphere, left: Aerosol container from TROPOS) with installed instru-
ments on the roof on the 20m high monkey deck of RV Polarstern during ANT-XXVII/4.
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radiation (SDR, TDR) are taken every second. Via telemetry selected packets are trans-
mitted to a satellite as a FM—13 Ship—Message. These standard measurements are realized
according to DIN (Deutsches Institut fiir Normung) standards for certified measurement de-
vices from DWD. Since ANT-XXVI/1 (2007) OCEANET-Atmosphere is an officially listed
sea weather station, it is subject to regular service and quality management of standard
measurements by DWD.

SDR and TDR are measured with a Kipp € Zonen CM21 pyranometer and a Kipp € Zonen
CG/ pyrgeometer. The Kipp & Zonen CM21 is a secondary standard pyranometer according
to ISO 9060 (International Organization for Standardization). It covers the spectral region
A = 305—2800 nm with a response time (95%) of 5s. The manufacturer estimate a maximum
error of 2% for hourly sums and due to the movement of the ship a negative bias of 2%
for daily sums of incoming solar radiation (Kipp & Zonen, 2004). The pyrgeometer covers
the spectral region A = 4.5 — 42 ym measuring the broadband terrestrial radiation with a
response time (95%) of 25s (Kipp & Zonen, 2001). The manufacturer expects, due to solar
heating of the instruments silicon window, a maximum error of +4 Wm™2 during an isolation
of 1000 Wm~2 which results in an accuracy of 3% for daily sums of TDR (Kipp & Zonen,
2001). Both instruments measure the upper hemisphere with a 180° viewing angle; the
angular response corresponds to cosine response (Kipp & Zonen, 2004).

A full-sky imager developed at the Helmholtz Centre for Ocean Research Kiel GEOMAR
(Kalisch and Macke, 2008) determines cloud cover as well as cloud type (Heinle et al., 2010).
During day time one picture of the upper hemisphere is taken every 15 seconds. A digital
charged—coupled device (CCD) camera equipped with a fish eye lens is the main component.
The full-sky imager operates without a shading of the lens. From the full sky images the
total cloud cover was deduced. An automatic classification of the images introduced by
Heinle et al. (2010) discriminates between seven categories based on the synoptic cloud key
for weather observations as well as visual properties of the pictures.

Turbulent fluxes of latent and sensible heat are measured with an Ultrasonic-Anemometer
(METEK USA-1) for wind measurements with 10 Hz in combination with a fast respond-
ing hygrometer (LICOR 7500) for humidity measurements with 30 Hz temporal resolution
(Bumke et al., 2014). Furthermore, additional data are measured outside of the container.
The aerosol optical thickness is derived from MICROTOPS sun photometer (see Section 3.1).
The cloud base height is determined with a ceilometer. Until October 2011 the cloud ceilome-
ter LD-WHX05 manufactured by Impulsphysik Germany with a maximum range of up to
12,000 ft was used. For clear sky above the vertically pointing instrument a larger constant
value is set. Since October 2011 a ceilometer CL51 manufactured by Vaisala Finland with a
higher range up to 43,000 ft operates on the ship which enables also the detection of cirrus
clouds. The manufacturer reports that the ceilometer is able to detect three cloud layers
simultaneously and provides backscatter profiles over the full measurement range (Vaisala,
2010).

Inside of the container a portable multi-wavelength Raman and polarization lidar sys-
tem Polly*T developed at TROPOS is placed. It was designed to perform automated
and remote lidar measurements (Althausen et al.; 2009). Three wavelength laser pulses
(A = 355, 532, 1064 nm) are used to obtain vertical profiles of particle backscatter and ex-
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Figure 3.12: (a) RPG-HATPRO on the roof of the OCEANET-Atmosphere container on RV Po-
larstern. (b) Sketch of schematic setup of HATPRO adopted from Rose and Czekala (2008).

tinction coefficients. Additionally, the volume depolarization ratio is determined and used
to discriminate cloud layers with ice crystal backscattering (Seifert et al., 2010). To avoid
specular reflection caused by horizontally oriented ice plates the laser beams are tilted by
5° off zenith angle. Cloud observation with a lidar are limited to clouds with 7 < 2.5 in
the VIS wavelength region (Kanitz et al., 2011). Therefore, lidar data can only be used for
those clouds which are optically thin. In this case, in addition to the cloud base height, also
the cloud top height can be measured. The lidar provides high temporal and spatial vertical
profiles of aerosol particle distribution in the atmosphere.

The microwave radiometer Humidity And Temperature PROfiler (RPG-HATPRO) was de-
veloped by Radiometer Physics Germany (see Figure 3.12). With 14 frequency channels it
enables to continuously measure vertical profiles of temperature and humidity as well as col-
umn amounts of integrated water vapor (IWV') and LW P (Rose et al., 2005). Figure 3.12b
illustrates the schematic setup of HATPRO (Rose and Czekala, 2008). A pivoted parabolic
mirror bundles the incoming radiation and is transmitted to a wire grid. From that, one part
is horizontally polarized for the humidity profiler while the other part is vertically polarized
for the temperature profiler. Czekala et al. (2001) found that both profiler receive the same
portion of radiation when there is no precipitation in the viewing angle of the radiometer.
When precipitation wets the HATPRO radome the emission by liquid water droplets prevents
meaningful observations. A rain sensor (as follows named rain flag) is used to separate the
rain data from non—precipitating clouds. In an ideal case, rain sensor and radiometer cover
panel dry likewise fast, so that these data can be easily sorted out. For calibration purpose
an ambient temperature target is installed underneath the mirror. The opening angle of the
system for the water vapor and oxygen frequencies is 3.5° and 2.5°, respectively. Thus, the
resulting spatial resolution depends on cloud height and varies between 60 m up to several
hundred meter.

Figure 3.13 presents the spectral extinction coefficients in the microwave region for a cloudy
atmosphere with the single contribution from liquid cloud droplets, water vapor and oxygen
(Crewell et al., 2001). Because scattering can be neglected absorption equals extinction. The
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transition from different rotational states of gas molecules cause two pronounced absorption
features which results in two main well defined absorptions lines in certain frequency regions.
Absorption bands of water vapor (22.235 GHz) and oxygen (around 60 GHz) have a direct im-
pact on the extinction profile of the cloudy atmosphere. HATPRO measures in these regions
which are indicated with A and B in Figure 3.13. The IWV is obtained from the strength of
the absorption line A, while water vapor profiles are derived from the broadening along the
absorption line A and LW P from the increased absorption with increasing frequency. Tem-
perature is profiled from multi—channel measurements along the oxygen absorption region

B.

A modified version (Zoll, 2008) of the algorithm introduced by Crewell and Lohnert (2003)
is used to determine vertical profiles of IWV and LW P from brightness temperatures (BT).
The algorithms are based on synthetic observations generated from a representative long—
term radiosonde data set (Lohnert and Crewell, 2003). The input radiosonde data set con-
sists of profiles of temperature, humidity and pressure. Based on this data set, the liquid
water content (LW C) is calculated using a modified adiabatic cloud model, while the cloud
boundaries are determined by a 95% humidity threshold (Karstens et al., 1994). For the sta-
tistical retrieval algorithm, the radiosonde data set is divided into a training and test data
set. From the training data set, synthetic BTs at the ground are calculated with a radiative
transfer model. The statistical retrieval algorithm is derived with a multi-linear regression.
Applying this algorithm to the test data set yields the retrieval quality and theoretical re-
trieval error. The accuracy of the LW P retrievals is about 25gm~2 (Lohnert and Crewell,
2003). The most frequent source of radiometer uncertainties are calibration errors. There-
fore, HATPRO applies several calibration methods. An absolute calibration is performed by
a cooled liquid nitrogen target in combination with a temperature stabilized target inside
the radiometer. A secondary calibration include a noise-diode which can be shifted to the
receiver inputs and a gain calibration. Additionally, a tipping curve calibration is used for
channels with low opacity. This method is valid for homogenous clear sky conditions. Except
the absolute calibration, which has to be done manually in the harbor before the OCEANET
campaigns, all calibration methods are performed automatically.
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Figure 3.13: Spectral extinction coefficients over the microwave region for cloudy atmosphere with
single contributions from liquid water cloud droplets assuming a liquid water content (LW C) of
0.2gm~2 (blue line), water vapor (green line), and oxygen (red line). The black lines represents the
contributions of all components. HATPRO frequency regions are illustrated with A and B. Graphic
was adopted from Pospichal (2009).



4 Remote Sensing and Multi-Wavelength
Cloud Retrieval

In this chapter a new methodology to retrieve optical and microphysical properties of marine
clouds over the ocean is introduced. A description of the radiative transfer simulations in
combination with the measurements is introduced in Section 4.1. In Section 4.2 it is explained
how 7 and r.g of marine clouds are derived from these simulations by existing standard two—
wavelength (2-WL) retrievals (Section 4.2.1) and a spectral slope retrieval (Section 4.2.2).
To overcome problems of those retrieval methods a new multi—wavelength cloud retrieval
method is presented in Section 4.3. Parts of this chapter were published by Briickner et al.
(2014).

4.1 Simulations

4.1.1 Radiative Transfer Model

To retrieve microphysical properties from spectral radiation measurements simulated radi-
ances are required over ranges of 7, reg and solar zenith angles 6y to calculate lookup ta-
bles (LUT). The plane-parallel radiative transfer model package libRadtran version 1.6beta
(Mayer and Kylling, 2005; Mayer, 2009) was used to calculate the zenith radiance Iimo d
at sea level zg. The simulations were performed with the discrete ordinate radiative trans-
fer solver (DISORT version 2.0) by Stamnes et al. (1988) with 16 streams. The molecular
absorption parametrization was adopted from LOWTRAN/SBDART? by Ricchiazzi et al.
(1998). The intensity—correction method described by Buras et al. (2011) was used which em-
ploys the scattering phase function directly. This method is faster as the intensity—correction
method introduced by Nakajima and Tanaka (1988) and represents strong forward-scattering
by large hydrometeors with high accuracy (Buras et al., 2011). The vertical profiles of mete-
orological parameters were adopted from standard profiles of Anderson et al. (1986) (either
tropical, mid-latitude summer or mid-latitude winter), modified with daily temperature and
relative humidity measurements obtained from radio sounding made on RV Polarstern. The
extraterrestrial spectral irradiance data F¥(TOA) were taken from Gueymard (2004). The
radiative  transfer calculations assumed a spectral ocean surface albedo
(Loveland and Belward, 1997, type ocean—water). A maritime aerosol type from Shettle
(1989) was chosen. A liquid water (situated in 2 — 4km) or ice cloud (situated in 7 — 8km)
with different values of 7 and r.g was introduced into the model input. The liquid water
content LW C in gm™3 was approximated with a formula proposed by Ch¥ylek (1977):

*Low—Resolution Spectral Transmission/Santa Barbara DISORT Atmospheric Radiative Transfer

36
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2

LWC = ?p ' bext * Teff input » (41)
where p is the water density. The extinction coeflicient was approximated with beyt =
Tinput/dz(21, 22). dz is the sum of 2z; (cloud base height) and 23 (assumed geometrical thick-

ness of the cloud).

For the water cloud 7 was varied from 1 to 80 with A7 = 1; for the ice cloud 7 varied
from 0.1 to 10 in steps of 0.1, respectively. reg was varied from 1pum to 30 ym in steps of
1 pm for water clouds, from 1 pum to 60 um in steps of 1 um for ice clouds, respectively. The
simulated zenith radiances were interpolated with a resolution of 0.1 in 7 and 0.1 ym in reg
to reduce the computational time. The calculations used in Section 4.1.2 and Section 4.1.3
were performed over the full wavelength region covered by CORAS. Here, the FW HM of
CORAS spectrometers was considered in the simulations. Single—scattering properties based
on Mie theory, according to Wiscombe (1980), were used for liquid water clouds; for ice clouds
a parametrization of ice single—scattering properties from Baum et al. (2005a.b, 2007) was
applied.

For the retrieval results presented in Section 5 the model input for calculating the LUT is
adjusted to the measurement conditions during the OCEANET—transects. Usually, the ship
speed is around 10kn. In Figure 4.1a-b an exemplary time series of the differences in ship
solar zenith angle €[, (including the ships roll/pitch/heading angles) and in solar azimuth
angle ¢g for a 1 minute data resolution is shown. Differences between 1 minute increments
of 0 and ¢ are mostly within £0.2° and £0.3°. During local noon differences are smallest.
But taking also the heading of the ship into account (Figure 4.1c), it is crucial to calculate
the LUT with this time resolution. Course changes, especially during stations, yield a con-
stantly altered sensor geometry. To determine the cloud base for a certain measurement day;,
data from ceilometer were interpolated to the observation time of CORAS measurements.
Furthermore, cloud base heights from ceilometer, in combination with sky images and at-
mospheric soundings from the ship, were used as an estimate of cloud phase. Clouds with a
base height < 2km and a cloud top height below the freezing level obtained from radiosonde
data, were classified as liquid water clouds. Accordingly, clouds were classified as ice clouds
with base heights > 5km and top heights above the freezing level. The geometrical thickness
of the cloud (and cloud top height) was assumed using temperature and relative humidity
profiles from the daily atmospheric soundings on RV Polarstern (Seidel et al., 2010). Within
the cloud, relative humidity reaches values of up to 80%, while the decrease in temperature
with altitude is reduced or even rises due to latent heat from condensation. The associated
uncertainty of assuming a wrong geometrical cloud thickness is less than 2 — 4% for both
retrieved parameters and can be neglected. Thermodynamic phase is the largest contributor
to variability in zenith radiance due to differences in absorption and scattering from liquid
water droplets and ice crystals. Cloud phase misclassification (mixed—phase clouds or cirrus
above low—level liquid water clouds) lead to an overestimation of retrieved 7 of up to 76%,
while rqg is biased by up to 114%. To parametrize the bidirectional reflectance distribution
function (BRDF') for water surfaces which mainly depends on the wind speed a Cox and
Munk parametrization (Cox and Munk, 1954; Mayer and Kylling, 2005) was implemented.
The mean wind speed from ship observations was used for the parametrization. The results
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Figure 4.1: Time series of observed differences in (a) ship solar zenith angle ), and (b) solar azimuth
angle g for a 1 Minute data resolution; (c¢) observed heading from ship INS. Data are from April 28,
2011, ANT-XXVII/4.

in Section 5 were performed with a 1 minute resolution of all input parameters for the wave-
lengths 450 nm, 680 nm, 1050 nm, 1250 nm, 1560 nm and 1670 nm used for the new retrieval
method (see Section 4.3). For this configuration the computing time for 1 hour measure-
ments is 45 minutes. By adjusting the model input parameters to every minute averaged
observations for each day, the associated model uncertainties are mostly reduced.

4.1.2 Zenith Radiance

Figure 4.2 presents modeled zenith radiances over the ocean for different 6y as a function
of 7. The calculations were carried out for a non—water absorbing wavelength at 532nm
and a liquid—water absorbing wavelength at 1560 nm and for two values of 7. (solid lines:
ref = b pum; dashed lines: reg = 25 um). At 532nm wavelength (Figure 4.2a) almost no
sensitivity of Iimo q With respect to reg is revealed. Both lines for different values of reg
coincide. Zenith radiance increases with increasing 7 up to a value of 4 < 7 < 5 and
decreases for 7 > 5. This non—monotonic behavior of zenith radiance leads to an ambiguous
=03 Wm?2nm st at 6y = 40°

. . . 1
retrieval of 7. For example, zenith radiance [ X.mod

belongs to an optical thickness of either 4 or 15.

At the liquid—water absorbing wavelength of 1560 nm the sensitivity to reg is enhanced (see
Figure 2.2), because of increased cloud droplet absorption (Figure 4.2b). Largest sensitivities
to reg occur for 7 > 20 and at small values of fy. Zenith radiances approach zero for large
values of 7 and thus decrease the sensitivity to retrieve rog. Two opposite effects lead to
ambiguous retrieval results. With increasing r.g forward scattering increases (see Figure 2.3)
and thus the zenith radiance increases too. A shown in Figure 2.3a, the forward peak of
the scattering phase function for scattering angles ¥ = 0 — 5° increases with increasing
refi. On the other hand, the larger the droplets, the larger the cloud droplet absorption
(Rawlins and Foot, 1990) which decreases the zenith radiance.
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Figure 4.2: Modeled zenith radiance at the surface as a function of cloud optical thickness 7 for a
liquid water cloud with effective radii of re¢ = 5pm (solid lines) and reg = 25 pum (dashed lines).
Different symbols refer to 6y of 20°, 40° and 60°. Calculations were performed assuming an ocean
surface albedo.

4.1.3 Transmissivity

Examples of modeled spectral transmissivity derived with Eq. (2.10) are shown in Figure 4.3a
assuming a liquid water cloud based on McBride et al. (2011), and in Figure 4.3b for an ice
cloud, both for different values of 7 and two values of 7eg (5 um: solid lines and 25 ym: dashed
lines). The shaded areas illustrate constant values of 7. The calculations were performed for
fp = 40° and a surface albedo typical for ocean. Absorption bands of different atmospheric
gases (O3: 470 nm; Oy: 760 nm; HoO: 720 nm, 820 nm, 940 nm, 1100 nm, 1380 nm, 1870 nm;
and COg: 1400 nm, 1600nm, 2000 nm; Wendisch and Yang, 2012) are represented in the
modeled spectral transmissivity. For the liquid water cloud largest transmissivity occurs at
values of 4 < 7 < 5 (in accordance with the radiances plotted in Figure 4.2) and decreases
with increasing 7. At wavelengths shorter than about 1100 nm scattering dominates (see
Figure 2.2b). Larger droplets with larger asymmetry factor result in enhanced forward scat-
tering and thus in larger transmissivity. However, with increasing r.g transmissivity decreases
because of increasing cloud droplet absorption at wavelengths larger than about 1400 nm.
The crossover between these competing effects occurs at wavelengths between 1100 nm and
1400 nm depending on the magnitude of cloud droplet absorption (McBride et al., 2011).
Especially in the wavelength region between 1560 nm and 1670 nm the differences between
5 pum and 25 pm are largest and result in an enhanced sensitivity with respect to reg. Trans-
missivity values are more sensitive to the solar zenith angle, especially for smaller 7, since
transmitted radiation is affected by fewer scattering interactions. Furthermore, the effect of
a vertical gradiant in reg on calculated zenith radiance is larger (Rawlins and Foot, 1990).

