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Abstract. A ground-based hyperspectral imaging spectrom-
eter (AisaEAGLE, manufactured by Specim Ltd., Finland) is
applied to measure downward spectral radiance fields with
high spatial (1024 spatial pixels within 36.7◦ field of view),
spectral (488 spectral pixels, 400–970 nm, 1.25 nm full width
at half maximum), and temporal (4–30 Hz) resolution. The
calibration, measurement and data evaluation procedures are
introduced. A new method is presented to retrieve the cirrus
optical thickness (τci) using the spectral radiance data col-
lected by AisaEAGLE. The data were collected during the
Cloud Aerosol Radiation and tuRbulence of trade wInd cu-
muli over BArbados (CARRIBA) project in 2011. The spa-
tial inhomogeneity of the investigated cirrus is characterised
by the standard deviation of the retrievedτci as well as the
width of its frequency distribution. By comparing measured
and simulated downward solar spectral radiance as a function
of scattering angle, some evidence of the prevailing cirrus ice
crystal shape can be obtained and subsequently used to sub-
stantiate the retrieval ofτci. The sensitivity of the retrieval
method with respect to surface albedo, effective radius (reff),
cloud height and ice crystal shape is quantified. An enhanced
sensitivity of the retrievedτci is found with respect to the sur-
face albedo (up to 30 %) and ice crystal shape (up to 90 %).
The sensitivity with regard to the effective ice crystal radius
(≤ 5 %) and the cloud height (≤ 0.5 %) is rather small and
can be neglected.

1 Introduction

Satellite-derived cirrus cloud climatology includes cloud
cover, optical thickness and crystal effective radius. Chang-
ing either of those parameters may change the magnitude of
their radiative forcing. For example, current global circula-
tion models assume a standard value of 25 µm for the ice
crystal effective radius. For slightly smaller crystals, cirrus
clouds would have a stronger cooling effect (Garrett et al.,
2003). Furthermore, cirrus clouds often show a high spatial
and temporal variability and in addition might be optically
thin. This makes it hard to detect cirrus by common remote
sensing techniques. The microphysical composition adds a
further complication. The crystal shape can change the cloud
radiative properties substantially, which can cause biases in
both satellite retrievals (based on reflected radiance,Eichler
et al., 2009) and the energy budget estimates (related to irra-
diance,Wendisch et al., 2005, 2007).

Carlin et al. (2002) found a variability of cirrus albedo
as derived from millimetre cloud radar datasets of up to
25 % due to the spatial cirrus inhomogeneity (over weakly
reflecting surfaces and at high solar zenith angles). There-
fore, vertical and horizontal cloud inhomogeneities are con-
sidered to be one of the most likely reasons for the disagree-
ment between satellite cloud retrievals and in situ measure-
ments.Varnai and Marshak(2001) have shown that optical
thickness retrievals by e.g. MODIS (Moderate-Resolution
Imaging Spectroradiometer) are biased mainly due to hori-
zontal inhomogeneities and the related radiative smoothing
(Marshak et al., 1995; Oreopoulos et al., 2000).

Passive satellite imaging spectroradiometers used for
cloud retrievals measure the radiance field reflected by
clouds. The applicability of those data for remote sensing is
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limited by the aforementioned radiative smoothing and other
3-D effects, but also by the number of wavelength bands and
spatial resolution of the sensor. A second source of uncer-
tainty in cirrus retrievals arises from the forward simulation
applied within the retrieval algorithm. In the special case of
ice clouds, assumptions about the crystal shape and the corre-
sponding scattering properties are made.Eichler et al.(2009)
have shown that these assumptions can add an uncertainty of
up to 70 % and 20 % in optical thickness and effective ra-
dius, respectively. For the determination of the ice crystal
shape,McFarlane and Marchand(2008) developed a best-
fit ice crystal scattering model that uses angular dependent
measurements from coincident Multi-angle Imaging Spec-
troradiometer (MISR) and MODIS reflectances. Sensitivity
to particle shape is provided by the multi-angle information
from MISR.McFarlane and Marchand(2008) were therefore
able to distinguish between ice crystal habits such as aggre-
gates and plates.