For the ice cloud larger values of reg cause increased transmissivity because the forward
scattering peak is much more pronounced than for water droplets and depends on the sen-
sor/solar geometry. Differences in the scattering phase function of non—spherical ice particles
(see Figure 2.3a) result from different particle sizes and shapes. But additionally, enhanced
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cloud droplet absorption decreases transmissivity (see Figure 4.3b). For example, at 1600 nm
wavelength, because of the spectral shape of the imaginary part of the refractive index for
ice, the absorption by an ice cloud is about twice the absorption by a liquid water cloud. The
dashed lines (reg = 25 um) always lie beneath the solid lines for smaller values of rog. Largest
differences (and sensitivities) between simulations for two values of reg occur in the wave-
length region between 1550 nm and 1700 nm. The slope of transmissivity becomes steeper in
this wavelength region for increasing T and reg. For optically thin ice clouds (e.g., 7 = 0.1)
in the VIS wavelength region a high ratio of Rayleigh scattering (molecular) is transmitted
through the cloud and dominates cloud scattering (Wen et al., 2008). This effect is later
used to discriminate between thin and thick cirrus clouds in the VIS wavelength region.
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Figure 4.3: Modeled spectral transmissivity for different values of reg (solid lines for reg = 5 um,
dashed lines for rog = 25 um) and 7 (gray shaded areas) at 6y = 40° and assuming an ocean surface
albedo (a) for a liquid water cloud according to McBride et al. (2011), (b) for an ice cloud. Note the
different values of 7 for liquid water and ice cloud.
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4.2 Existing Transmissivity—Based Cloud Retrievals

4.2.1 Standard Two—Wavelength Retrieval

Nakajima and King (1990) introduced a method to retrieve 7 and reg from reflected radiance
measurements. To emphasize the differences between reflectivity—based and transmissivity—
based standard two—wavelength (2-WL) retrievals, Figure 4.4 shows the graphical repre-
sentation of LUTs for reflectivity (a) and transmissivity (b). The underlying principle of
the standard 2-WL retrieval is to combine reflectivity or transmissivity at a non—absorbing
wavelength in the VIS (532 nm) with an absorbing wavelength in the NIR (1670nm) for a
range of values of 7 and res. These wavelengths have to be outside of water vapor and
oxygen bands and should have substantially different water droplet (ice crystal) absorption
characteristics (Nakajima and King, 1990).

The modeled spectral reflectivity in Figure 4.4a were derived using Eq. (2.9) assuming a liquid
water cloud. The minimum of reflectivity at each wavelength correlates with the reflectivity
of the underlying surface at these wavelengths without an atmosphere (Nakajima and King,
1990). The underlying surface corresponds to an ocean surface, which can be assumed as
Lambertain. 7 is determined by the reflectivity at a non—absorbing wavelength at 532 nm with
less sensitivity to reg. Reflectivity monotonically increases with increasing 7 and approaches
a value of about 1 for thick clouds. res is determined by the reflectivity at an absorbing
wavelength at 1670 nm with largest values for small particles sizes. As rog increases also
absorption monotonically increases for all values of rog. These characteristics of reflectivity
enables a clear defined discrimination of reg. The sensitivity to 7 and r.g of non—absorbing
against absorbing wavelength is nearly orthogonal as 7 increases (7 > 20). This means
that measurements uncertainties in one wavelength have little impact on the properties
determined primarily by the other wavelength.

Platnick (2000) showed that using modeled vertical weighting functions for transmissivity
yields a more symmetric weighting throughout the center layer of a cloud. Whereas reflectiv-
ity weighting functions are more determined by the upper layer of the cloud. Applying the
standard 2-WL retrieval method to transmissivity (see Figure 4.4b) reveals clear differences
to a reflectivity—based method. The overall problem of transmissivity is the non—monotonic
behavior toward 7, and additionally, the competing effects of scattering and absorption with
increasing rog. Furthermore, zenith radiance is almost completely attenuated for optically
thick clouds. Isolines of different values of rog in the LUT are nearly indistinguishable for
clouds with 7 > 10 and r.g > 5 pm because of the lack of sensitivity to reg. Slightly better
is the separation between values of 7 ranging from 20 — 40 due to increasing cloud droplet
absorption with increasing reg. For thick clouds (7 > 60) zenith radiance approaches zero
due to attenuation and thus transmissivity is less sensitive to both microphysical parameters.
The isolines for constant 7 are clear to separate compared to r.g isolines. The ambiguity
regarding clouds with 7 between 3 and 7 makes the retrieval difficult. Here, measurement
uncertainties in one wavelength excert a huge impact on the properties and complicates the
retrieval. This 2-WL approach using transmissivity implies that it is possible to retrieve 7
for clouds with 7 > 10, which corresponds to results found by e.g., Rawlins and Foot (1990),
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Figure 4.4: Standard 2-WL retrieval grid for a liquid water cloud using (a) modeled reflectivity and
(b) modeled transmissivity for a solar zenith angle of 6y = 40° and an assuming ocean surface albedo.
Dashed isolines represent different values of 7 and colored lines indicate different values of 7eg.

but the sensitivity to 7eg is not satisfactory. The retrieval uncertainties of a liquid water
cloud for the standard 2-WL method is presented in Table 4.1. The uncertainties in 7 and
ref Were calculated by propagating the measurement VIS uncertainty o532 = 5.1% and the
NIR uncertainty o170 = 9.4%. Here, for a cloud with model input 7 = 5 and reg = 5 um
the resulting 7 is biased by up to 26%, while r.g is biased by up to 248%. These errors
emphasize that the 2-WL method is not suitable for transmissivity.

4.2.2 Spectral Slope Method

McBride et al. (2011) introduced a method to retrieve 7 and r.g using the spectral slope
fit through normalized transmissivity between 1565nm and 1634nm in combination with
transmissivity at 515 nm wavelength. The method was introduced for reflectivity observa-
tions to determine the cloud thermodynamic phase by Pilewskie and Twomey (1987) and
Ehrlich et al. (2008a). They emphasize the spectral shape of basic optical properties which
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Table 4.1: Uncertainties of cloud optical thickness 7 and effective radius r.g calculated from trans-
missivity retrievals for a liquid water cloud, see Fig. 4.4b. The uncertainties were calculated by
propagating the measurement VIS uncertainty os3s = 5.1%, and NIR uncertainty o170 = 9.4%
through the standard 2-WL retrieval.

T Teff (M) (T)retr () (Feff Jretr & 0(7efr) (um)

) 5.0£1.3 5.0£124
20 10 20.0£2.2 10.0 £ 8.2
40 20 40.0 £ 2.5 20.0£5.7

have a direct impact on transmissivity. Figure 4.5 presents the droplet coalbedo (1 —wy, with
single scattering albedo wp; measure for absorption), the asymmetry factor g and the extinc-
tion coefficient beyt across the spectral region for four different values of rog. The coalbedo
increases with increasing rog, because cloud droplet absorption increases. The asymme-
try factor and the extinction coefficient increase with increasing reg as forward scattering

increases with cloud droplet size.

For the retrieval the slope of transmissivity over a certain spectral wavelength region is
used. The selected wavelength region should reveal a linear characteristic of transmissivity
over a wide range of 7 and reg, and should be outside of bands with strong absorption
(McBride et al., 2011). The linear regression of transmissivity in this spectral range has
the advantage of reducing measurement and retrieval errors. Based on these criteria the
spectral region between 1570 — 1630 nm (1565 — 1634 nm in McBride et al., 2011) was chosen
for the regression. Figure 4.6 shows the modeled spectral transmissivity normalized with
transmissivity T1570 at A = 1570 nm for 7 = 20 and two values of reg (5 pm and 25 ym) over
the NIR spectral region. Normalizing transmissivity to 11570 removes the effect of spectrally
correlated errors (radiometric uncertainty, McBride et al., 2011). Due to largest cloud droplet
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Figure 4.5: Spectral coalbedo 1 — Wy, asymmetry factor g, and extinction coefficient beyy of liquid
water droplets for different values of r.g over the spectral wavelength region.
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absorption at A = 1570 nm, normalized transmissivity increases with wavelength over the
spectral region for both values of 7. Larger cloud droplet sizes (25 um) with larger values
of coalbedo always have a steeper slope than smaller droplet sizes (5 um). This characteristic
of the spectral slope provides the information on 7 and reg.

The slope s was determined from a least—square linear regression between model results and
the measured spectra as follows:

N T 1 N N T
Z)\”'T1;70_WZ)\"ZT1:70

=1 = —1
s=" =Lon= (4.2)
N 1 N T,
2 1 n
)\" N Z T1570
n=1 n=1

Here, N is the number of points used in the fit (CORAS observations: 13 wavelengths; model:
61 wavelengths) and T is the transmissivity at each A points.

Figure 4.7 presents the LUT for the spectral slope method. Modeled transmissivity at A =
532nm (T532,mod) is plotted against the modeled spectral slope s for the same range of 7
and 7. as in Figure 4.4. Here, the slope axis is shown on a logarithmic scale. The isolines
of constant reg are clearly separated for 7 > 10 compared to the standard 2-WL method in
Figure 4.4b. Due to the increased sensitivity to reg from the spectral shape of the slope in
the NIR region, a clear distinction of reg isolines is obvious. Largest spectral slopes refer to
largest values of reg and for optically thick clouds. Similar to the standard 2-WL retrieval,
sensitivity to 7 with values of 7 > 10 is obvious. The ambiguity problem regarding thin
clouds still remains. Isolines of 7 ranging from 3 — 7 are less well separated and not distinct.
Furthermore, a reg retrieval for thin clouds is also ambiguous because of the competing
effects of forward scattering and absorption. Taking the measurement uncertainties of 5.1%
at 532 nm and 2.2% for the normalized transmissivity 7;,/T1570 into account, retrieval errors

Normalized Transmissivity

0.8 L v

1570 1580 1590 1600 1610 1620 1630
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Figure 4.6: Normalized transmissivity for a liquid water cloud with 7 = 20 and two different values
of g (solid lines for reg = 5 um, dashed lines for reg = 25 um) across the NIR wavelength region of
1570 — 1630 nm.
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of liquid water clouds are reduced but still relatively high, see Table 4.2. Compared to the
standard 2-WL retrieval, the results for reg for 7 > 20 are significantly improved (10£8.2 um
vs. 10£1.6 um). McBride et al. (2011) propagate a radiometric uncertainty in the VIS region
of 3%. Due to the normalization of transmissivity, the spectrally uncorrelated error from the
spectrometer signal of 0.1% (Pilewskie et al., 2003) is given for their spectrometer system.
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Figure 4.7: Spectral slope retrieval grid for a liquid water cloud using modeled transmissivity for
a solar zenith angle of 6y = 40° and an assuming ocean surface albedo. Dashed isolines represent
different values of 7 and colored lines indicate different values of rqg.

Table 4.2: Uncertainties of cloud optical thickness 7 and effective radius r.g calculated from re-
trievals for a liquid water cloud, see Fig. 4.7. The uncertainties were calculated by propagating the
measurement VIS uncertainty o532 = 5.1%, and NIR ratio uncertainty or, /p,,,, = 2.2% through the
spectral slope retrieval.

T Teff (,U,Hl) (T)retr + 5(7—) (chf)retr + 5(rcﬁ) (Mm)

) ) 5.0£0.2 5.0E£2.2
20 10 200+1.6 10,0+ 1.6
40 20 40.0 £ 2.5 20.0£3.3

4.3 A New Multi-Wavelength Cloud Retrieval Method

4.3.1 Multi-Wavelength Approach

Coddington et al. (2012) quantified the information content of spectral irradiance reflected
by water clouds with the Shannon information content approach. This method delivers a
quantitative measure of retrieval information, which can be used to identify wavelengths with
enhanced retrieval sensitivity. There are certain wavelength regions where the information
on individually 7 or 7eg is amplified. In VIS wavelength regions, the signal of reflected (or
transmitted) radiation is mainly influenced by 7, whereas in the NIR wavelength region the

individually information content in 7.g increases with increasing droplet absorption (and
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size), while it is minimal in VIS regions. However, when cloud droplet absorption dominates,
cloud scattering in the NIR wavelength region, the joint information content to retrieve both
7 and reg decreases. In this case the joint information content of 7 and r.g¢ can not be used
to completely separate the two variables in cloud retrievals.

In this thesis a new spectral cloud retrieval is proposed that uses the information of ratios
of transmissivity at different wavelengths. A similar approach using ratios of reflected spec-
tral radiances was reported for airborne measurements (Werner et al., 2013). Obviously, the
wavelengths for the retrieval should exclude regions with significant molecular absorption.
The systematic search for suitable wavelengths for the ratios of transmissivity was done
separately for the VIS and NIR wavelength region to avoid a mixture of the two CORAS
spectrometers and resulting systematic measurement uncertainties. Furthermore, the re-
trieval sensitivity affected by measurement uncertainties is reduced (see Section 4.3.2). Not
each wavelength combination is useful to provide an optimum of information to retrieve 7
and reg (Coddington et al., 2012).

To investigate the suitable wavelength combinations a sensitivity study for 7 and r.g was
performed. To quantify the sensitivity of transmissivity ratios to both parameters, the per-
centage increase p of two transmissivity ratios 74 = T, /T, and Tp = T), /T, was calculated
as follows:

T\, (r=20) /Ty (r=05)
= —1|-100%, 4.3
b KTAQ (1=20)/ Th(r=35) ) (43)
T =25 T =5
Prg = |:< A1 (reff Mm) / A1 (Teff Mm)> . 1:| . 100%’ (44)
T)\z (reff =25 Mm) T)\Q (Teff =5 Mm)
with A1 and Ao ranging from 350 — 1800 nm. The results are plotted in Figure 4.8. The
black solid line is the one-to—one line. According to Egs. (4.3) and (4.4) all values left from
this line, that is A\; < A9, it is a percentage increase in the difference between two ratios of
transmissivity. Accordingly, the same holds true for all values right from the one-to—one line

when A1 > Ao. The larger the percentage increase p the larger is the sensitivity of ratios of
transmissivity toward 7 and reg. All wavelengths from gas absorption bands are removed.

Figure 4.8a-b presents the sensitivity to 7 for the VIS (a) and NIR region (b). For ratio T
and Tp, 7 is 5 and 20, respectively, while r.g = 10 um is constant for both ratios. In the VIS
region a general sensitivity to 7 is obvious. Almost all ratios with A\; < Ay show p, > 3%.
Largest sensitivities occur for combinations of A; between 400 — 600 nm with Ay ranging
from 600 — 900nm. The percentage increase p, in the NIR region achieves largest values
(up to 10%) for wavelengths between 1500 — 1700 nm, but also for wavelength combinations
of A\ around 1000 — 1100 nm with Ay around 1150 — 1300 nm, which results from enhanced
attenuation for thicker clouds. In general, the sensitivity to 7 is given in a number of possible
wavelength combinations.

This is different for the rog sensitivity presented in Figure 4.8c—d. Here, the optical thickness
is constant (7 = 20), and reg for ratio T4 and T is 5 pm and 25 um respectively. In the VIS
region (c) no percentage increase of sensitivity to reg for Ay < Ag is obvious. Increased cloud
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Figure 4.8: Spectral percentage increase of sensitivity to either 7 (a-b) or reg (c-d). For detailed
information see text.

droplet sizes cause decreased transmissivity ratios. Largest sensitivities are apparent for
A1 > 750 nm in combination with Ay < 450 nm. However, with respect to the 7 sensitivity in
Figure 4.8a, the r.g sensitivity shows an opposite behavior. Therefore, a wavelength combi-
nation with A\; < Ao is inappropriate to obtain information of both parameters. Whereas, in
the NIR region (d) the same spectral sensitivity as for 7 is found for reg. Largest percentage
increase p,; can be found for wavelengths between 1500 — 1700 nm, because of increased
cloud droplet absorption with increasing cloud droplet size. Also increased sensitivity for
combinations of A1 around 1000 — 1100 nm with Ay around 1150 — 1300 nm is evident, but
Pro; reaches compared to p, smaller percentage (4-7%). In conclusion, suitable wavelength
combinations for reg sensitivity are fewer compared to 7, favoring the NIR wavelength region.

To retrieve 7 and 7o, and, additionally dealing with the ambiguity problem for transmissiv-
ity, at least three independent measurement points are required, which are sensitive to these
parameters.

The ratio Ty = Tys0/Tsso discriminates between thin and thick clouds (thin clouds transmis-
sivity increases with 7, thick clouds vice versa). For values of 7 < 5 the portion of Rayleigh
scattering in the VIS spectral region is larger. Similar results were found by LeBlanc et al.
(2014). In Figure 4.9a the ratio of I;hmod for clear sky to cloudy conditions (7 = 0.5) over
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the VIS wavelength region is plotted. Even in the presence of thin clouds, zenith radiance
is larger than that with no cloud and thus Ty50 moq is larger than T80 moq and provides the
information on 7 and reg. These wavelengths are illustrated with vertical dashed lines in
Figure 4.9a. Other combinations from Ty50 moa to transmissivity around A = 790 nm are also
possible (see Figure 4.8a), but the correspondence between measured and modeled radiances
in this region is slightly better for A = 680 nm. Ratios of transmissivity including wavelengths
below 400 nm were not included because the sensitivity of the spectrometer decreases towards
the UV.

In Figure 4.9b the coalbedo across the NIR spectral region for different values of rg is plotted.
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Figure 4.9: (a) Ratio of modeled spectral radiances I i,mo 4 for a clear sky relative to cloudy (7 = 0.5)
conditions over the VIS wavelength region. Retrieval wavelengths of 450 nm and 680 nm are indicated
with vertical dashed lines. (b) Spectral coalbedo 1 — &g for different values of r.g over the NIR
wavelength region. Retrieval wavelengths of 1050 nm and 1250 nm, and 1670 nm and 1560 nm are
marked with vertical dashed lines.
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It increases with increasing reg, while cloud droplet absorption increases. Based on the results
of McBride et al. (2011) and the sensitivity study in Figure 4.8d, the ratio of transmissivity
T2 = Tie70/T1560 is sensitive to reg because absorption distinctions are largest. To enhance
the sensitivity to this parameter, a second ratio in the NIR of transmissivity with 73 =
Th050/T1250 was considered. These wavelengths are equidistant from water vapor absorption
bands, and the sensitivity of the coalbedo to reg with 7 > 10 is high. Furthermore, 73 contains
the information on 7 and circumvents the ambiguity in 7. The retrieval wavelengths in the
NIR region are illustrated with vertical dashed lines in Figure 4.9b.

Figures 4.10a and 4.10b show the results of simulated ratios of transmissivity for different
combinations of 7 and reg for a liquid water cloud situated in 2 —4km (a), and an ice cloud
in 7— 8km (b). Isolines of constant reg (solid lines) and 7 (dashed lines) are plotted. The
new multi—-wavelength approach circumvents the ambiguity regarding 7. The combination
of three transmissivity ratios allows to ambiguously retrieve 7 and r.g. Adding the ratio
T450,mod/T630,mod Provides imrpoved sensitivity to thin clouds. The two branches of the
surface represent thick clouds, where 72 and 73 dominates (7 > 10), and thin clouds, where
T1 reaches values larger than 1 with decreasing 7 (insert in Figures 4.10a), while the other
two ratios vary only slightly. The knee of the surface, where the two branches separate,
conforms to the largest values of transmissivity and depends only slightly on 6.

To retrieve microphysical properties from observations the best match between the modeled
and observed transmissivity is inferred by finding the minimum of a cost function f (7, reg):

(Tretra reffretr) = min [f (T> Teff)] , (45)
with:
3
f (T, 7ﬁeﬂ”) = Z [7;L,obs - 7;L,Inod (7’, Teﬂ?)ﬁa (46)
n=1
h
where T T450_7. B T1670'7— _ Tps0 (4.7)

— s 12 — s 13 — 3
T80 T'560 Th250

which is the sum of the difference between the three observed and modeled transmissivity
ratio 7Ty, obs/mod for the entire range of 7 and reg.

4.3.2 Retrieval Uncertainties

Uncertainties in the retrieval are caused by misclassification of thermodynamic phase, multi—
layer clouds, geometrical thickness of the cloud or uncertainties of the model input param-
eters, which is discussed in Section 5.4. This section discusses only measurement uncer-
tainties. Due to the use of ratios of transmissivity either in the VIS or NIR region most
of the measurement uncertainties described in Section 3.2.2 cancel. Only statistical un-
certainties of the spectrometer signal of o = 0.5%, o7, = 2.2%, and o7; = 1.8% con-
tributes to the retrieval uncertainty, respectively. The spectral dependent changes of the
response function from different calibrations, which may also contributes to the overall un-
certainty, were determined by comparing absolute and field calibration ratios for the three
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T1050 / T1250

T1 050 / T1 250

Figure 4.10: Retrieval grid using modeled ratios of transmissivity for a solar zenith angle of 8y = 40°
and an assuming ocean surface albedo. Dashed isolines represent different values of 7 and colored
lines indicate different values of e (a) for a liquid water cloud for 7 > 10 with zoom into axis for
thin clouds with 7 < 5 in the upper right part, and (b) for an ice cloud.
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wavelengths ratios. These calibration ratios were almost spectral constant and lie within
the range of the statistical uncertainties of the spectrometers. Therefore, spectral depen-
dent changes were negligible. For the retrieval Eq. (4.5) 64 different combinations from
T450 + 0715 TGSO + 0715 T105[) + 073, T1250 + 073, T1560 + 0Ty, T1670 + o7, of the cost function
f (1,reg) are possible by propagating the uncertainty of the spectrometer signal. Eq. (4.6)

writes:
’ 2
f (TN, Tef‘f,N) = Z [(ﬁt,obs)]\[ - 7;L,mod (7_7 Teff)] > (48)
n=1
with N = 1,...,64. Often a solution appears twice or four times. Here, for example,

even for the ratio Tuso + o3 to Teso + o7; the spectrometer signal uncertainty cancel out,
when o7; propagates in the same direction. This results in a solution set (7n,7eg, n) With
N =1,...,64 including the measurement uncertainties of the ratios. The median of this
solution set is used as the final retrieval result for 7yt and reg,.,,. The resulting retrieval
uncertainty is the standard deviation of all 64 solutions. The uncertainties for the retrieval
of liquid water clouds and ice clouds are presented in Table 4.3 and Table 4.4, respectively.
Small changes in the NIR ratios, which correspond to a steeper slope of transmissivity in the
wavelength region between 1560 nm and 1670 nm, cause a shift towards larger cloud droplets
in the LUT. The errors depend on the position of the measurements on the solution surface
in the three—dimensional ratio coordinates as the distance between different isolines of 7 and

Teff-

Table 4.3: Uncertainties of cloud optical thickness 7 and effective radius reg calculated from retrievals
for a liquid water cloud, see Fig. 4.10a. The uncertainties were calculated by propagating the ratio
uncertainty or; = 0.5%, o, = 2.2%, and o7, = 1.8% through N = 1,...,64 possible solutions of the
cost function.

T Tef (M)  (TN)med £ O(TN)  (Teff,N)med £ 0(7er,v) (pm)

5 5.0+ 1.7 5.0£3.6
20 10 200+2.1 10.0 £ 2.1
40 20 40.0£1.5 200+1.2

Table 4.4: The same as Table 4.3 but for an ice cloud, see Fig. 4.10b.

T Tef (M)  (TN)med £O6(TN)  (Teff,N)med £ 6(Teft, ) (1)

0.5 30 0.50 £ 0.04 30.0+6.8
1 20 1.0+0.1 20019
1 40 1.0+0.1 39.6 £ 2.8

20 5.0£0.7 20.0£2.0




5 Case Studies

Individual case studies from the OCEANET—transects are presented to exemplify the new
multi-wavelength cloud retrieval. The geographic positions of the chosen cloud situations
are illustrated in Figure 5.1 with colored squares. Case analysis concentrates on four cloud
types which are used in Chapter 6. Section 5.1 focuses on liquid water clouds and is divided
into three cloud scene classes; Section 5.1.1 and Section 5.1.2 investigate homogeneous and
inhomogeneous clouds, while Section 5.1.3 shows results for scattered clouds. Different cirrus
cloud scenes are discussed in Section 5.2. A comparison of the spectral slope method with the
new multi-wavelength method is presented in Section 5.3. A detailed uncertainty discussion
is given in Section 5.4. Parts of this chapter were published by Briickner et al. (2014).

Figure 5.1: Cruise plots of ANT-XXVII/4 in spring 2011 (red), ANT-XXVIII/5 in spring 2012
(blue) and ANT-XXIX/1 in autumn Oct/Nov 2012 (green). Coordinates from the presented case
studies are plotted with colored square symbols. Numbers indicate geographic longitude and latitude
(in degrees).

52
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5.1 Liquid Water Clouds

5.1.1 Homogeneous Cloud Case

A liquid water cloud was observed on November 19, 2012 around 15°S and 0°E during
ANT-XXIX/1. Figure 5.2a shows the time series of the observed ratios at Ty50.0bs/7680,0bss
T1670,0bs/T1560,0bs> and T1050,0bs/T1250,0bs- The cloud base height derived from ceilometer data
was around 800 m. The full-sky imager characterized the cloud as almost homogeneous. This
coincides with almost constant ratios of observed transmissivity. The ratio Tus0 obs/7680,0bs
and T1050,0bs/T1250,0bs Were divided by the ratio at Ti670.0bs/T1560,0bs, t0 enhance the sensi-
tivity to reg. This normalization accounts for the reduced information on r.g because the
ratio T1670,0bs/T1560,0bs is influenced by the enhanced cloud droplet absorption in the NIR
range. When the cloud becomes optically thicker and cloud droplets become larger this ratio
increases. For example, around 12.2 UTC, the ratio T1670.0bs/7Z1560,0bs reaches values up to
1.7 which means that cloud droplets and 7 increase according to the LUT in Section 4.3. On
the other hand, when the ratio in the VIS range becomes largest, which indicates a high ratio
of Rayleigh scattering, the cloud is getting optically thinner and the other two remaining
ratios become small.

In Figure 5.2b retrieval results of 7 and r.g are shown. The mean retrieved cloud optical
thickness is 9.1 + 0.5. The mean effective radius is 16.1 + 1.7 um. The retrieved r.g is more
variable with values ranging between 2 — 30 um and shows higher uncertainties with up to
+7.1 ym compared to 7. Using Eq. (4.8) uncertainties of 7 and r.g were calculated along
the time series. Considering a threshold of an uncertainty of +1 in 7, and according to the
suggested one from McBride et al. (2011), an uncertainty of £2 pum in 7eg, the new retrieval
results in 87% and 78% valid retrievals for 7 and 7eg, respectively. The uncertainty of the
measurements increases for thicker clouds because the attenuation of the spectral radiance
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Figure 5.2: (a) Time series of observed transmissivity ratios at Tus0,0bs/Z680,0bs, 11670,0bs/T1560,0bs
and T1050,0bs/T1250,0bs at 11.5 - 13.0 UTC on November 19, 2012 around 15°S and 0°E from ANT-
XXIX/1. (b) Time series of 7 (upper panel) and r.g (lower panel), based on retrievals using data
from CORAS. The distance covered in the depicted times series is about 2.8 km.
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is stronger and, therefore, the contribution of the signal-to—noise ratio to the uncertainty
increases. For selected time periods (e.g., between 12.2 — 12.3 UTC) r.g reaches values up to
30 um. Unfortunately, the simulations were limited to reg < 30 pm because this suffices for
most non—precipitating liquid water clouds and more specifically measurement uncertainties
are too high for reg > 30 um. Obviously reg is larger than 30 pm but the extrapolation to
larger reg is not a suitable method for these complex LUTs. Possible reasons for reg > 30 um
could be the presence of overlying cirrus above the low—level stratocumulus or precipitating
clouds. The former can be excluded since there was no evidence of high cirrus in satellite
images or atmospheric soundings for that measurements example (not shown). While the
HATPRO rain sensor did not detect precipitation at the surface during the time period, it
is possible that evaporating drizzle in the atmosphere cause these large reg values. Wood
(2000) and Chen et al. (2008) suggest, based on theoretical analysis and synergetic ship—
based observations of low—level liquid water clouds, that drizzle droplets near the cloud base
can significantly increase rog. The high variability is caused by entrainment of thermal energy
and water vapor into the cloud from the sublayer below, cloud droplets can grow in updrafts
or evaporate in the downdrafts and thus causes the variability in the droplet effective radius.

Using the retrieved values of 7 and rg, the liquid water path (LW P) is calculated. LW P
is approximated using the following equation:

2
LWP = 30T Teffy (5.1)

where o is the water density. Here, the liquid water content and r.g is constant with height
(e.g., Han et al., 1994). Wood and Hartmann (2006) determined the LW P for adiabatic
clouds where the liquid water content increases linearly with altitude above cloud height
with:

5
LWP = g QT el (5.2)

Deriving LW P using Eq. (5.1) results in values of 20% larger than those using Eq. (5.2).
In general, the comparison of the LW P obtained from microwave radiometer HATPRO and
the LW P retrieved from transmissivity measurements exhibits a better agreement of results
using Eq. (5.2) as shown.

A comparison between the retrieved LW P from the microwave radiometer HATPRO and the
LW P retrieved from the spectral transmissivity measurements is presented in Figure 5.3a
for November 19, 2012. For the analyzed time period the mean LW P and standard devi-
ation was 87 + 49gm 2 for HATPRO and 97 4+ 11gm~2 for the spectral cloud retrieval.
CORAS overestimates the LW P for values > 80gm™2 but underestimates the LW P for
values < 80 gm~2 compared to HATPRO which is shown in the scatter plot in Figure 5.3b.
The black dashed line is the one—to—one line. The uncertainty of the spectral radiance
measurements increases in thicker clouds and, therefore, the number of valid retrievals de-
creases. Larger values of retrieved r.g cause an overestimation of CORAS derived LW P.
However, drizzle—sized droplets can lead to a wrong estimate of the liquid water distribution
and, therefore, lead to an overestimation of LW in the microwave radiometer retrievals
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Figure 5.3: (a) Time series of LW P as retrieved from HATPRO (black diamonds) and CORAS (red
crosses) data at 11.5 - 13.0 UTC on November 19, 2012 around 15°S and 0°E from ANT-XXIX/1.
(b) Scatter plot of the retrieved LW P from HATPRO and CORAS.

(Lohnert et al., 2001). Furthermore, deviations in the CORAS LW P retrieval might come
from the approximation of the plane—parallel cloud model in the radiative transfer model.
Boers et al. (2006) suggested a sub—adiabatic cloud model which parametrizes the vertical
variation of cloud optical and microphysical properties. In this cloud model 7 and r.g are ex-
plicit functions of the geometrical thickness z and the droplet number concentration N of the
cloud. The major source of uncertainty in the LW P retrieval is the sub—adiabatic behavior of
the cloud, which is described as the sub—adiabatic fraction F'r. Due to turbulent entrainment
and mixing processes in the cloud, F'r typically ranges between 0.3 — 0.9 (Boers et al., 2006).
For oceanic clouds Boers et al. (1998a) found a typical value of F'r = 0.6. The shape of the
vertical LW C profile varies between a linear and a C—shaped profile and is characterized by
factor «, which determines the vertical weight of the liquid water distribution for a given
value of F'r (Boers et al., 2006). The smaller the value of «, the closer the LW C profile ap-
proaches linearity. For a given 7 and 7. the deviation from adiabatic clouds (F'r = 1) lead to
an increase of geometrical thickness of the cloud but a decrease in cloud base droplet number
concentration. To quantify the influence of different cloud models on the retrieved cloud
properties, further investigations based on satellite or synergetic observations are needed.

5.1.2 Inhomogeneous Cloud Case

A time series of the retrieved LW P from HATPRO and CORAS of an inhomogeneous
liquid water cloud is shown in Figure 5.4a for May 6, 2012 around 28 °N and 15°W during
ANT-XXVIII/5 at 7.45-12.0 UTC. Periods of precipitation are shaded based on HATPRO
rain sensor data, since both instruments do not provide reliable data during precipitation.
The mean LW P and standard deviation was 170 + 216 gm~2 for the microwave and 146 +
124 gm~2 for the result of the spectral cloud retrieval. While 76% and 72% of all retrievals
passed the uncertainty threshold in 7 and r.g for the entire time series of an inhomogeneous
cloud, only 52% of 7 and 42% of r.g valid retrievals under thick clouds (7 > 40) were obtained.
The microwave radiometer retrieves larger LW P with higher uncertainties during and also
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Figure 5.4: (a) Time series of LW P as retrieved from HATPRO (black diamonds) and CORAS (red
crosses) data at 7.45 - 12.0 UTC on May 6, 2012 around 28°N and 15°W from ANT-XXVIII/5. (b)
Scatter plot of the retrieved LW P from HATPRO and CORAS. The distance covered in the depicted
times series is about 23 km.

around the periods of rain, because rain droplets can evaporate in the atmosphere before
they reach the surface. Additionally, rain droplets cause uncertainties in the HATPRO LW P
retrieval because the assumption of neglecting scattering in radiative transfer model used in
the HATPRO algorithm is not valid for rain droplets. Furthermore, major uncertainties in
the HATPRO retrieval are caused by the contamination of the radome with water. The
appropriate scatter plot for the presented time period is shown in Figure 5.4b. The rain
droplets in the atmospheric column cause higher uncertainties in HATPRO LW P retrieval
and a shift towards larger values compared to CORAS LW P. Therefore, all rain—flagged
data points were removed. The microwave radiometer measures the emission of cloud droplets
regardless of size in the microwave wavelength region which is directly proportional to LW C.
For that purpose it is not important whether the cloud is homogeneous or inhomogeneous,
it is only essential how many cloud droplets are in the atmospheric column. Nevertheless,
because LW P values from both instruments follow a similar trend, and the fact that the
microwave retrieval is insensitive to cloud inhomogeneities, it can be concluded from this
case study that the new cloud retrieval is applicable to inhomogeneous water clouds with
limitations for optically thick clouds (7 > 40).

5.1.3 Scattered Cloud Case

A time series of retrieved 7 and reg of scattered liquid water clouds is shown in Figure 5.5
at 17.1 - 18.3 UTC for April 28, 2011 around 9°S and 4°W during ANT-XXVII/4. A typical
photo of those clouds can be seen in the right panel of Figure 5.6. Six observed clouds are
illustrated with gray shaded areas.

Cloud 1 and 2 show an increased 7 at cloud edges, followed by a smaller value of 7, while r.g
decreases toward cloud edges and varies within the cloud. To analyze the temporal develop-
ment of the retrieved cloud properties, Figure 5.6 shows the observed spectral transmissivity
over the wavelength region from CORAS for cloud 1 (left panel). The temporal resolution



5.1. LIQUID WATER CLOUDS o7

between 11 spectra is 15s. The observed cloud is schematically illustrated in the photo from
the full-sky imager with the red box. The cloud moves from the right to left corner, indi-
cated by the red arrow. Observed spectra from time step ¢ to t1; are illustrated with colored
lines. While T ops(t1) and T obs(t11) refer to clear sky, the T obs values ranging from ts to
t1o refer to cloud observations. For clear sky observations in the VIS wavelength region the
spectral shape of the spectra is dominated by Rayleigh scattering through the atmosphere.
At t9 a cloud spectrum was observed (compare to model results in Section 4.1.3), resulting
in a retrieved 7 and 7. of 1.8 and 2.0 um, respectively. 15s later (t3), an offset between VIS
and NIR wavelength region in the transmissivity spectrum is obvious. The reason for this
offset between both CORAS spectrometers is that radiance and irradiance measured with
two spectrometers in each case are accessed in sequence and not simultaneously (see Sec-
tion 3.2). First irradiances and radiances are measured by the VNIR spectrometers with a
certain integration time tiy; (here ¢,y = 3000 ms), followed by measurements using the SWIR
spectrometers (here t;,; = 500 ms). Usually, this is not a problem for homogeneous clouds but
for scattered clouds this might cause such offsets in the observed transmissivity spectra. For
T obs(t3) this means that the spectrum in the VNIR wavelengths between 450 —950 nm prob-
ably refer to a cloud edge indicated by spectral features of both clear sky and cloud affected
extinction properties. While the cloud propagates during the measurement of irradiance,
the SWIR spectrometer for radiance detects cloud parts, as the magnitude of transmissivity
between 950 — 2000 nm is larger. In the multi-wavelength retrieval cloud properties are in-
ferred by a combination of all three transmissivity ratios. Therefore, the retrieval of 7 and
reff at t3 results in 0.1 and 3.1 um, respectively. While 7 is more sensitive to VIS wavelength
regions, here influenced by cloud edge, 7o is more sensitive to NIR wavelength regions. The
same spectral behavior is seen for t4, t5 and t1yp which represents again the cloud edge. The
along—track footprint d, of the radiance measurements is about 70 m, depending on the ship
speed of 10kn and tj,;. The cross—track footprint d. for clouds with a base height of 1670 m
is about 33m. If additionally the wind speed is increased (here 10.3ms™!), the temporal
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Figure 5.5: Time series of 7 (upper panel) and reg (lower panel) at 17.7 - 18.3 UTC on April 28,
2011 around 9°S and 4°W from ANT-XXVII/4, based on retrievals using data from CORAS. Gray
shaded time periods illustrates six liquid water clouds. Here, only successful retrieval results are
shown (7 > 0.1 and reg > 0.1 ym).
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Figure 5.6: Observed spectral transmissivity from CORAS data for liquid water cloud 1 shown in
Fig. 5.5. Spectra at time steps t,, ranging from ¢; to ¢;; are illustrated with different colored lines (left
panel). Corresponding photo from full-sky imager of liquid water cloud 1. Red box schematically
illustrates the observed cloud. The cloud moves from right to left corner of the picture (right panel).

development of scattered clouds is strained. This corresponds to a 1100 m spatial segment.
The larger the wind speed and/or opposite direction of cloud movement, the smaller is the
sampling resolution of radiance measurements. This characteristic should be considered for
scattered clouds.