One way to check the retrieval algorithms with respect to
horizontal cloud heterogeneity, spatial resolution and crys-
tal shape is provided by flying airborne versions of spectro-
radiometers above cirrus clouds, such as the MODIS Air-
borne Simulator (MAS). With extensive microphysical and
solar radiation instruments as well as radiative transfer simu-
lations,Schmidt et al.(2007) andEichler et al.(2009) inves-
tigated the differences between retrieved and measured mi-
crophysical cloud properties.Schmidt et al.(2007) revealed
large gaps between the retrieved effective radius from MAS
and simultaneous in situ measurements. This disagreement
has not been resolved yet, partly because it has been ex-
tremely difficult to collocate remote sensing above the clouds
and concurrent in-cloud microphysical measurements. Such
experiments are extremely important to link satellite cloud
observations of coarse resolution to spatially highly resolved
measurements of cloud properties. Unfortunately, such ex-
periments are rare, partly because instruments like MAS are
very complex and expensive and are not available for fre-
quent cloud experiments.

Furthermore, there are only few cloud-resolving model
studies on cirrus inhomogeneities. They investigate, for ex-
ample, the radiative impact of the cirrus structure (Dobbie
and Jonas, 2001), turbulence effects (Liu et al., 2003) or
shear instabilities (Marsham and Dobbie, 2003). For a re-
alistic simulation, a high spatial and temporal resolution is
required to represent the small-scale features of cirrus inho-
mogeneities. In this regard, highly resolved measurements
with ground-based imaging spectrometers can be a helpful
tool to provide information on the cirrus inhomogeneities in
terms of radiance and cirrus optical thickness.

In this study, a ground-based hyperspectral imaging spec-
trometer (AisaEAGLE,Hanus et al., 2008) is applied to
measure downward spectral radiance fields with high spatial
(1024 spatial pixels within 36.7◦ field of view, FOV), spec-
tral (488 spectral pixels, 400–970 nm, 1.25 nm full width at
half maximum, FWHM), and temporal (4–30 Hz) resolution.

In Sect.2, the AisaEAGLE is technically characterised, and
its calibration and data evaluation procedures are described
and exemplified. Section3 introduces a new method to re-
trieve the cirrus optical thickness (τci) from spectral radiance
data, which also uses angular sampling of the phase function
to obtain information about the particle shape. Its application
to measurements is presented in Sect.4. A sensitivity study
regarding the input parameters for the retrieval algorithm is
given in Sect.5.

It needs to be mentioned that this study does not fully capi-
talise on the hyperspectral capabilities of AisaEAGLE. Here,
only one wavelength (530 nm) is used. Thus, the paper is re-
garded to be a first feasibility study to show the potential
of AisaEAGLE for ground-based measurements of down-
ward solar spectral radiances and for retrievals of cloud mi-
crophysical properties like the cirrus optical thickness from
the spectral measurements. In future studies, the wavelength
range used for data evaluation will be extended to increase
the number of retrieved cloud optical properties.

2 Measurements of spectral radiance fields

2.1 Campaign and measurement site

In April 2011, spectral measurements of downward solar
radiance with the hyperspectral sensor AisaEAGLE were
performed on Barbados during the second campaign of the
Cloud Aerosol Radiation and tuRbulence of trade wInd cu-
muli over BArbados (CARRIBA) project (Siebert et al.,
2012). The aim of CARRIBA was to investigate microphys-
ical and radiative processes within and next to shallow trade
wind cumuli by helicopter-borne and ground-based obser-
vations (e.g.Werner et al., 2013a,b). However, also cirrus
clouds have frequently been observed by the ground-based
instrumentation.

During the CARRIBA project in 2011, the hyperspectral
sensor AisaEAGLE was located in the Barbados Cloud Ob-
servatory (BCO) of the Max Planck Institute for Meteorology
(Hamburg, Germany) at Deebles Point (13.15◦ N, 59.42◦ W),
a cape at the east coast of Barbados.

Additionally, measurements performed with a Raman li-
dar and a cloud radar as well as radiosonde data are avail-
able from the same site. A more detailed description of the
BCO is provided bySiebert et al.(2012). In parallel to the
AisaEAGLE radiance measurements, all-sky images were
collected every 15 s to monitor the cloud situation (cloud
coverage, cloud type, heading).