There are several studies which investigate the transition zone between cloudy and clear air.
It is characterized as a region with strong aerosol—cloud interactions and increased humidity
near cloud boundaries. The transition zone spans between 50 m and several hundred meters
(Koren et al., 2007; Su et al., 2008; Redemann et al., 2009). Most aircraft, satellite and
ground—based instruments have insufficient spatial and temporal resolution to resolve the
transition zone (Chiu et al., 2009). Using 1s resolution measurements of zenith radiance,
Chiu et al. (2009) and Marshak et al. (2009) found a spectrally invariant behavior between
ratios of transmissivity in the transition zone. Chiu et al. (2009) defined 5 regimes of the
difference and the sum of transmissivity at 870 nm and 1640 nm. While regime 0 refers to
cloud—free areas, regime 1 corresponds to the transition zone where 7 is up to 0.2, where they
found a linear relationship between the difference and the sum. For regime 2 to 4 with areas
of 7 with 1, 5, and 7 > 5, respectively, this relationship is nonlinear. Such high-resolution
measurements could be approximated by low temporal resolution spectral transmissivity
measurements using this simple linear relationship (Marshak et al., 2009). Offsets in the
observed transmissivity spectra and the larger temporal resolution of CORAS showed more
or less a sharp decrease of the spectral-invariant functions. Unfortunately, the time between
cloud—free, transition zone and full cloudy parts is too short for applying this method to
CORAS data.

For clouds 3 to 6 such offsets in the transmissivity spectra were not observed. Moreover,
another characteristic of retrieved cloud properties was found. At cloud edges retrieved 7
are small and increase toward the center of the cumulus cloud, while retrieved r.g values
are increased at cloud edges and slightly decease toward the center of the cloud. The rea-
son for this is that the plane—parallel approximation (1D) in the radiative transfer model
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is not valid at cloud edges. Several studies discuss the radiative effects of cloud three—
dimensional (3D) structure on 1D retrievals of 7 (e.g., Varnai and Marshak, 2001, 2002b;
Iwabuchi and Hayasaka, 2002; Horvath and Davies, 2004) and reg (e.g., Varnai and Marshak,
2002a; Iwabuchi and Hayasaka, 2003; Marshak et al., 2006) as derived from satellite obser-
vations. Marshak et al. (2006) found that 3D radiative effects influence the retrieval of reg
in different ways. Averaging over larger scales decreases rog. Furthermore, they reported
that shadowing tends to overestimate r.g more than illumination underestimates rog with
regard to the 1D plane—parallel assumption. As a result, on overall bias toward larger r.g
was found. By ignoring shadowing in 1D retrievals, r.g is substantially overestimated while
7 is underestimated. This effect is much more pronounced for scattered cumulus than for
stratocumulus clouds (Marshak et al., 2006). Those 3D radiative effects of scattered liquid
water clouds were also observed in the ship—based CORAS retrievals. To investigate 3D
radiative effects on ground-based retrievals, 3D radiative transfer calculations are required
in future work.

5.2 Cirrus

In this work only the optical properties of ice particles were used based on the parametriza-
tion of Baum et al. (2005a,b, 2007). Although it is known that ice crystal single scatter-
ing properties vary strongly with crystal shape (e.g., Macke et al., 1998; Yang et al., 2000;
Wendisch et al., 2005), the Baum et al. (2005a,b, 2007) parametrization was assumed as
best choice due to the lack of in situ information concerning the crystal shape. Eichler et al.
(2009) investigated cirrus clouds over the North Sea using airborne spectral radiance mea-
surements. Using different ice crystal habits (hollow columns, plates, solid columns, rough
aggregates) and a mixture of ice crystal shapes in the radiative transfer calculations, they
found best fits between observed and modeled radiances with smallest rog of 18 — 19 ym
on average assuming hollow columns and rosettes, whereas a mixture based on Baum et al.
(2005a,b, 2007) parametrization retrieved larger reg of 23 um. The uncertainties related to
an incorrect assumption of ice crystal shape for ground—based cirrus retrievals was investi-
gated by Schéfer et al. (2013). Retrieving only 7. from visible radiance, they found enhanced
sensitivity with respect to the ice crystal shape of up to 90% and to the surface albedo of
up to 30%. The sensitivity of the retrieval method with regard to ice crystal radius and the
cloud height can be neglected with deviations of < 5% and < 0.5%. The single scattering
properties (asymmetry factor, single scattering albedo) are more sensitive to different crystal
shapes than to crystal size (Macke et al., 1998).

Taking into account the optical properties of ice particles in the model, cirrus microphysical
properties were retrieved with the new multi-wavelength method. In Figure 5.7 retrievals
of 7 and reg of four cirrus clouds observed on April 20, 2012 around 25°S and 38°W are
presented. Unfortunately, during ANT-XXVIII/5 the lidar was not on board and in many
cases the cirrus was not detected by ceilometer because base heights were higher than the
upper detection limit, but can clearly be identified in the sky images shown in Figure 5.8
and in the CORAS signals. The cloud base height was estimated using radiosonde data to
be larger than 8.5km. In all cases the cirrus can clearly be distinguished from clear sky
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Figure 5.7: Time series of retrieved 7 and reg of four cirrus clouds (a-d) observed on April 20, 2012
around 25°S and 38°W from ANT-XXVIII/5. Note the different scaling. The distance covered in the
depicted times series ranges from 1km to 30 km.

segments because of the changing spectral behavior in the NIR region in the presence of ice
particles. Figure 5.7a and c show results for a thick inhomogeneous cirrus cloud. The mean
values of 7 are 1.1+ 0.1 and 2.3 +0.2, respectively. Mean values of reg are 16.9 +2.2 um and
19.5+2.9 um with larger uncertainties, respectively. The effective radius is more homogenous
in both cases. Furthermore, ro¢ increases in the vicinity of cloud edges which might be caused
by 3D radiative effects. Figure 5.7b presents a thinner cirrus with smaller 7 of 0.6 0.1, and
a relatively constant reg of 17.6 & 2.0 um. In Figure 5.7d retrieved data of a Cirrocumulus
cloud are shown with thin and fractal parts. 7 is around 0.4 + 0.01 and an averaged Teg
of around 4.7 &+ 0.5 pm. Due to large solar zenith angles around 17 UTC retrieving reg is
often not possible because the measured radiance is too noisy and associated with larger
uncertainties. However, all four cases illustrate, that cloud inhomogeneities can be resolved
by CORAS measurements. For example, during the time series shown in Figure 5.7c, rog
values vary by a factor of four due to spatial cirrus inhomogeneities.

To evaluate the retrieval results for cirrus obtained from spectral radiation measurements,
a comparison with vertical extinction coefficient profiles obtained from lidar was done. For
ANT-XXIX/1 lidar data from Polly*T Arielle (Althausen et al., 2009) and data analysis
programs are provided by TROPOS, Leipzig. The comparison of passive and active remote
sensing applications requires a sensible selection of time periods. The data have to be limited
to cirrus without the presence of underlying marine boundary layer (MBL) clouds. Here, the
zenith radiance spectra would be influenced by liquid water droplets in the MBL clouds and
ice crystals. A separation of contributions of liquid water and ice to the retrieval of 7 and
Teff in the radiative transfer model is not possible (see Section 5.4). On the other hand, the
cirrus should be thin enough that the laser could penetrate the cloud. For optically thick
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Figure 5.8: Photos of the full-sky imager on RV Polarstern from April 20, 2012 around 25°S and
38°W from ANT-XXVIII/5. Photos (a-d) corresponds to the measurement times in the time series
in Fig. 5.7a-d.

cirrus the attenuation of electromagnetic radiation due to multiple scattering is stronger,
and thus the signal-to—noise ratio above cloud top height is increased. Considering those
criteria, a time period from 10.0 - 12.0 UTC on October 31, 2012 near the coast of Portugal
was chosen for the intercomparison.

Figure 5.9a shows the temporal development of the range corrected signal at 1064 nm from
lidar. In the upper troposphere between 8 — 10km height, a cirrus cloud was observed.
The marine boundary layer is located between 0 — 2km. Within the MBL thin and fractal
cumulus clouds are obvious indicated by red colors. Those liquid water clouds were nearly
invisible in the photos from full-sky imager. The time series of retrieved 7 of this cirrus cloud
from CORAS measurements on October 31, 2012 between 10.0 - 12.0 UTC is illustrated in
Figure 5.10. The cirrus is very inhomogeneous as the values of 7 range between 0.2 and 2.7.
Mean averaged 7 and standard deviation is 1.20 + 2.7 for the entire time series. A significant
influence of the liquid water MBL clouds is not obvious in the retrieval time series since
the clouds were very thin. These time periods were excluded from the comparison between
lidar and spectrometer. During 10:30 - 11:25 UTC only cirrus was observed and used for the
following analysis. The time period is illustrated in Figure 5.9a and Figure 5.10 with vertical
white and black dashed lines, respectively.

To determine the optical parameters from lidar measurements, for elastic backscatter signals
(during daytime) the Klett method was used (Klett, 1985). A constant ratio between particle
extinction to particle backscatter coefficient has to be assumed. The particle lidar ratio
SY(R) in units of st~ is given with:

P
() = P 6:3)

depending on the spatial resolution R of the lidar system. The particle lidar ratio is the
most critical input parameter in the Klett method. It depends on microphysical, chemical
and morphological properties of the particles and varies with height (Ansmann and Miiller,
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Figure 5.9: (a) Range corrected signal (in arbitrary units) at 1064 nm from October 31, 2012 obtained
from Polly*T Arielle aboard Polarstern. The marine boundary layer height is located around 2km.
A cirrus cloud is located between 8 — 10km altitude. Vertical white lines indicates the analyzed
time period. (b) Measured vertical extinction coefficient profile at 532 nm from lidar averaged over 5
minutes.

2005). Typical lidar ratios for marine particles at 532nm were determined with a Raman
lidar by Ansmann et al. (2001); Franke et al. (2001) ranging from 20 — 35sr—!. In this study
a lidar ratio of 25sr~! was used to account also for multiple scattering (Wandinger, 1998).
By substituting o} (R) with Eq. (5.3) and using the molecular lidar ratio S™°! = 87 /3sr71,
the lidar equation (Fernald, 1984) can be solved to obtain the vertical profile of particle
backscatter coefficient 85" (R) in units of km™'sr~! (Sasano et al., 1985). Additionally, the
vertical molecular backscatter coefficient must be known which is usually calculated with
sufficient accuracy from standard atmosphere or actual radiosonde data (Ansmann et al.,
1993). Furthermore, reference particle backscatter coefficients in a certain reference height

have to be assumed. This height is chosen such that AY*(R) is minimized. Reference

values for the particle backscatter coefficient of 5.0 x 10~%km~'sr~! at 355nm and 1.0 x
107 %km~tsr~! at 532nm and 1064nm are used for the reference interval between 11.0 —

[
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Figure 5.10: Time series of retrieved 7 of a cirrus cloud observed on October 31, 2012 around 41°N
and 11°W from ANT-XXIX/1.
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12.5km above the cirrus. Once the vertical profiles of B/\par(R) are determined, the particle

extinction coefficient in units of km~! can be calculated using Eq. (5.3). As the cloud optical
thickness is the vertical integral of the extinction coefficient (see Eq. (2.28)) for a cloud
between cloud base and cloud top, 7 can be determined from lidar measurements.

A measurement example from 10:50 - 10:55 UTC of vertical extinction coefficient at 532 nm is
shown in Figure 5.9b. The cirrus cloud, located between 8.0—10.0 km is obvious since o} (R)
increases up to values of 0.11km ™! at 532nm. The integration of extinction coefficient over
altitude (with cloud boundaries zpase = 8 km and ziop, = 10km) results in an optical thickness
at 532 nm of 7 = 1.02. The associated uncertainty ranges between 15—20%. Using 5—minutes
averages of lidar profiles, 7.; was determined, see Table 5.1.

Table 5.1: Calculated 5-minute averages of 7.; and error for the time period 10:30-11:25 UTC on
October 31, 2012 from CORAS and lidar measurements.

Time Tei Tei +07 +07
(UTC) (CORAS) (lidar) (CORAS) (lidar)
10:30-10:35 0.90 0.16 0.02 0.02
10:35-10:40 1.03 0.14 0.01 0.02
10:40-10:45 0.46 0.25 0.02 0.04
10:45-10:50 0.57 4.73 0.02 0.71
10:50-10:55 1.07 1.02 0.03 0.15
10:55-11:00 1.32 0.97 0.02 0.15
11:00-11:05 1.29 0.15 0.02 0.02
11:05-11:10 1.02 0.23 0.03 0.03
11:10-11:15 0.61 0.98 0.01 0.15
11:15-11:20 1.46 0.65 0.03 0.10
11:20-11:25 1.61 0.42 0.03 0.06

The mean values of 7; of the time period for CORAS and lidar measurements are 1.03+0.02
and 0.88 + 0.13, respectively. Mostly, 7¢; from lidar method is less than the 7 retrievals
of CORAS. The mean difference between both methods for the entire time period is 0.97.
Larger discrepancies, for example at 10:45 - 10:50 UTC, are likely caused by an incorrect
assumption of the constant lidar ratio. The values of particle backscatter and extinction
coefficients above cirrus fluctuates. By reducing the lidar ratio from 25sr=! to 22sr~! or
20sr~ !, values of 7¢; of 1.22 or 0.87 are determined, respectively. This clarifies the sensible
assumption of lidar ratio. It can only be considered as a first guess, the true lidar ratio
remains unknown (Ansmann and Miiller, 2005). Cirrus cloud inhomogeneities are better
resolved with the multi-wavelength cloud retrieval since the temporal resolution is larger
and for relatively thin cirrus enough photons could penetrate the cloud. While the elastic

lidar signals are strongly influenced by cloud microphysical and morphological properties.
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5.3 Comparison of Slope and Multi-Wavelength Method

The comparison of the retrieval methods by McBride et al. (2011), hereafter named the slope
method, and the multi-wavelength method are shown in Figure 5.11 for a time period from
November 14, 2012 around 0°N and 11°E from ANT-XXIX/1. During this period low—
level boundary layer clouds with a cloud base height of about 1km were observed which is
shown in the time series of backscatter coefficient from ceilometer data (Figure 5.11d). The
geometrical thickness of the cloud ranges between 500 — 800 m. Cloud top heights were lower
than the freezing level obtained from atmospheric sounding indicating a liquid water cloud.
Ceilometer, as well as the lidar did not detect higher level cirrus. In Figure 5.11a—b the
retrieval of 7 and 7eg from the new multi-wavelength method (red symbols) and the slope
method (blue symbols) is presented. The retrieved 7 from both methods show similar results
with mean values of 16.3 and 14.3 for the multi-wavelength and slope method, respectively.
The mean difference between both approaches is 2.5 for the entire time series, while the
differences in r.g are larger with a mean difference of 4.4 ym. The multi-wavelength method
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Figure 5.11: Time series of 7 (a) and reg (b) at 8.0 - 9.0 UTC on November 14, 2012 around 0°N and
11°E from ANT-XXIX/1, based on two retrieval methods using data from CORAS. Retrieval results
from the new multi-wavelength method are shown with red symbols, results from the slope method
by McBride et al. (2011) in blue symbols. (c¢) Time series of LW P as retrieved from HATPRO (black
diamonds), CORAS with multi-wavelength method (red crosses) and CORAS with slope method by
McBride et al. (2011) (blue crosses). (d) Time series of vertical backscatter coefficient in arbitrary
units (a.u.) obtained from ceilometer. The distance covered in the depicted times series is about
18km.
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retrieves smaller values of reg with 14.0 pm compared to 17.0 ym from the slope method. But
in general, the agreement is within the uncertainties of the retrieved cloud properties from
both methods. This is also evident in the time series plot of HATPRO LW P and the derived
LW P using Eq. (5.2) shown in Figure 5.11c. Both retrievals matches the LW P observations
from the microwave radiometer, except the later period where it starts to rain. Only around
8.6-8.68 UTC, the LW P derived from the multi-wavelength method matches more closely
the LW P from HATPRO, because the slope method retrieves larger values of 7. Mean values
of LW P and standard deviations are 139.8 + 26.3gm™2 for HATPRO, 126.9 + 10.6 gm™2,
and 142.5 4+ 17.7gm~2 for the multi-wavelength and slope method, respectively.

The uncertainties of 7, reg, and LW P from the multi-wavelength and slope methods along
the time series from November 14, 2012 are shown in Figure 5.12. The retrieval uncertainty
thresholds of +1 in 7, and £2 um in reg are plotted with black dashed lines in Figure 5.12a-
b. Eq. (4.8) was used to calculate the uncertainties in 7 and reg for the multi-wavelength
method. The uncertainties of the slope method were calculated as reported by McBride et al.
(2011), but using the measurement uncertainty of CORAS spectrometers of 5.1% in the VIS
wavelength region and 2.2% uncertainty in normalized transmissivity used for the spectral
slope fit. Uncertainties of LW P were calculated using error propagation of uncertainties
of 7 and ref from both methods. As shown in Figure 5.12a, the multi-wavelength method
does not significantly reduce the uncertainty in 7, since both methods (valid retrieval multi—
wavelength method: 82%; valid retrievals slope method: 78%) stay below the threshold.
Uncertainties increase around 8.18 UTC and 8.6 UTC as 7 increases for both methods.
Due to the use of ratios of transmissivity, the uncertainty in r.g is significantly reduced for
the multi-wavelength method. 80% of the retrievals passes the 2 um threshold, whereas 66%
valid retrievals were observed for the slope method. Uncertainties in r.g under thicker clouds
are reduced, which is also obvious in the LW P uncertainty shown in Figure 5.12c.

5.4 Uncertainty Discussion

It was shown in Section 4.3.2 that retrieval uncertainties are calculated by propagating the
measurement uncertainties of three ratios of transmissivity through 64 solutions of the cost
function. This procedure accounts for measurement uncertainties more thoughly compared
to retrieval uncertainties consisting of the maximum and minimum retrieval of 7 and 7.g.
Furthermore, it was shown in Section 5.3 that retrieval uncertainties are reduced for r.g
compared to the slope method by McBride et al. (2011).

Cloud phase misclassification (mixed—phase or multi-layer clouds) is the largest contributor
to variability in zenith radiance. For example, a cloud consisting of liquid water droplets
with Tiiquia = 5 and 7Teff liquia = 5 #m and additional ice crystals with values of 7ice = 1 and
Teff,ice = 90 pm, compared to an assumed cloud consisting of liquid water droplets only, leads
to an overestimation of retrieved 7 and reg of 74% and 182%, respectively. A separation of
contributions from liquid water or ice is not possible. As the multi-wavelength cloud retrieval
depends on several input parameters in the radiative transfer model, an error in the chosen
thermodynamic phase leads to large uncertainties. The cloud base heights from ceilometer,
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Figure 5.12: Time series of calculated uncertainties of (a) 7, (b) reg, and (¢) LWP at 8.0 - 9.0
UTC on November 14, 2012 around 0°N and 11°E from ANT-XXIX/1. Uncertainties from the
new multi-wavelength method are shown with red symbols, uncertainties from the slope method
by McBride et al. (2011) in blue symbols. Black dashed lines in (a) and (b) shows the uncertainty
threshold of 1 in 7, and 2 um in rg used to define valid retrievals.

in combination with sky images and atmospheric soundings from the ship, were used as an
estimate of cloud phase. Clouds with a base height < 2km and a cloud top height below the
freezing level obtained from radiosonde data, were classified as liquid water clouds. Accord-
ingly, clouds were classified as ice clouds with base heights > 5km and top heights above the
freezing level. The radiosonde data, and the associated determined freezing level, are only
available around noon. If the meteorological conditions change during the measurements, it
is possible that the position of the freezing level alter toward higher (and colder) altitudes
which increase the probability of existing ice crystals. Similarly, clouds with a high vertical
development (Cumulonimbus) cannot be clearly identified from the ground observations. In
those cases, the assumed liquid water phase in the radiative transfer model cause large un-
certainties in the retrieval. The uncertainties associated with an inaccurate determination
of cloud top heights obtained from radiosonde data are in the range of 2 — 4%. When a
cloud is relatively thick and the lidar cannot resolve higher level clouds, the comparison with
microwave radiometer observations is often a good indicator for cloud misclassification as the
radiometer is insensitive to ice clouds (Lohnert et al., 2007). Retrievals of LW P from HAT-
PRO and CORAS significantly differ by a factor of up to 10. Furthermore, the cloud should
consists of only one layer or multi-layer clouds under similar microphysical conditions. The
comparison with MODIS data from satellite mostly confirms the assumption of single—layer
clouds based on the assumptions from the daily atmospheric soundings on Polarstern.

It was highlighted in Section 5.1.3 that 3D radiative effects are an important contributor to
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the retrievals of cloud properties. Scattered cumulus clouds are more affected than stratocu-
mulus. Illuminated and shadowed cloud parts are possible biases in the overall measurements
of zenith radiance. To solve this issue, 3D radiative transfer calculations are required. Con-
sidering the numerous measurements during three Polarstern cruises, this can certainly only
be done statistically via LES calculations.

To account for uncertainties in the zenith radiances caused by the ship movements, an active
horizontal stabilization platform would be desirable. In this work only data with a horizontal
misalignment smaller than 5° were analyzed. Largest deviations from the horizontal reference
plane occurs during storms or heavy swell or during the turns of the ship.

As discussed in Section 5.1, uncertainties in the retrieved cloud properties might come from
the approximation of the adiabatic cloud model used in the radiative transfer calculations.
Different studies report the impact of the vertical variation of r.g on satellite retrievals (e.g.,
Chang and Li, 2002, 2003; Chen et al., 2007). As Platnick (2000) investigates in a theoretical
study vertical photon transport through cloud layers, he demonstrates that the weighting
function for transmissivity shows a symmetric weighting throughout the center layer of the
cloud. Using vertical weighting functions of r.g or LW profiles in the radiative transfer
model could help to understand and quantify the influence on calculated zenith radiance.



6 Statistical Cloud Analysis

While the previous chapter introduced representative cloud scenes and characteristics, this
chapter concerned with a statistical cloud property analysis obtained from multi—spectral
cloud retrieval from individual and all three Polarstern cruises. The analysis was performed
for liquid water and cirrus clouds individually. Section 6.1 concentrates on liquid water
clouds regarding their meridional distribution of cloud properties (Section 6.1.1), prevailing
cloud classes (Section 6.1.2), and the frequency distribution of retrieved cloud properties
(Section 6.1.3). All cirrus cloud properties are analyzed in Section 6.2. This chapter is
completed in Section 6.3 with a comparison of ship—based and satellite—based cloud retrievals.

6.1 Liquid Water Clouds

A statistical analysis of the retrieved microphysical cloud properties for non—precipitating
liquid water clouds is reported here. Precipitating clouds were sorted out using the rain
sensor data from the microwave radiometer. Furthermore, data which did not pass the hori-
zontal misalignment criteria described were excluded. To exclude multi-layer or mixed—phase
clouds, atmospheric soundings from the ship in combination with satellite data from MODIS
were used. Furthermore, longer time periods of clear sky situations were not considered.
Thus, the subsequent statistical cloud analysis for liquid water clouds is only valid for the
analyzed time periods which passed the above mentioned exclusion criteria. Altogether dur-
ing the three Atlantic transects 105963 data points were analyzed using the multi—spectral
cloud retrieval. About one third of data were sorted out.

6.1.1 Meridional Distribution of Cloud Properties

During the transects the ship passes different climate zones between 50°N - 50°S with different
atmospheric conditions. While each cruise leg is characterized by local and temporary limited
weather systems, there should be similarities in the cloud microphysical properties in certain
climate zones. An exemplary illustration of 5—minutes—averages of retrieved cloud optical
thickness (a), cloud effective radius (b), and liquid water path (c) along the ship track derived
from CORAS is plotted in Figure 6.1 from ANT-XXIX/1. Corresponding graphics for the
other two cruise legs can be found in the Appendix A. Colored dots represent mean values
of retrieved cloud properties. Black and dark blue colors refer to smaller values while red
colors indicate large mean values. All liquid water clouds and all cloud classes are illustrated.
Missing data points (i.e., around 10°N - 20°N) which indicate cirrus or mixed—phase cloud
scenes are not included in the figure. Certain regions with similar cloud properties are
obvious.

68
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Figure 6.1: 5—minutes—averages of retrieved (a) 7, (b) reg, and (¢) LW P along the ship track from
October 29 to November 24, 2012 during ANT-XXIX/1. Data points include all liquid water clouds.

The region between 10°S - 30°S is characterized with variable mean values of all properties
but mostly consistent clouds with mean values of 7 > 10 and reg > 12 um. Due to a strong
temperature inversion over the cold ocean, a stratocumulus layer formed near the west coast
of Africa. The ITCZ around 0°N - 10°N is characterized by convective clouds indicated
with larger mean values of 7 and r.g. It should be kept in mind, that the retrieval is only
valid for single—layer clouds. Therefore, especially tropical deep convective clouds cannot be
resolved with the multi—spectral cloud retrieval. Around the ITCZ there are regions with
smaller mean values of 7, reg, and LW P representing the trade wind zone. The west wind
zone between 30°N - 50°N is essentially influenced by a high pressure system in the Bay of
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Biscay (see Section 3.1). Here, only small mean values of all cloud properties were observed.
Whereas, near the English Channel distinct thunderstorms caused increased mean values of
T, Teff, and LW P.

A meridional cross section of the retrieved cloud properties ranging from 50°S - 50°N is
shown in Figure 6.2 for all cruises. It comprises all non—precipitating, single-layer liquid
water clouds. Averages of 7, reg, and LW P (a-c) are plotted in 5°-latitude bins. The
standard deviation is included by vertical bars. Additionally, the number of data points per
latitude bin is illustrated with a dotted line in order to be able to assess how representative
certain latitude bins are. On the one hand, the data set is limited to the analyzed time series.
Therefore, fewer data data points are available (e.g., for 10°N - 25°N). On the other hand,
data availability depends on the speed of the ship. With a usual ship velocity of 10kn and
10 hours of measurements per day, a distance of around 200 km is covered. The increased
number of data points around 10°S - 25°S is due to more frequent stationary stops but mainly
due to circadian consistent cloud coverage. The meridional cross sections for the individual
cruises can be found in the Appendix A.

All cloud properties show a distinct meridional distribution. In the northern west wind zone
between 30°N - 50°N latitude averages of 7, r.g and LW P are mainly affected by storm
tracks. Here, north Atlantic cyclons often associated with strong westerly winds cause low—
level stratus followed by convective cumulus clouds. Therefore, largest averages of 7 up to
20 and reg > 20 um were observed in the Bay of Biscay (40°N - 45°N).

A clear decrease in cloud property averages is obvious in the northern subtropics to tropics
between 10°N - 30°N. Northeasterly trade winds cause typical shallow trade wind cumuli
beneath the trade wind inversion (Stephens et al., 2001). All three retrieved quantities show
a minimum in the northern subtropics. Between 10°N - 15°N the influence of dry Sahara
air results in lowest observed averages of 7 = 1.7, 7eg = 4.1 um, and LWP = 10gm™2.
Comparable results were found by Zoll (2012) which analyzed the microwave radiometer

data from HATRPO obtained from eight Polarstern transects between 2007-2011.

The tropical region between 5°S - 10°N is mainly influenced by convective clouds in the
ITCZ and thus increased values of cloud properties were observed. As the data contain
transects from April/May (ANT-XXVII/4, ANT-XXVIII/5) and from October/November
(ANT-XXIX/1), the location of the ITCZ changes within these months. For both cruises in
April/May the ITCZ is located more central around 5°S - 5°N, whereas in October/November
it is located north of the equator around 5°N - 10°N. The convergence zone is well defined over
the ocean because the convection is constrained by the distribution of ocean temperatures.
The exact extent of the ITCZ cannot be determined since deep convective clouds complicates
the application of the retrieval.

The southern tropics and subtropics between 5°S - 30°S are influenced by the southeasterly
trade winds. In contrast to the northern subtropics, larger averages of 7, rog and LW P were
observed, which is mainly due to the increased frequency of stratocumulus clouds formed
under a strong temperature inversion. Furthermore, the increased number of data points in
these latitudes causes a more smoothed pattern in the cloud properties.

Data in the southern west wind zone between 30°S - 50°S arise from the cruise leg Punta
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Arenas—Bremerhaven. Here, the meteorological conditions were characterized by storms
near the Drake Passage. Larger averages of 7, rog and LW P were observed due to increased
occurrence of convective cumulus clouds.

With only three available expeditions a representative meridional distribution of cloud prop-
erties cannot be derived. On that account, a wide range of those transatlantic cruises are
necessary. The influence of weather systems prevails compared to typical cloud distributions
in climate zones.
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Figure 6.2: Meridional 5°-latitude-averages of retrieved (a) 7, (b) reg, and (¢) LW P, and (d)
number of retrieval points per latitude bin from 50°S - 50°N from all RV Polarstern cruises. Data
points include all liquid water clouds.

6.1.2 Cloud Classification

There are distinct differences in the microphysical properties for homogeneous, inhomoge-
neous and scattered cloud scenes. To account for these characteristics, it is reasonable to
classify all liquid water clouds into certain cloud classes. An automated cloud type classifi-
cation algorithm, introduced by Heinle et al. (2010), is based on sky images provided from
the full-sky imager. This cloud type classification is inappropriate for the data set presented
in this work because of the different field—of—views from CORAS and HATPRO compared
to sky imager. For example, a sky which is barely half of clear sky and a stratocumulus
layer would be classified by the algorithm as stratiform cloudiness. But if the ship passes
the cloudless part, CORAS and HATPRO with a small field—of-view of 2° would detect
no clouds. Therefore, the cloud type was classified by hand for the three cruises using the
observations from sky imager and spectrometer.

Liquid water clouds were separated into three cloud classes. The classification is based on
the cloud classification for low liquid water clouds according to the DWD-key table for
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observations on sea. A summary of the cloud classes is given in Table 6.1 and exemplary
photos are presented in Figure 6.3. Cloud class ’1’ includes scattered clouds, cloud class 2’
comprises homogeneous clouds like stratocumulus, and cloud class ’3’” inhomogeneous clouds
which includes clouds before and after precipitation. Clear sky events were summarized in
cloud class ’0’.

A detailed listing for each cruise leg is given in Table 6.2. The resulting cloud classification
is presented as histograms in Figure 6.4 for the three individual cruises (a-c) and all cruises
(d). Considering first all three cruises, it was found that homogeneous stratocumulus (cloud
class 2) are the prevailing clouds along the ship tracks. Here, the two cruise legs between
Cape Town and Bremerhaven (Figure 6.4(a,c)) mostly contribute to these clouds. Stratocu-
mulus priority forms over the colder ocean of the west coast of Africa. Accordingly, fewer
stratocumulus clouds were observed for the cruise leg between Punta Arenas and Bremer-
haven (Figure 6.4(b)). Considering the annual global distribution of low-level clouds over
the oceans (see Figure 1.2(a)), the ship-based observations agree with the global observa-
tions from CloudSat/Calipso, although the ship tracks represent only a small segment of

Table 6.1: Cloud classes for liquid water clouds used in the subsequent statistical cloud analysis.

Cloud class Cloud type

0 Clear sky

1 Cumulus humilis or fractus
Cumulus congestus or mediocris
Cumulus calvus

2 Stratocumulus cumulogenitis
Stratocumulus stratiformis
3 Stratus nebulosus or fractus

Bad weather Stratus or Cumulus
Cumulus and Stratocumulus in different altitudes
Cumulonimbus cappilatus

Figure 6.3: Photos of typical clouds for (a) cloud class '0°, (b) cloud class ’1’, (c¢) cloud class '2’, and
(d) cloud class '3’ from full-sky imager.



6.1. LIQUID WATER CLOUDS 73

this distribution. With about 43% of data points cloud—free parts were observed. Here, all
cloud classes, but mostly scattered clouds (cloud class 1) with large time periods of clear
sky, contribute to this. Inhomogeneous and scattered clouds were almost equally observed
for all cruises (Figure 6.4(d)). Looking at each cruise separately, there are some differences.
For cruise leg ANT-XXVIII/5 the prevailing cloud class are inhomogeneous clouds (Fig-
ure 6.4(b)). This coincides with the meteorological observations reported in Section 3.1.
The cruise leg was dominated by several storm tracks. While for the other two cruises only
24% of all data were not analyzed, for ANT-XXVIII/5 about one half of data were excluded
from the analysis. This is due to the observed dust event (April 30 - May 3, 2012) but also due
to enhanced precipitation and mixed-phase clouds. While ANT-XXVII/4 (Figure 6.4(a))
and ANT-XXIX/1 (Figure 6.4(c)) have more or less the same cruise tracks but representing
spring and fall (in the northern hemisphere), no seasonal differences were found.

Table 6.2: Number of data points for cloud classification including the analyzed and excluded data
of liquid water clouds for the three individually cruise legs and all cruises.

Cloud class

Cruise leg 0 1 2 3 Analyzed Not analyzed Total
ANT-XXVII/4 13368 3183 12697 521 29769 9789 39556
ANT-XXVIII/5 16914 3311 3647 8233 32105 30499 58023
ANT-XXIX/1 14867 3183 21777 3870 44089 13934 62604

all cruises 45149 9945 38121 12624 105963 54220 160183
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Figure 6.4: Histograms of determined cloud classes for liquid water clouds for (a) ANT-XXVII/4,
(b) ANT-XXVIII/5, (¢) ANT-XXIX/1, and (d) all cruises.

6.1.3 Histograms of Cloud Properties
Descriptive statistic is used to analyze the retrieved cloud properties from spectral radiation

measurements along the ship track. The distribution of 7, reg, and LW P is illustrated in
histograms in Figure 6.5. Data comprises all cloud classes from all cruises. Additionally,
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the five-number summary including the minimum, the first quartile (or 25th percentile) Pss,
the median, the third quartile (or 75th percentile) P75, and the maximum of the respective
distribution is given.