Downward spectral radiance was measured under inhomo-
geneous cloud cover on 14 different days. Each day, two
hours of data were collected in parallel to the helicopter
flights. While trade wind cumuli were not always present,
cirrus clouds were observed during each measurement. In the
following, four measurement cases are evaluated with only
cirrus clouds to exclude any radiative effects by low cumuli.
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Table 1: Characteristics of the evaluated measurement periods

9th April 16th April 18th April 23th April
start time (UTC) 13:26 13:43 13:43 16:45
average θ0 ( ◦) 36.7 28.6 28.5 14.5
cirrus flow direction SW→ NW NW→ SW WSW→ ESE SSW→ NNE
appearance inhomogeneous homogeneous homogeneous inhomogeneous
cloud height (km) 11–15 12–15 13–15 11–14
Ī↓ (W m-2 nm-1 sr-1) ± σ 0.08± 0.02 0.11± 0.02 0.10± 0.03 0.16± 0.03
τ̄ci ± σ 0.41± 0.17 0.28± 0.09 0.20± 0.03 0.05± 0.04
covered ϑ range ( ◦) 35.1–47.1 32.6–37.9 21.2–48.2 12.2–36.3

Table 2: Relative (%) and absolute difference of retrieved τci in comparison to benchmark case.

9th 16th 18th 23th

rel. abs. rel. abs. rel. abs. rel. abs.

surface albedo (grass) 2.6 0.01 0.4 0.00 0.6 0.00 0.25 0.00
surface albedo (sand) 27.8 0.11 20.6 0.06 28.9 0.06 11.51 0.01

reff (15 µm) 0.5 0.00 1.1 0.00 0.5 0.00 -0.54 - 0.00
reff (40 µm) -4.9 - 0.02 -3.9 - 0.01 -0.9 -0.00 -0.06 - 0.00

cloud height (lower) -0.45 - 0.00 -0.28 - 0.00 -0.14 -0.00 -0.06 - 0.00
cloud height (higher) 0.31 0.00 0.19 0.00 -0.05 0.00 0.05 0.00

crystal shape (plates) 14.80 0.06 75.3 0.21 85.6 0.17 12.26 0.01
crystal shape (r.-aggr.) 23.3 0.09 26.1 0.07 33.1 0.07 17.11 0.01

Fig. 1: Optical scheme of an imaging spectrometer. Adapted from DellEndice et al. (2009).Fig. 1. Optical scheme of an imaging spectrometer. Adapted from
DellEndice et al.(2009).

2.2 Hyperspectral imager AisaEAGLE

The AisaEAGLE is a commercial imaging spectrometer
which is manufactured by Specim Ltd. in Finland (Hanus
et al., 2008). It is a single-line sensor with 1024 spatial
pixels. The instrument measures radiances in three dimen-
sions: space, time and wavelength. The spatial and spectral
dimensions are resolved by an optical assembly that dis-
plays the image onto a two-dimensional (2-D) sensor chip.
The third dimension, time, corresponds to the motion of the
clouds passing over the sensor. An optical schematic for the
path of the electromagnetic radiation detected by the central
spatial pixel is shown in Fig.1.

The incoming solar radiation within the field of view
(FOV) of AisaEAGLE is collected by a lens and an entrance
slit. A collimating optics directs the radiation to a grating
(dispersing element), where it is dispersed into its spectral
components. The spectral components are focused on the de-
tector, which consists of a charge-coupled device (CCD) el-
ement for the spatial and spectral dimensions.

In contrast to airborne measurements such as reported, for
example, byBierwirth et al.(2013), the 2-D image evolves
from the cloud movement and not from the sensor movement.
The sensor is aligned perpendicularly to the direction of the
cloud movement, thus 2-D images of clouds with high spa-
tial resolution are obtained. The FOV of the AisaEAGLE de-
pends on the lens that is used for the measurements. During
CARRIBA, a lens with an opening angle of about 36.7◦ was
mounted. Figure2 shows the size of a single image pixel and
the swath of the entire image as a function of cloud height.

While the swath increases with distance to the cloud by
the tangent of the opening angle, the pixel size depends on
its position on the sensor line. The FOV of a pixel (the pixel
width) in the centre (viewing zenith) is smaller than that of
a pixel at the edge. For example, a cloud at an altitude of
10 000 m yields an average pixel size of 6.6 m (6.3 m–6.9 m)
with 6 700 m swath. To obtain 2-D images, the temporal di-
mension of the hyperspectral measurements also translates
to a spatial quantity: the lengthlpixel of the FOV of a pixel is

the product of the perpendicular cloud drifting velocityvcloud
and the selected integration timetint for the measurement.
Accounting for a non-perfect perpendicular orientation with
the angleα between the flow direction of the cirrus and the
orientation of the sensor line,lpixel is then given by

lpixel = |sinα| · vcloud · tint. (1)

Figure3 illustrates the measurement geometry needed to de-
rive the scattering anglesϑ for each spatial pixel. The scat-
tering angleϑ is calculated from the scalar product of the
vector of the incoming solar radiation (SC) and the vector of
the radiation scattered into the sensor direction (CD):

cosϑ =
CD · SC

|CD| · |SC|

= cosϕ0 · sin θ0 · sinβi + cosθ0 · cosβi . (2)

θ0 is the solar zenith angle andβi is the viewing zenith angle
of spatial pixeli. The solar azimuth angleϕ is considered
relative to the azimuth angle of the AisaEAGLE sensor line.
Therefore,ϕ is cancelled out in Eq. (2).

For each spatial pixel the radiance is measured spectrally
between 400 and 970 nm with 488 wavelength pixels. The
spectral resolution is 1.25 nm full width at half maximum
(FWHM). Since this spectral range covers more than one
octave, the range from 800–970 nm requires order sorting.
For this, AisaEAGLE has a second order depression using
order blocking filters mounted near the detector. The integra-
tion time and the measurement rate are adjustable from 0.1
to 200 ms and 4 to 30 Hz. During CARRIBA a frame rate of
4 Hz was used. The integration time was chosen between 10
and 30 ms, depending on the illumination of the cloud scene.

2.3 Calibration, corrections and data handling

2.3.1 Calibration

The data collected by the AisaEAGLE are given in counts per
integration time. A calibration to obtain radiancesI in units
of W m−2 nm−1 sr−1 is performed with an integrating sphere
and the software AisaTools (provided by the manufacturer of
AisaEAGLE). The dark current is determined separately with
a shutter. The calibration factors for each pixel are calculated
from the calibration measurements using a certified radiance
standard (integrating sphere, uncertainty:± 6 %) traceable to
the US National Institute of Standards and Technology.

2.3.2 Smear correction

Since the AisaEAGLE detector is based on CCD technique,
it is necessary to correct for the smear effect in calibration
and measurement data. The smear effect occurs during the
read-out process of the collected photoelectrons, which are
shifted step by step from one spectral pixel to the neighbour-
ing one into the direction of the read-out unit (Fig.4). The
read-out process is not infinitely fast. Due to the fact that

www.atmos-meas-tech.net/6/1855/2013/ Atmos. Meas. Tech., 6, 1855–1868, 2013
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Fig. 2: Characteristic (a) swath and (b) pixel width for AisaEAGLE using the 36.7◦ lens.

Fig. 3: Illustration of the AisaEAGLE measurement geometry in a Cartesian coordinate system (x, y, z) with position of the
Sun (S), a scattering cloud particle (C) and the AisaEAGLE detector (D). θ0 is the solar zenith angle, ϕ0 the solar azimuth
angle, ϑ the scattering angle, and βi the viewing angle of the corresponding pixel.

Fig. 2.Characteristic(a) swath and(b) pixel width for AisaEAGLE using the 36.7◦ lens.
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Sun (S), a scattering cloud particle (C) and the AisaEAGLE detector (D). θ0 is the solar zenith angle, ϕ0 the solar azimuth
angle, ϑ the scattering angle, and βi the viewing angle of the corresponding pixel.

Fig. 3. Illustration of the AisaEAGLE measurement geometry in a
Cartesian coordinate system (x,y,z) with position of the Sun (S), a
scattering cloud particle (C) and the AisaEAGLE detector (D).θ0 is
the solar zenith angle,ϕ0 the solar azimuth angle,ϑ the scattering
angle, andβi the viewing angle of the corresponding pixel.

radiation can still reach the sensor during the read-out, the
pixels are contaminated by an additional signal. The read-out
process begins at the red end of the spectral range. Therefore,
the additional signal (smear effect) is larger for shorter wave-
lengths, because the corresponding charges have to traverse
the entire chip.

The measurements can be corrected for the smear effect
by applying the correction algorithm:

x1 = y1,

x2 − Sc · y1 = y2,

x3 − Sc · (y1 + y2) = y3,

· · ·,

xn − Sc · (6n
i=1yi−1) = yn, (3)

wherexi are the uncorrected andyi are the corrected digital
counts with the wavelength indexi = 1,. . . ,n. The smear cor-
rection factorSc = tread-out/ tint is the ratio of the duration of a
read-out step to the total integration time. For the first read-
out step no correction is necessary, since the counts from the
first pixel are shifted directly into the read-out unit. During
the whole read-out process, the illumination of all pixels is
assumed to remain constant. Therefore, new charges are still

generated while the original charges are already shifted to-
wards the read-out unit. The original charge from a given
pixel therefore increases by the radiation that falls on the
pixel the charge travels through. The increase is proportional
to the smear correction factorSc as well as the illumination
of the pixels (see the fourth line of Fig.4).