The range of the distribution, which is defined by the minimum and maximum value of
observations, represents the retrieval limits. A cloud is defined when at least the minimum
value of 0.1 in 7 is retrieved. More explicitly, this means that a very thin cloud (i.e., in the
transition zone between cloud free and cloud parts) is seen in the VIS spectrum of zenith
radiance (sensitive to 7), but not yet in the NIR spectrum (sensitive to 7). As a result,
the retrieval of reg would be not successful. For this reason, the range of the distributions
are 0.1 —80.0 in 7, and 0.0 — 30.0 ym in reg. As the LW P is calculated using the adiabatic
approximation (Eq. (5.2)), the LW P range is 0.0 — 1333.3 gm 2. Using the median instead
of the arithmetic mean value of a distribution has the advantage that the half percentile
range is symmetric distributed around the median. The median of the 7, r.g and LW P
distribution from all cruises is 6.6, 7.7 um, and 29.2 g m~2, respectively. To be independent
on the assumption of a normal distribution, the interquartile range Q) R and percentile range
PR are used instead of standard deviation and variance as measures of spread, with:

IQR = P75 — Pas,
PR = Py — Py (6.2)

The TQR is a relatively robust statistic compared to the range and standard deviation.
Furthermore, it is used to characterize the data when there are outliers that skew the data.
The exact values for 7, reg and LW P are given in Table 6.3 which summarizes the statistics
of each individual cloud class and all classes. Corresponding histograms and statistics for
each cruise leg can be found in Appendix B.

For the 7 distribution (Figure 6.5a), 80% of data are smaller than 18.4, whereas only 20%
larger values were observed. While 7. is distributed wider over the data range (Figure 6.5b),
the largest frequencies occur for reg < 3 pm. The increased frequency for reg = 30 pm results
from the upper limit of the retrieval. As discussed in Section 5.1.1, the multi—spectral retrieval
has problems in thick clouds and drizzle in the atmosphere. The spread of LW P values is
relatively large (Figure 6.5c), meaning that only 20% of all data have a LW P > 328.3gm™2.
It is remarkable that all cloud properties are distributed toward smaller values. Largest
frequencies occur for clouds with 7 < 2 and r.g < 3um. The distributions are greatly
influenced by very thin clouds. Therefore, the statistic listed in Table 6.3 is translocated
toward smaller values.

To classify these results, the same procedure was applied to the individual cloud classes.
This is shown in Figure 6.6, while (a-c) presents cloud properties from cloud class 1, (d-f)
cloud class 2, and (g-i) cloud class 3. The respective statistic is given in Table 6.3. For cloud
class 1, which comprises 16% of all analyzed clouds, relatively small medians were calculated.
This originates from the fact that 3D radiative effects are important for the radiative field of

scattered clouds. Those inhomogeneous cloud parts influence the retrieval of 7 and reg. As
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Figure 6.5: Histograms of retrieved (a) 7 with binsize of 2, (b) reg in units of ym with binsize of
1 pm, and (c) LW P in units of gm~2 with binsize of 25 gm~2, containing all liquid water cloud classes
from all Polarstern cruises. Numbers indicates minimum, first quartile, median, third quartile, and
maximum value of the respective distribution.
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Figure 6.6: The same as Figure 6.5 separated into (a-c) cloud class 1, (d-f) cloud class 2, and (g-i)
cloud class 3, containing all liquid water clouds from all Polarstern cruises.

reported in Section 5.1.3, in the transition zone between cloud free and cloud parts, 7 is very
small while r.g is increased. This is clarified in the histograms in Figure 6.6a,b for smaller
values of 7 and reg. Although there is no consistent definition in the literature when a ’real’
liquid water cloud starts in terms of 7 and 7g, it should be mentioned that a high amount of
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Table 6.3: Minimum, first quartile, median, third quartile, maximum, interquartile range, and per-
centile range values of retrieved cloud properties for individual and all cloud classes containing data
from all cruises.

min Pys; med Prs maxr IQR PR

cloud class 1 T 01 05 1.6 4.9 80.0 4.4 13.1
(N =9945) Tef (pm) 00 16 25 6.0 30.0 4.4 13.9
LWP (gm=2) 0.0 05 1.7 9.0 1333.3 85 66.3
cloud class 2 T 01 38 7.3 10.2 80.0 6.4 15.5
(N = 38121) Tef (pm) 00 25 87 172 30.0 14.7  27.0
LWP (gm~2) 0.0 3.8 350 99.0 1333.3 95.1 206.0

cloud class 3 T 0.1 46 100 16.8 80.0 12.2  31.0
(N =12624) Tef (pm) 0.0 23 120 27.0 30.0 24.7  29.9
LWP (gm~2) 0.0 2.7 819 2040 1333.3 201.3 308.4

all cloud classes T 0.1 27 6.6 10.9 80.0 8.2 18.4
(N = 60690) Tef (pm) 00 22 7.7 229 30.0 20.7  29.1

(
LWP (gm~2) 0.0 2.1 292 1442 1333.3 143.1 328.3

not neglectable small values of 7 and r.g were observed during the three Polarstern cruises.
Another behavior was characterized for homogenous clouds in cloud class 2. This comprises
almost 63% of all analyzed clouds. Although there is also an increased number of observations
with small values which might be influenced by 3D effects, the medians of 7 and r.g with
7.3 and 8.7 pm show comparable results to values reported in other studies. McBride et al.
(2012) found reg ranging from 5 — 15 um for stratocumulus clouds; LeBlanc et al. (2014)
found reg ranging from 3 — 15 um for homogeneous clouds. Inhomogeneous clouds in class
3 are characterized by a wide range of retrieved 7, rog and LW P values. Medians are
10.0, 12.0 um, and 81.9 gm™2, respectively. The large spread of IQR and PR reflects the
inhomogeneous behavior of those clouds. As this cloud class includes also clouds before and
after rain periods, a lot of 7.z values around (or above) 30 um were observed.

It is obvious that 3D radiative effects influence the retrieval distributions at cloud edges.
The plane—parallel assumption in the radiative transfer model is not valid. These effects are
emphasized for scattered cumulus clouds in cloud class 1. As a result, the statistic is heavily
influenced by those fuzzy and fractal broken clouds. The median of 7 and r.g are shifted
toward smaller values. To consider 3D radiative effects in the analyzed data of liquid water
clouds, data were filtered by applying a cloud step filter, which is introduced in the following.

An example of clouds categorized in cloud class 1 is given in Figure 6.7. While (a) shows
unfiltered data, (b) illustrates data filtered with cloud step. For the time series in (a) 4
clouds are shown which are highlighted with grey shaded areas. A cloud is detected, when
at least retrieved 7 is 0.1. Cloud 1 is a small cloud with regard to the spatial extent. As the
temporal resolution between the retrievals is usually 15s, the cloud was observed in between
45s with two values from cloud edge and one from the center of the cloud. Cloud 2 is a
cumulus cloud with a distinct center with increased values of 7 and 3D radiative effects at
cloud edges with increased 7eg (compare to Section 5.1.3). The two following clouds are very
thin with small values of 7 and r.g. Between cloud 3 and 4 there is only a small gap where



6.1. LIQUID WATER CLOUDS 7

10 < (@) 10 < (b)
81 1 8t ]
N 6 r x Xx B 6 F x Xx B
hﬁ X X
4rx—————————=——- -+ 4rx—————————=—-—---
Q ¥ >.‘>< = 0 X X xx
10 10
8r 1 8t ]
g L A a ] [ A A ]
3 6 N 6 A
E 4 22 LIS ] 4 (8,8 LIS i
5
ol AAAAAAA . ol AAAAAAA L]
a2 A a2 A
)W _______R 0 N
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time Step Time Step

Figure 6.7: Schematic illustration of cloud step filter. Grey shaded areas illustrates the analyzed
cloud while (a) is without cloud step filter and (b) is with cloud step filter.

clear sky was observed. An average of 7 and r.g over the time series is dominated by those
edge effects.

According to the definitions of transition zone and cloud edges by Chiu et al. (2009), a cloud
step filter was defined using a simple criteria for retrieved 7 with:

Tcloud step = T(tz’) + T(ti+1) > 4, (63)

whilei = 0,..., N CORAS measurements. To fulfill the cloud step, the sum of two sequenced
retrieved 7 have to be greater or equal than a threshold of 7 = 4. This is illustrated in
Figure 6.7 with a horizontal dashed line. As a consequence, thresholds of successive pairs of
7 are given. These are either the pairs 71 = 0.1 and 75 = 3.9 or 71 = 2.0 and 7» = 2.0, where a
cloud is defined. This means that retrievals at cloud edges with increased uncertainty due to
3D radiative effects are sorted out as soon as they do not pass these thresholds. Additionally,
thin clouds that do not meet Eq. (6.3) but can be observed for more than 8 time steps (2
minutes) with 7 > 0 are also included in this analysis. This time threshold is a reasonable
compromise to account for typical measurement conditions during Polarstern cruises (tint,
ship speed or wind speed). Applying both thresholds to the time series in Figure 6.7 yields
only 2 of 4 defined clouds. Cloud 1 and 4 do not pass the cloud filter since sequenced 7 pairs
are smaller than 4. While cloud 3 conforms to the unfiltered counterpart in (a) with respect
to the temporal extent, cloud 2 is shortened as the last 3 values do not pass the cloud step
filter. As a result, the uncertain retrieval at the cloud edge are removed. Averaged values of

T increases while rog decreases.

It is obvious that the results of the filtered data heavily depends on the defined thresholds.
Different thresholds were tested. Using the calculated retrieval uncertainties to identify bi-
ased values was not successful. Uncertainties of retrieved 7 and r.g at cloud edges were not
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significantly increased. For that reason, a threshold has to be defined which is applicable to
the huge data set, and additionally, is suitable to provide a sufficient number of remaining
useful data. In other words, for a broken cloud scene a reduction of the cloud step to 7 =1
or 7 = 2 yields a remaining data set of 65% or 55%, respectively. About two third or half of
the retrieval is still biased because of the temporal resolution of the CORAS measurements
reported in Section 5.1.3. With a better resolution probably a more clearer threshold can be
given. Chiu et al. (2009) defined the transition zone and cloud edges using 1 s resolution mea-
surements of zenith radiance although they did not retrieve cloud properties. Accordingly,
an increase of cloud step results in an abruptly decrease in remaining data. The threshold
of 7 = 4 used in this work comprises the above mentioned requirements best.

The statistics of cloud step filtered data of liquid water clouds are presented in Figure 6.8 and
Figure 6.9 for all clouds and cloud classes, respectively. By comparing Figure 6.8 with Fig-
ure 6.5 for unfiltered data, it is obvious that the frequencies for small 7 and r.g are reduced.
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Figure 6.8: Same as Figure 6.5 but including cloud step filtered data.

Table 6.4: Same as Table 6.3 but including cloud step filtered data.

min Py  med  Prg max IQR PR

cloud class 1 T 0.1 3.4 5.0 10.9 80.0 7.5 31.2
(N = 4722) Tef (pm) 0.0 14 3.0 7.2 30.0 5.8 22.1
= 47.5% LWP (gm~2) 0.0 1.7 103 536 1333.3 51.9 151.9
cloud class 2 T 0.1 4.9 8.9 11.4 80.0 6.5 14.1
(N = 32631) Tef (pm) 0.0 4.5 100 192 30.0 14.7 279
= 85.6% LWP (gm~2) 0.0 12.0 489 116.8 1333.3 104.9 2189

cloud class 3 T 0.1 54 102 178 80.0 124 344
(N =11282) Tef (pm) 0.0 5.0 141 279 30.0 22,9  30.0
= 89.4% LWP (gm~2) 0.0 264 1050 221.0 1333.3 194.6 317.9

all cloud classes T 0.1 4.9 9.5 13.0 80.0 8.1 18.8

(N = 48745) reg (pim) 00 30 99 209 300 179 29.1
= 80.3% LWP (gm™2) 0.0 95 528 1387 1333.3 129.2 248.1
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Figure 6.9: Same as Figure 6.6 but including cloud step filtered data.

About 20% of data were sorted out. The median of the 7, reg, and LW P distribution from
all cruises is 9.5, 9.9 um and 52.8 gm™2, respectively. This corresponds to a percentage in-
crease in 7 and r.g median of about 40%. Also the location of P5 and Prs is shifted towards
larger values and most of the biased cloud properties were excluded by applying the cloud
step filter. As expected, largest influence on cloud property distributions occur for cloud
class 1 (Figure 6.9a-c). Here, almost 48% of retrievals were sorted out. The median of 7,
ret, and LW P distributions is 5.0, 3.0 um and 10.3 g m™2, respectively. Although data were
significantly reduced, this agrees better to other studies which focus on scattered cumulus
clouds (Kogan et al., 2012; Werner et al., 2013). For cloud class 2 and 3 only 15% and 10%
of all data were affected by the cloud step filter. Statistics were slightly shifted toward larger
values. All cloud statistics are summarized in Table 6.4 separated into cloud classes.

6.2 Cirrus Clouds

During the three Polarstern cruises only 12 cirrus cloud cases were observed, see Table 6.5. It
contains the position, time period and the cloud base height obtained from ceilometer or lidar
data. Exemplary photos from the full-sky imager for each case are presented in Figure 6.10.
The relatively low number of data points (N = 4010) compared to observations of liquid
water clouds, is caused due to the limitation of the applicability of the multi-wavelength
cloud retrieval with regard to multi-layer clouds. Often the retrieval cannot be applied to
cirrus because of the presence of underlying low—level boundary layer clouds. But as there
is currently only one study which reports retrievals of cirrus microphysical properties from
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ground-based spectral radiation measurements (LeBlanc et al., 2014), this work gives for
the first time the opportunity to investigate different cirrus clouds at different locations over
the ocean using ground-based radiation measurements. This could be the basis to compare
them to satellite observations over the ocean and could help to understand the differences
between both methods.

Classifying cirrus into cloud classes is not meaningful because as Figure 6.10 illustrates, cirrus
is always inhomogeneous. Thus, all cirrus cases are shown in a meridional cross section from
50°S - 50°N in Figure 6.11. The latitude binsize is 5°. Although the number of data points
per latitude bin (c) is too small to infer any meridional characteristics, it shows the large
variability in retrieved microphysical properties. Largest fluctuations occur for 7 ranging
from nearly subvisible cirrus with averages of 0.2 to optically thick cirrus with 7 = 6.0 on

average.

The frequency distribution of retrieved 7 and r.g from 12 cirrus clouds is presented in Fig-

Table 6.5: Overview on analyzed cirrus clouds during all cruises.

Case Date Latitude Longitude  Time period Cloud base
(°) ®) (UTC) height (km)
1 May 2, 2011 3.945 -13.097 15.93 - 17.16 8.5
2 May 12, 2011 34.974 -11.244 11.61 - 16.12 9.0
3 Apr 12, 2012 -48.419  -62.597 16.10 - 16.32 6.0
4 Apr 14, 2012 -42.759  -55.125 12.96 - 18.53 6.0-10.0
) Apr 17, 2012 -34.436 -43.246 18.34 - 20.35 9.0-10.0
6 Apr 20, 2012 24.540 -37.851 13.28 - 17.52 8.0-9.0
7 May 4, 2012 24.212 -37.851 18.34 - 18.36 9.0-11.0
8 May 7, 2012 33.153 -13.660 11.0 - 12.26 12.0
9 May 9, 2012 38.514 -12.649 12.27 - 13.16 9.0
10 Oct 31, 2012 41.410 -10.733 9.98 - 12.53 9.0
11 Nov 2, 2012 34.833 -13.133 16.86 - 19.91 8.0-10.0
12 Nov 10, 2012 11.555 -20.062 16.85 - 18.82 8.0-10.0

Figure 6.10: Photos of typical cloud situation for numbered cirrus cases from full-sky imager.
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ure 6.12. The binsize for 7 and reg is 0.5 and 2 um, respectively. Additionally, the five—
number summary is given for the respective distribution. As discussed in Section 6.1.3, the
range of the distribution is 0.1 — 10.0 for 7, and 0.0 — 60.0 um for r.g. It represents the re-
trieval limit for ice clouds. The 7 distribution shows largest frequency of occurrence for 7 < 1
but also has a second maximum around 5. This is probably only a random event caused by
the low number of data points rather than a characteristic optical thickness for cirrus. The
median of the distribution is 1.2. The respective IQR and PR is 3.5 and 6.0, respectively.
The distribution of r.g is more normal distributed. Comparable to the liquid water cloud
results, also an increased number of reg < 2 pm reveals. One possible reason could be the
increased number of observations at high solar zenith angles. In 7 of 12 cases, #y was larger
than 70°. The signal-to—noise ratio increases, especially in the NIR wavelength region where
transmissivity is sensitive to reg. When the cirrus is optically thin, which occurs often, then
the retrieval for rog is not successful, which in turn has influence on the median of the dis-
tribution. The median is 12.2 um, that is rather small for ice crystals. The IQR is 16.7 um
and PR is 28.0 um. Meaning only 20% of all r.g retrievals were larger than 28.0 um. It also
should be kept in mind, that the ice crystal parametrization by Baum et al. (2007) was used
in the radiative transfer model due to the lack of information on the ice crystal shape. The
pictures in Figure 6.10 illustrate visually that there are distinct differences between all cirrus
cases, resulting from differences of microphysical properties as ice crystal shape or particle
diameter or ice water content. Further investigations including in situ data are required to
understand the influence of those parameters on the retrieval of cirrus from ground—based
radiation measurements.

6.3 Comparison with Satellite Measurements

For the first time ground—based measurements along transatlantic cross sections over the
ocean were used to retrieve cloud properties. That provides the unique opportunity to com-
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Figure 6.11: Meridional 5°-latitude—averages of retrieved (a) 7, (b) rog, and (c) number of retrieval
points per latitude bin from 50°S - 50°N from all RV Polarstern cruises. Data points include all
cirrus clouds.
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Figure 6.12: Histograms of retrieved (a) 7 with binsize of 0.5, (b) reg in units of um with binsize
of 2 ym, containing all cirrus clouds from all Polarstern cruises. Numbers indicates minimum, first
quartile, median, third quartile, and maximum value of the respective distribution.

pare and complement satellite-based cloud retrievals over the ocean in different climate zones.
So far there are only a few papers focusing on ship—based cloud retrievals (McBride et al.,
2011, 2012), but these are limited to case studies only. Currently, there are no cloud retrievals
from buoy measurements available. This work provides a first approach to investigate and
understand the differences from ground—based and satellite-based cloud property retrievals
over the ocean. The CORAS retrievals were compared to satellite data obtained from the
Moderate Resolution Imaging Spectroradiometer (MODIS) on Terra and Aqua. MODIS is
a 36—-band scanning spectroradiometer, while 4 spectral bands (858 nm, 1640 nm, 2130 nm,
and 3750 nm) are used in a daytime solar cloud retrieval algorithm over ocean (King et al.,
1997, 2006). Other spectral bands in the terrestrial spectral region are used to obtain cloud
cover and cloud top properties (e.g., thermodynamic phase). The instrument is designed to
scan in the nadir direction in a plane perpendicular to the velocity of the spacecraft. Fur-
ther technical details can be found in King et al. (1997). MODIS retrievals of 7 and reg are
based on plane—parallel radiative transfer calculations using the definition for spectral reflec-
tivity function given in Chapter 2. The current MODIS algorithm (Platnick et al., 2003) is
an updated version of the classic Nakajima and King (1990) 2-WL-method. MODIS data
are provided on different websites. The MODIS Level-2 and Level-3 data were taken from
http://ladsweb.nascom.nasa.gov/index.html provided by NASA Goddard Space Flight

Center.