The smear effect must be taken into account for each mea-
surement as well as for the calibration. It should be men-
tioned that the AisaEAGLE CCD element consists of 1024
spectral pixels for the hypothetic wavelength range from 100
to 1300 nm. However, due to the optical assembly, the effec-
tive spectral range of AisaEAGLE is decreased to 502 pixels
in the range of 400 to 970 nm (so-called effective wavelength
range). Spectral pixels below or above this range receive
stray light from pixels within the effective wavelength range.
This makes those pixels useless for data evaluation. Tests
have shown that during atmospheric measurements the sig-
nal outside the effective wavelength range can be neglected
for the smear correction (which significantly reduces the re-
quired data storage space). This is because solar spectral ra-
diance is typically larger for shorter (400 nm) than for longer
(900 nm) wavelengths.

Unfortunately, this does not hold for the calibration. The
halogen calibration lamp of the integrating sphere is much
colder than the Sun and emits radiation with a maximum in
the near-infrared range (1000 nm) and low values at shorter
wavelength (400 nm). Consequently, the out-of-range wave-
length pixels above 1000 nm receive a significant amount of
radiation.

A comparison between calibration coefficients derived
with and without including the out-of-range pixels is shown
in Fig. 5. Significant differences are observed for wave-
lengths below 500 nm, which agrees with the theory of the
smear effect. Differences range from 3 % at 970 nm wave-
length to 13 % at 400 nm wavelength. Therefore, it is nec-
essary to use the entire AisaEAGLE spectral range during
calibration, even though it is not used during data evaluation.

Atmos. Meas. Tech., 6, 1855–1868, 2013 www.atmos-meas-tech.net/6/1855/2013/
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Fig. 4: Illustration of the read-out process and the smear effect. The grey bar on the left side illustrates the read-out unit. The
arrows indicate the shifting direction of the photo-electrons. The magnitude of the signal of each pixel is indicated by the size
of the circles. The smear effect is illustrated for one spatial pixel which is exposed to additional illumination at one spectral
pixel (yellow) during the read-out process.

Fig. 5: (a) Spectral radiance measured with AisaEAGLE, for smear corrections considering different wavelength intervals in
the calibration, 100–1300 nm (solid line), 400–1000 nm (dashed line) (b) Differences between the spectral radiances shown in
panel (a).

Fig. 4. Illustration of the read-out process and the smear effect. The grey bar on the left side illustrates the read-out unit. The arrows indicate
the shifting direction of the photo-electrons. The magnitude of the signal of each pixel is indicated by the size of the circles. The smear effect
is illustrated for one spatial pixel which is exposed to additional illumination at one spectral pixel (yellow) during the read-out process.
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Fig. 5: (a) Spectral radiance measured with AisaEAGLE, for smear corrections considering different wavelength intervals in
the calibration, 100–1300 nm (solid line), 400–1000 nm (dashed line) (b) Differences between the spectral radiances shown in
panel (a).

Fig. 5. (a)Spectral radiance measured with AisaEAGLE, for smear
corrections considering different wavelength intervals in the cal-
ibration: 100–1300 nm (solid line), 400–1000 nm (dashed line).
(b) Differences between the spectral radiances shown in panel(a).

3 Retrieval of cirrus optical thickness

For the retrieval of cirrus optical thickness (τci) from
the measured downward spectral radianceI↓ transmitted
through the cirrus, radiative transfer calculations were per-
formed. The radiative transfer solver DISORT 2 (Discrete
Ordinate Radiative Transfer) was applied. Input parameters
such as cloud optical properties, aerosol content and spec-
tral surface albedo are provided by the library for radiative
transfer calculations (libRadtran,Mayer and Kylling, 2005).
The so-called HEY (Hong, Emde, Yang) parametrisation was
used to describe the scattering properties of ice crystals. It
uses pre-calculated ice cloud optical properties including full
phase matrices generated with the models byYang et al.
(2000).