First, the MODIS collection 5.1 Level-2 cloud product (MYDO06_L2) data were used to
compare the retrieval results for each measurement day of ANT-XXIX/1. Therefore, the
MODIS pixel have to be selected according to the geographic position of the ship. In a first
step, the latitudes and longitudes from MODIS were interpolated from the 5x 5 km resolution
to a 1 x 1 km pixel resolution. To adjust the satellite data to the measured time series of liquid
water clouds, the mean values of ship latitude and longitude and the absolute values between
the difference of minimum and maximum latitude/longitude of the respective time periods
were used to define the corresponding MODIS pixels for each day. The geographic section
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Figure 6.13: Geographical section between 38°N and 52°N, and 0°E and 15°W for illustration of
satellite data preparation from MODIS. Black solid line is the cruise track from RV Polarstern with
red plotted segments representing measurements of CORAS from liquid water clouds. Two different
data preparation versions are shown. Blue square illustrates the geographic coordinates of 1 x 1km
resolution MODIS Level-2 cloud product, which is adjusted to the cruise track for each measurement
day. Green square illustrates the geographical coordinates of 1 x 1km resolution monthly global
MODIS Level-3 cloud product adjusted to cruise track in 5°—latitude bins.

is illustrated in Figure 6.13 with a blue box around the CORAS measurements for a short
cruise track excerpt. Usually, this results in one (or two) satellite overpass depending on
the measured time period. Additional to 7 and r.g data, the multi-layer and cirrus flag was
used to identify single—layer or cirrus clouds. The satellite derived LW P was calculated using
Eq. (5.2) to be comparable to CORAS LW P retrievals. Furthermore, Seethala and Horvath
(2010) found that an overall MODIS high bias in overcast cloud scenes could be removed
using the adiabatic correction in a global mean sense.

The meridional cross section of 5°-latitude averages of 7, reg and LW P is shown in Fig-
ure 6.14 for ANT-XXIX/1. Black and blue colored bars refer to ship—based CORAS and
HATPRO retrievals, respectively, while red colored bars represents MODIS retrievals with
respective standard deviations. The meridional cross sections of the other two cruise legs
can be found in the Appendix A. As discussed in Section 6.1.1, the CORAS retrievals show
a distinct meridional distribution. With regard to 7, the satellite retrievals reveals a good
agreement with CORAS data for averages of 7 < 10. Largest similarities occur for liquid
water clouds in the subtropics. Whereas it seems to be that there is a bias toward smaller
values of 7 from MODIS for thicker clouds (7 > 10). This is pronounced in the mid-latitudes
and tropics. Although MODIS has a relatively high spatial resolution of 1 x 1 km in reflected
radiances, the collocation with CORAS and the ship track may sometimes not coincide. As
the blue box in Figure 6.13 illustrates, the MODIS retrievals are an average over a wider
area than the ship—based retrievals. However, CORAS retrievals under thick clouds are as-
sociated with larger uncertainties which results in a lower number of valid retrievals. 7 is
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overestimated which might cause those deviations under thick clouds. Such large deviations
in averaged values are not determined for the r.g retrievals since both r.g averages lie within
the respective standard deviations. On the contrary, there seems to be a bias in MODIS
reff toward larger averages. MODIS rqg retrievals are 20% — 70% larger than those obtained
from CORAS. Platnick (2000) modeled photon multiple scattering through cloud layers for
different wavelengths in the NIR region which are used in the MODIS algorithm to retrieve
reff. Using vertical profiles of reg, he calculated reflectivity weighting functions through the
cloud and showed significant differences among these wavelengths. While the weighting at
1.6 pm spreads more evenly into the lower portion of the cloud, the weighting at 3.7 ym is
confined to the near cloud top with larger cloud droplets, whereas transmissivity showed a
more symmetric weighting throughout the center and bottom layer of the cloud assiciated
with smaller droplets. Retrievals from satellite-based measurements of cloud reflectivity are
mostly determined from the upper cloud layers (Platnick et al., 2003). As it was discussed in
Section 5.1.3, 3D radiative effects can arise from resolved and unresolved cloud structure vari-
ability. The latter is known as the subpixel cloudiness (Platnick et al., 2003; Marshak et al.,
2006). Clear regions on a subpixel scale reduce the reflectivity of what is assumed to be an
overcast pixel. The retrieved reg is overestimated while 7 is underestimated. Resolved or
neighboring pixel variability cause an increase in the domain averaged retrievals of 7 and
reff compared to their 1D counterparts (Marshak et al., 2006). The comparison of averaged
LW P retrievals (Figure 6.14c) from CORAS, MODIS and HATPRO generally shows a good
agreement within the standard deviations. While the retrievals based on radiation mea-
surements are restricted to the analyzed time periods, averages of HATPRO LW P includes
also non—precipitating liquid water clouds during night. As already mentioned, the CORAS
LW P shows an overestimation of LW P under thick clouds.

To investigate the above mentioned differences in 7 and reg retrievals from CORAS and
MODIS, Figure 6.15 presents the distributions of retrieved 7 (left panels) and reg (right
panels) from both instruments for all single-layer clouds. Both 7 distributions have similar
medians with 6.6 for CORAS and 7.9 for MODIS. The influence of smaller values of 7
was already discussed. Comparing the distributions of rg, reveals a difference between both
methods. The CORAS distribution is shifted toward smaller values of r.g (reasons have been
discussed) but shows a wider range of distributed 7eg. The median is 7.7 um. The MODIS
retrievals are more normal distributed and narrow. The median of MODIS r.g distribution
is 11.9 pm. Even with consideration of 3D radiative effects on CORAS rg retrievals (cloud
step filter), the median indeed increases to 9.9 um, but the shape of the distribution is still
significantly different compared to the satellite results reflecting the different perspectives of
retrieval methods based on reflectivity or transmissivity.

To summarize, the meridional distribution of cloud properties obtained from ship—based
CORAS measurements can be confirmed with satellite observations from MODIS for each day
with respect to 7. Limitations holds true for thick clouds. With regard to r.g distributions
both methods reveal a similar meridional distribution. However, the r.g obtained from
satellite are generally biased toward larger values of r.g compared to the ground-based
observations. To understand and quantify those differences between satellite- and ground—
based cloud retrievals further investigations are needed. Especially the influence of cloud
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Figure 6.14: Meridional 5°-latitude—averages of retrieved (a) 7, (b) reg, and (¢) LW P from 30°S
- 50°N from ANT-XXIX/1. Black and blue colored bars represents retrieval results from CORAS
and HATPRO, respectively, along the ship track. Red colored bars includes MODIS Level-2 cloud
product retrievals adjusted to cruise track. Data points include all single-layer non—precipitating
liquid water clouds.
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Figure 6.15: Histograms of retrieved 7 from CORAS and MODIS with binsize of 2 (left panels),
and 7eg in units of um from CORAS and MODIS with binsize of 1 um (right panels), containing all
liquid water clouds from ANT-XXIX/1.

vertical stratification on rqg retrievals of both methods should be studied in more detail.

In a second approach, it was verified whether the meridional distribution observed during
the transect between October/November 2012 is representative of climatological distinctive
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cloud properties. Therefore, the monthly MODIS collection 5.1 Level-3 cloud product data
from Terra and Aqua (MOD08_-M3.051, MYD08_-M3.051) were used to create a climatology
of 7, reg and LW P from October/November in 2008-2012 of liquid water clouds. According
to the previous approach, a 5°—latitude bin was used. To consider a larger longitudinal area
than that restricted to the cruise track, MODIS data were selected by using the longitudes
+2.5° at the respective latitude coordinates. This is illustrated in Figure 6.13 with green
boxes. Thereby, the amount of land surfaces should preferably be low, but in fact cannot be
ruled out completely.

The climatology from 30°S - 50°N is presented in Figure 6.16. Although the differences in
latitude averages are smaller compared to those shown in Figure 6.14, a meridional distribu-
tion in 7 is noticeable. The northern mid-latitudes are dominated by autumn storm tracks
with maximum 7 averages. The subtropics are characterized by lowest T averages, whereas it
is more pronounced in the northern than in the southern subtropics. Due to the influence of
dry Sahara air between 10°N - 15°N 7 reaches minimum averages. The southern subtropics
exhibit larger averages due to the increased frequency of stratocumulus clouds in front of
the west coast of Africa. The same was observed for cruise leg ANT-XXIX/1. However,
the tropics are characterized in the climatology by relative moderate averages of 7. This
underlines the variable character of tropical convective systems. Furthermore, the influence
of multi-layer clouds or overlying ice clouds on the MODIS 7 (rqg) retrievals is strengthened
which might cause lower averages than those observed during one day cross section through
the ITCZ. But in general, the observed meridional 7 distribution during ANT-XXIX/1 is re-
flected in the 5—year climatology from October/November observed from MODIS. However,
the climatological r.g distribution is more smoothed. Increased 7.4 averages are obvious in
the tropics and northern subtropics contrary to the observations from the ship. But as there
are currently largest discrepancies between r.g retrievals from the ground and from satellite,
this issue certainly requires further investigations.
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Figure 6.16: Meridional monthly means of 5°latitude—averages of retrieved (a) 7, (b) reg, and (c)
LW P from MODIS Level-3 cloud product from 30°S - 50°N for October/November 2008-2012. Data
points include all single-layer non—precipitating liquid water clouds.



7 Summary, Conclusions and Outlook

Within this work the microphysical and optical properties of marine clouds have been inves-
tigated by radiative transfer simulations and respective ship—based measurements of spectral
zenith radiances. The objective of this thesis is to develop a ground—based cloud retrieval to
deduce optical (7) and microphysical (ref, LW P) cloud properties which is suitable to char-
acterize different types of liquid water and ice clouds over the ocean. Further, the retrievals
are used to analyze the distribution of cloud properties regarding their specific and merid-
ional characteristics. These two issues are summarized in the following sections. Finally, an
outlook on further investigations is given.

7.1 Summary and Conclusions

Within the German Leibniz—network OCEANET—project, ship—based active and passive re-
mote sensing measurements were performed during three transects of RV Polarstern over the
Atlantic ocean. Latitudes between 50°N and 50°S were covered within 13 weeks. Spectral
zenith radiances Ii with a time resolution of 15s were sampled by the COmpact RAdiation
measurement System (CORAS). Iﬁ was measured in the spectral wavelength region between
350 — 2000 nm with two spectrometers covering the visible to near—infrared (VNIR) to short-
wave infrared (SWIR) spectral region. The optical inlets for spectral irradiance and radiance
were mounted on the roof of a measurement container and were connected via optical fibers to
a spectrometer system. In this work, only the radiance measurements were used. The spec-
trometers were calibrated in the laboratory before and after each measurement campaign.
To monitor the calibration stability of the system, a transfer calibration was performed if
procurable each day on the ship.

The measurements were completed by several instruments measuring basic meteorological
parameters (temperature, pressure, humidity, wind speed), broadband solar and terrestrial
downward radiation, and a full-sky imager provided 180°—photographs of the upper hemi-
sphere. A lidar provided vertical profiles of aerosol microphysical properties with a high
temporal and spatial resolution. The microwave radiometer Humidity And Temperature
PROfiler (HATPRO) supplied vertical profiles of temperature and humidity as well as pro-
files of liquid water path (LW P). The slow velocity of usually 10kn (about 5ms~!) of
the ship allows sufficient measurements with respect to temporal and spatial resolution to
investigate cloud inhomogeneities.

87
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7.1.1 Improved Multi-Wavelength Cloud Retrieval

The retrieval of optical thickness 7 and droplet effective radius r.g of clouds using observed
and simulated spectral zenith radiances requires a different treatment of physical princi-
ples compared to the well-known reflectivity—based counterpart as performed by satellites
and aircraft measurements. However, zenith radiances which can be converted to spectral
transmissivity contains relatively less information on r.g compared to reflectivity. Due to
competing effects of cloud droplet absorption and forward scattering, the sensitivity to this
parameter is reduced. Furthermore, transmissvity is not a unique function of 7, which causes
retrieval ambiguities. Existing transmissvity—based cloud retrievals already achieved reason-
able results for 7 ranging from 10 to 40, however, large uncertainties remain for optically thin
clouds with 7 < 5. Also the sensitivity to r.g could be enhanced by using spectral features of
asymmetry factor and spectral coalbedo within the NIR spectral wavelength region. Still the
range of validity of these retrievals and associated uncertainties reveals a number of essential

improvements.

To infer microphysical properties from spectral transmissivity measurements, simulated zenith
radiances were calculated using a plane—parallel (1D) radiative transfer model. Thus, lookup
tables of transmissvity were generated for a reasonable range of 7 and r.g. Single-scattering
properties based on Mie theory were used for liquid water clouds, while a parametrization of
ice single—scattering properties from Baum et al. (2005a, 2007) was applied.

In this work a new cloud retrieval using ratios of spectral cloud transmissivity is introduced.
The six—wavelength approach uses the information of three ratios of spectral transmissivity
(wavelength combinations: 450 nm/680 nm, 1050 nm /1250 nm, 1670 nm/1560 nm) to retrieve
simultaneously cloud optical thickness and effective radius. The combination of these trans-
missivity ratios overcomes the limitations of existing retrievals concerning thin liquid water
clouds (7 < 5). Furthermore, the retrieval ambiguity with regard to 7 is circumvented by
separating very thin and thick clouds. Using ratios of transmissivity in certain wavelength
regions, reduces the measurement uncertainties significantly compared to methods using ab-
solute values. The multi-wavelength method benefits from the spectral features of zenith
radiance depending on the scattering and absorption properties from liquid water droplets
and ice crystals and thus is applicable to liquid water and ice clouds. The retrieval is fast and
accurate and thus suitable for operational purposes and the huge variety of measurements
obtained during three cruises. Compared to the slope method by McBride et al. (2011), the
computational time was reduced by a factor of 15.

The spectral cloud retrieval was applied to observations on board of RV Polarstern during
three Atlantic transfers of the OCEANET-project. Primarily, the new cloud retrieval was
applied to homogenous, inhomogeneous, and scattered liquid water clouds, as well as to
cirrus clouds.

For the presented case study of a homogenous liquid water cloud the mean 7 and r.g was
calculated with 9.1 & 0.5 and 16.1 + 1.7 um, respectively. The variability of r.g is caused
by complex mixing of thermal energy and water vapor from layers above and beneath the
cloud. Larger variability in the r.g retrieval occur for thicker clouds when zenith radiance
is more attenuated. Considering an uncertainty threshold of +1 in 7 and +2um in r.g,
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the new multi-wavelength retrieval results in 87% and 78% valid retrievals for 7 and reg,
respectively. Measurement uncertainties increase for thicker clouds (7 > 40) as the atten-
uation of spectral radiance is increased. For a number of measurements rqg reaches values
up to 30 um which represents the upper retrieval limit. Possible reasons for cloud particles
with reg > 30 um were discussed. In warm marine stratocumulus clouds a large number
of drizzle droplets near the cloud base was found which can significantly increase r.g and
could explain these observations reported here. From the retrieved microphysical properties
the LW P was calculated using an adiabatic approximation where r.g increases above the
cloud base height. The comparison with the LW P from microwave radiometer HATPRO
shows an overestimation of the LW P by CORAS for clouds with LW P > 80gm™2 and an
underestimation for values of LW P < 80 gm™2. Due to the increased attenuation of spectral
zenith radiance in optical thick clouds, the CORAS retrieval results are larger and associ-
ated with larger uncertainties. For the analyzed homogeneous cloud scene a mean LW P of
87 £49gm~2 for HATPRO and 97 + 11 gm~2 for CORAS was derived. Even for a complex
inhomogeneous precipitating water cloud scene both instruments have shown comparable
results for the LW P. That indicates that the transmissivity retrieval provides reasonable
cloud properties.

Applying the multi-wavelength retrieval to scattered liquid water cloud scenes introduced
a number of challenges. Particularly for fuzzy and fractal clouds in combination with an
increased wind speed, the temporal resolution of the CORAS measurements (15 s) might be
not sufficient to resolve those clouds. In particular, 3D radiative effects at cloud edges cause
significantly increased values of retrieved rqg, whereas 7 is underestimated.

In addition to water clouds also cirrus clouds were investigated by the multi-wavelength
approach. For the different cirrus cases, cloud inhomogeneities were observed with mean
values of 7 range from 0.2 — 2.3 with uncertainties ranging from +0.04 to £0.2. While 7
significantly changes within the cloud, observed r.g are found to be more constant with
mean values ranging from 4.9 £ 0.8 ym to 19.7 £ 1.9 pm for different cloud scenes. For cirrus
with 7 < 2.5 a comparison with lidar observations of 7 is possible, since those clouds are
transparent for laser light. By calculating 5—minute averages of vertical extinction coefficient
profiles obtained from Polly*T Arielle, mean values and standard deviations of 7 (at A\ =
532nm) for a chosen time period are calculated with 1.03 £ 0.02 for CORAS and 0.88 £0.13
for lidar observations, respectively. Note, that results from the lidar are heavily sensitive
to the assumption of the lidar ratio. Cirrus cloud inhomogeneities are better temporally
resolved with the multi—-wavelength cloud retrieval.

A comparison between the new multi-wavelength cloud retrieval and the slope method
(McBride et al., 2011) yields similar results for 7 and reg, while the mean temporal deviation
for 7 was smaller (2.5) than for reg (4.4 pm). Both methods exhibit good agreement with
the HATPRO LW P retrieval. Propagating the measurement uncertainties through both ap-
proaches, it was found that the multi-wavelength retrieval slightly reduces the uncertainties
with regard to 7 (slope method: 78%, multi-wavelength method: 82%) considering an uncer-
taintiy threshold of &1, and significantly reduce the reg uncertainties. 80% of the retrievals
passes the uncertainty threshold (42 um), whereas only 66% valid retrievals were obtained
with the slope method. In conclusion, the new multi-wavelength retrieval yields comparable
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values of 7 and reg with regard to the existing slope method, but reduces the retrieval uncer-
tainties by using ratios instead of absolute values. In conjunction with the notable reduction
of the computational time, this method is more suitable for the observations on the ship and
more adjustable to different cloud scenes, in particular for clouds with 7 < 5.

7.1.2 Distributions of Cloud Properties

In the second part of this thesis, the meridional distribution of the retrieved cloud prop-
erties (7, reg, and LW P) obtained during three transatlantic cruises with Polarstern were
investigated. The statistical analysis was limited to either all non—precipitating single-layer
liquid water clouds or to cirrus. First, liquid water clouds governed by local weather systems
were investigated to find certain main characteristics of their properties in different climate
zones. It was found that the west wind zone in the mid-latitudes (30°N/S - 50°N/S) is
dominated by storm tracks, associated with larger cloud droplets and denser clouds. The
subtropics around the equator reveals a conspicuous minimum of 5°-latitude averaged values
of 7 and reg. Prevailing trade winds formed typical trade wind cumuli. Especially, between
10°N - 15°N cloud properties achieved minimum averages of 7 = 1.7, reg = 4.1 ym, and
LWP = 10gm~2, as the influence of dry Sahara air causes mainly fair weather conditions.
Same results were found for meridional distribution of HATPRO LW P observations dur-
ing 8 Polarstern cruises (Zoll, 2012). The southern subtropics are affected by the increased
frequency of stratocumulus clouds formed over the colder ocean in front of the west coast
of Africa. This is consistent with global observations. Here, moderate averages of 7, rog
and LWP with 7 = 9.8, reg = 10.3 um, and LW P = 67gm~2 were found. In the tropics
cloud properties are mainly influenced by convective clouds in the ITCZ. But as the multi-
wavelength cloud retrieval is limited to non—precipitating single—layer clouds, many data
points have to be excluded from the analysis. In the end, similar characteristics of cloud
properties can be found in the mid-latitudes and northern subtropics for all three cruises,
but the large variability of meridional distribution in the remaining regions imply that the in-
fluence of weather systems prevails compared to typical cloud distributions. This work gives
a first starting point for those investigations, but certainly a larger number of transatlantic
cruises are required.

Nevertheless, main characteristics of cloud properties for certain liquid water cloud types
are obvious. Therefore, a cloud type classification was performed to separate homogeneous,
inhomogeneous and scattered liquid water clouds. From altogether 60692 cloud data points,
the cloud class 2 including homogeneous stratocumulus was found to be the prevailing cloud
type over the ocean with about 63%; followed by cloud class 1 (scattered cumulus) and cloud
class 3 (inhomogeneous stratus or cumulus) with an occurrence of 16% and 21%, respectively.
Clear sky, summarized in cloud class 0, amounts to 43% of all analyzed 105963 data, while
each cloud class contributes to this percentage. The two almost identical cruise legs between
Cape Town and Bremerhaven in spring and autumn, exhibit no seasonal differences in cloud
classification. About one third of all observed data from three cruises were excluded. In
detail this comprises mixed—phase or multi—layer clouds, as well as longer time periods of
clear sky observations.
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Based on the cloud classification of liquid water clouds, descriptive statistics of retrieved
cloud properties were calculated for unfiltered and cloud step filtered data separately. For
the unfiltered distributions, medians of 7, reg¢ and LW P were calculated with 6.6, 7.7 ym, and
29.2gm™2, respectively. The individual cloud class distributions reveal differences. Cloud
class 1 distributions are characterized by small values of descriptive statistic (1.6, 2.5 pum,
1.7gm™2). A wider range of retrieved 7 and reg is found for cloud class 2 (7.3, 8.7 um,
35.0gm~2). As expected, cloud class 3 reveals the broadest distribution of cloud properties
(10.0, 12.0 ym, 81.9gm~2). However, it has become apparent that all distributions were
affected by an increased frequency of small values of retrieved cloud properties. This was
probably caused by 3D radiative effects, especially around cloud edges which cannot be
sufficiently resolved and covered by 1D retrievals. Therefore, the adequate analysis was
performed with cloud step filtered data to account for these effects. The sum of two sequenced
retrieved values of 7 have to be greater or equal 4. As a result, retrievals at cloud edges with
increased uncertainty due to 3D radiative effects were almost sorted out. The threshold of
T > 4 is found to be the most suitable to provide a sufficient number of remaining data and
reduce the bias toward smaller values. Applying the cloud step filter to the distributions

results in medians of 7, reg and LW P of 9.5, 9.9 um, and 52.8 gm™?

, respectively. With
almost 48% cloud class 1 is mostly affected by cloud edge observations, nevertheless, medians
of cloud property distributions were corrected by filtering toward more realistic values for

scattered cumulus clouds found in the literature (5.0, 3.0 um, 10.3 gm™2).

With only 12 analyzed cirrus cloud cases during all transects, a representative statement
about the meridional distribution of cirrus cloud properties cannot be made. Since there is
currently only one other study which investigates cirrus microphysical cloud properties from
ground—based spectral radiation measurements over land, this work introduces a remarkable
data set of retrieved cirrus properties based on ship measurements over the ocean for the
first time. The median of cirrus 7 and reg distributions is 1.2 and 12.2 um, respectively.

Using the huge amount of ship—based cloud retrievals in different climate zones provides
the unique opportunity to compare them to satellite-based cloud retrievals over the ocean.
Recently studies focus only on single case studies. This work introduce a first approach to
investigate differences in ship—based and satellite-based cloud retrievals. Retrieval data of
T, Tef and LW P from the Moderate Resolution Imaging Spectroradiometer (MODIS) are
compared to CORAS results. In a first approach, the MODIS retrievals were adjusted to
the cruise track and observed time series of liquid water clouds from CORAS for each day of
one measurement campaign. It was found, with respect to the meridional distribution, that
MODIS retrievals show a good agreement with CORAS data of 5°latitude averages for 7 <
10, while largest correlations were found in the subtropics. Smaller retrieved values of 7 from
MODIS are found for clouds with averages of 7 > 10. However, the MODIS reg retrievals
are biased toward larger averages by differences of 20 — 70% compared to the ship—based
observations. Applying also an adiabatic approximation for the LW P retrieval of MODIS has
shown good agreement with the two ship—based LW P data sets from CORAS and HATPRO.
Just for optical thick clouds with mean averages of 7 > 10 CORAS seems to overestimate the
LW P. Differences of reg distributions between CORAS and MODIS retrievals were found.
While MODIS reg values are normal distributed, CORAS r.g distribution is shifted toward
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smaller values and shows a wider range of r.¢. However, the information on r.g comes from
different layers inside the cloud (Platnick, 2000). As MODIS measures the reflectivity of the
upper cloud layers, especially for optical thick clouds, the rqg retrieval is shifted toward larger
cloud droplets. Whereas the transmissivity—based CORAS retrievals of r.g are determined
by the center and the bottom layer of the cloud with smaller cloud droplets. Moreover,
the merging of both rg retrievals could provide information on the vertical cloud structure.
MODIS is sensitive to the upper cloud region, while CORAS is more sensitive to cloud
droplets in the center and bottom of the cloud. From this analysis it can be concluded, that
the meridional distribution of cloud properties obtained from the ship and space along a
single cruise track show comparable averages of 7 with limitations for optical thick clouds.
Meridional reg distributions agreed within the uncertainties, however, the satellite generally
retrieves larger values of reg compared to the ground—based retrieval.

In a second approach the climatology of monthly means of MODIS cloud retrievals from
October/November in 2008-2012 were analyzed to evaluate the meridional distribution ob-
served during an autumn cruise leg. With regard to the meridional 7 distribution, same
characteristic features observed during one transect are reflected in the 5—year climatology
obtained from MODIS. Largest discrepancies were found for the climatological distribution
of reg which is smoother for the MODIS data.

7.2 QOutlook

In this work a new multi—wavelength cloud retrieval using ship—based spectral transmissiv-
ity measurements was presented and applied to a multitude of cloud types. It is planned
to improve this retrieval, especially with regard to the vertical variation of the r.g profile
in the cloud. By using zenith radiance weighting functions, the influence of the vertical
distribution of optical and microphysical cloud properties such as volumetric extinction co-
efficient and r.g on zenith radiance will be investigated. Furthermore, the comparison with
in situ microphysical measurements of droplet number concentration and r.g obtained from
aircraft measurements could help to verify the results presented here. For that purpose,
a future campaign Arctic Amplification: Climate Relevant Atmospheric and Surface Pro-
cesses and Feedback Mechanisms AC? in the scope of the German Transregio-project, is
planned in 2017, where spectral radiation measurements on RV Polarstern will be com-
plemented with airborne measurements of spectral reflectivity performed on the research
aircraft Polar 5 and Polar 6 operated by the Alferd—Wegener—Institute (AWI) Bremerhaven.
For scattered clouds the plane-parallel (1D) approximation in the radiative transfer model
is not applicable. To investigate and quantify 3D radiative effects on ground—based cloud
retrievals, comparisons with 3D radiative transfer models are required. Furthermore, the
influence of different ice crystal shapes on the retrieval is still under investigation and
needs thorough quantification. Sensitivity studies with respect to ice habits have shown
a broad range of 7 and reg indicating a strong dependence of retrieved microphysical pa-
rameters on assumed ice crystal habit (e.g., McFarlane et al., 2005; Eichler et al., 2009).
For that purpose, a campaign in Melpitz, Germany is planned in 2015, where the intro-
duced multi-wavelength retrieval method will be applied to measurements provided by
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two imaging spectrometers aisaEAGLE and aisaHAWK in the VIS and NIR wavelength
region (http://www.specim.fi/index.php/products/airborne). These instruments pro-
vide high spectral, spatial and temporal resolved fields of radiance as a function of scattering
angle, which can be used to give an estimate on the ice crystal shape. For the case stud-
ies presented here, the retrieval was either limited to liquid water or ice clouds in advance
by independent observations. However, as shown by e.g., Pilewskie and Twomey (1987);
Ehrlich et al. (2008b); Jikel et al. (2013) spectral measurements can be used to retrieve the
thermodynamic cloud phase. Adapting such methods for zenith radiance or transmissivity
would allow to develop a retrieval for cloud phase suited for continuous measurements in
different climate zones such as those on RV Polarstern. Such methods could help to identify
undetected cloud layers which cause problems in the cloud retrieval.

The cloud remote sensing in a range of climate zones with latitudinal and longitudinal tran-
sects of research vessels provides a unique opportunity to understand the different perspec-
tives of satellite and ground—based observations of clouds over the ocean. The presented
data set in this work could help to complement geostationary and polar—orbiting satellite
data. With respect to conclusions concerning climatological cloud property distributions,
the amount of three transatlantic cruises is certainly insufficient. Beside the results from
the comparison of cloud retrievals obtained from MODIS satellite and CORAS introduced
in this work, it is planned to extent this investigation using Level-2 cloud product data
of the Satellite Application Facility on Climate Monitoring (CM SAF) from the Spinning
Enhanced Visible and InfraRed Imager (SEVIRI) along the cruise tracks of Polarstern. In
a similar vein, it would be highly beneficial to use the CORAS retrievals for deriving sur-
face energy budget terms, and compare those to estimates from the Clouds and the Earth’s
Radiant Energy System (CERES) on Terra/Aqua satellite, which has not been sufficiently
validated with buoy measurements. As a result, especially the surface estimates over ocean
are currently highly uncertain. Therefore, it would be beneficial to achieve a closure be-
tween the transmissivity—derived cloud properties and the associated spectral downward and
broadband irradiances.
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Figure A.1: 5-minutes—averages of retrieved (a) 7, (b) reg, and (¢) LW P along the ship track from
ANT-XXVII/4. Data points include all liquid water clouds.
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Figure A.3: Meridional 5°-latitude-averages of retrieved (a) 7, (b) 7eg, and (¢) LWP, and (d)
number of retrieval points per latitude bin from 40°S - 50°N from ANT-XXVII/4. Data points
include all liquid water clouds.
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Figure A.4: Meridional 5°-latitude-averages of retrieved (a) 7, (b) reg, and (¢) LW P, and (d)
number of retrieval points per latitude bin from 40°S - 50°N from ANT-XXVIII/5. Data points
include all liquid water clouds.
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number of retrieval points per latitude bin from 40°S - 50°N from ANT-XXIX/1. Data points
include all liquid water clouds.
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Figure A.6: Meridional 5°-latitude-averages of retrieved (a) 7, (b) reg, and (¢) LW P from 50°S
- 50°N from ANT-XXVII/4. Black and blue colored bars represents retrieval results from CORAS
and HATPRO, respectively, along the ship track. Red colored bars includes MODIS Level-2 cloud
product retrievals adjusted to cruise track. Data points include all single-layer non—precipitating
liquid water clouds.
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Figure A.7: Meridional 5°-latitude—averages of retrieved (a) 7, (b) reg, and (¢) LW P from 50°S
- 50°N from ANT-XXVIII/5. Black and blue colored bars represents retrieval results from CORAS
and HATPRO, respectively, along the ship track. Red colored bars includes MODIS Level-2 cloud
product retrievals adjusted to cruise track. Data points include all single-layer non—precipitating
liquid water clouds.
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Figure B.1: Histograms of retrieved 7 with binsize of 2, reg in units of um with binsize of 1 ym, and
LW P in units of gm™2 with binsize of 25gm™2, containing all liquid water clouds, separated into
(a-c) cloud class 1, (d-f) cloud class 2, and (g-i) cloud class 3, and (i-k) all cloud classes from cruise

leg ANT-XXVII/4.
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Table B.1: Minimum, first quartile, median, third quartile, maximum, interquartile range, and
percentile range values of retrieved cloud properties for individually and all cloud classes containing
data from cruise leg ANT-XXVII/4.

min Py med  Prs maxr IQR PR

cloud class 1 T 0.1 0.5 1.4 4.2 79.9 3.7 9.8
(N = 3183) reg (pm) 00 1.7 25 50 300 33 78
LWP (g m*2) 0.0 0.5 1.6 4.4 1333.3 3.9 23.5
cloud class 2 T 0.1 4.8 8.5 10.2 80.0 5.4 124
(N = 12697) Fegt () 0.0 50 97 170 300 120 243
LWP (gm*Q) 0.0 11.7 46.5 98.3 786.7 86.6 175.1
cloud class 3 T 0.1 9.3 10.2 14.7 80.0 5.4 22.4
(N = 521) Teg (fim) 0.0 1.8 148 272 300 254 300
LWP (gm=2) 0.0 322 889 1589 4550 126.7 229.9
all cloud classes T 0.1 3.4 7.2 10.0 80.0 6.6 13.5
(N =16401) Teg (frm) 0.0 30 82 173 300 143 271
LWP (gm*Q) 0.0 3.4 306 994 1333.3 96.0 206.1
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Figure B.2: Histograms of retrieved 7 with binsize of 2, reg in units of gm with binsize of 1 ym, and
LW P in units of gm~2 with binsize of 25gm~2, containing all liquid water clouds, separated into
(a-c) cloud class 1, (d-f) cloud class 2, and (g-i) cloud class 3, and (i-k) all cloud classes from cruise
leg ANT-XXVIII/5.



101

Table B.2: Minimum, first quartile, median, third quartile, maximum, interquartile range, and
percentile range values of retrieved cloud properties for individually and all cloud classes containing
data from cruise leg ANT-XXVIII/5.

min Py; med  Prs max IQR PR

cloud class 1 T 0.1 0.5 1.9 5.0 80.0 4.5 16.8
(N = 3311) Tef (pm) 0.0 1.6 2.7 6.7 30.0 5.1 21.0
LWP (gm=2) 00 0.5 1.7 12.1  1333.3 11.5 73.7
cloud class 2 T 0.1 1.2 4.4 10.0 80.0 8.8 13.4
(N = 3647) Tef (pm) 0.0 1.7 4.1 13.1 30.0 11.4  28.7
LWP (gm~2) 0.0 1.1 48 64.5 12929 634 165.9

cloud class 3 T 0.1 47 100 17.3 80.0 126 32.8
(N = 8233) Tef (pm) 0.0 24 147 289 30.0 26.5  30.0
LWP (gm~2) 0.0 2.8 103.7 2283 1333.3 225.5 322.8

all cloud classes T 0.1 1.9 7.1 13.4 80.0 11.5  23.1
(N =15191) Tef (pm) 00 18 7.6 29.5 30.0 27.7  29.8
LWP (gm~2) 0.0 1.2 363 2243 1333.3 223.1 950.1
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Figure B.3: Histograms of retrieved 7 with binsize of 2, reg in units of gm with binsize of 1 ym, and
LW P in units of gm~2 with binsize of 25gm~2, containing all liquid water clouds, separated into
(a-c) cloud class 1, (d-f) cloud class 2, and (g-i) cloud class 3, and (i-k) all cloud classes from cruise
leg ANT-XXIX/1.
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Table B.3: Minimum, first quartile, median, third quartile, maximum, interquartile range, and
percentile range values of retrieved cloud properties for individually and all cloud classes containing

data from cruise leg ANT-XXIX/1.

min Pys med Prs maxr IQR PR

cloud class 1 T 01 05 1.7 5.2 80.0 4.7 16.5
(N = 3183) Teff (pm) 00 16 25 6.3 30.0 4.7 17.0
LWP (gm~2) 0.0 05 1.7 167 13333 16.1 1158

cloud class 2 T 01 36 6.7 10.7 80.0 7.1 18.1
(N =21777) Teff (pm) 0.0 22 84 181 30.0 159  28.2
LWP (gm~2) 0.0 3.3 31.8 1056 1333.3 102.3 233.0

cloud class 3 T 0.1 3.7 10.0 158 80.0 12.1 29.8
(N = 3870) Teff (pm) 00 23 86 188 30.0 16.5 28.4
LWP (gm™2) 0.0 24 543 144.7 1333.3 1423 270.0

all cloud classes T 01 29 6.1 11.1 80.0 8.2 20.2
(N =29222) Teff (pm) 00 21 73 218 30.0 19.7 29.2
LWP (gm™2) 0.0 23 27.0 1362 1333.3 133.8 333.0
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