In a first feasibility study, the simulations were performed
only at a wavelength of 530 nm. This wavelength was cho-
sen to match that of the lidar measurements at BCO. Since
the BCO is located at the far end of this cape, the mea-
surement site is surrounded by water, rocks and grass. For

simplification the surface albedo in the radiative transfer
simulations was assumed to be only water, as derived by
Wendisch et al.(2004), providing a value of 0.068. li-
bRadtran provides calculated Mie tables for rural, maritime,
urban and tropospheric aerosol size distributions given in
Shettle(1989). Because the measurements were performed
in the vicinity of the coast, the maritime aerosol type was
chosen. The cloud altitude and vertical extent was deter-
mined by lidar measurements at BCO. For the simulations,
a fixed reff has to be defined as no direct retrieval from
AisaEAGLE is possible. For this, a value of 20 µm was as-
sumed. The assumedreff was taken from MODIS data col-
lection 5 as best estimate for the area close to BCO. The
value for the ice water content (IWC) is provided by libRad-
tran (Mayer and Kylling, 2005). libRadtran adapts the IWC
with respect to the prescribedreff and simulatedτci. There-
fore, a direct retrieval of the IWC is not possible, because our
method is not sensitive toreff.

Using these input parameters, downward solar radi-
ance I

↓

cal was simulated as a function of values ofτci.
The simulations were performed for the whole FOV of
AisaEAGLE and interpolated over the entire period of each
measurement. Thus, a simulated grid of possible radiances
and correspondingτci is available for each time stamp of the
measurement and each spatial pixel. The retrievedτci is de-
rived by interpolating the simulated radiances to the mea-
sured value for each spatial pixel using a linear interpola-
tion. To handle the ambiguity of the simulations, only cloud
optical thickness smaller than the one corresponding to the
maximum radiance was considered. The uncertainty caused
by using a fixedreff, surface albedo, cloud height and crystal
shape is analysed in a sensitivity study in Sect.5.

The imaging measurements require an accurate descrip-
tion of the sensor geometry in the simulations as shown in
Fig. 3. The sensor was aligned horizontally. The sensor az-
imuth angle was not measured directly but estimated from
measurements during the time when the Sun’s azimuthal po-
sition was in the direction of the sensor line. If both azimuth
angles are equal, the measurements will be overexposed with
a distinct maximum. The sensor azimuth angle can be de-
rived from the time of that maximum. The viewing zenith

www.atmos-meas-tech.net/6/1855/2013/ Atmos. Meas. Tech., 6, 1855–1868, 2013
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Fig. 6: Simulated radiance at 530 nm as a function of cloud optical thickness.

Fig. 7: All-sky image from the beginning of the evaluated AisaEAGLE radiance measurements, flow direction of the cirrus
(red arrow) and FOV of the AisaEAGLE radiance measurements (blue). Orientation given by black lines and capital letters.

Fig. 6. Simulated radiance at 530 nm as a function of cloud optical
thickness.

angle is given by the sensor FOV, which isβ =± 18◦. Related
to this range, the downward solar radianceI

↓

cal was calculated
for angles with 0.3◦ steps.

Figure6 shows radiance simulations for the solar zenith
angles of 30, 45, and 60◦, a solar azimuth angle of 90◦ and
a cirrus with ice crystals in the shape of solid columns. The
base of the cirrus is at 11 km altitude.

Figure 6 indicates that the retrieval ofτci is ambiguous:
for example, atθ0 = 30◦ a radiance of 0.2 W m−2 nm−1 sr−1

corresponds toτci of either 1 or 15. This ambiguity has to be
considered using additional information of the estimatedτci.
In the case of thin cirrus (τci less than about 3–4), the retrieval
curve for low values ofτci must be used, for optically thicker
cirrus the section for largeτci must be applied. Thus, inde-
pendent knowledge of the expected range ofτci is important
to avoid the ambiguity in the retrieval. During CARRIBA,
this supplementary information was provided by all-sky im-
ages and lidar measurements. The all-sky images do not give
a quantitative value ofτci, but they were evaluated qualita-
tively. An experienced observer is able to judge whether a
given cloud has an optical thickness higher or lower than
the maximum indicated in Fig.6. All retrievedτci presented
within this study are in the range left of the maximum.

4 Measurements

4.1 Measurement cases

Four datasets from the CARRIBA project from different days
were evaluated: 9, 16, 18 and 23 April 2011. These days
showed persistent cirrus with no other clouds below. An
overview of the main characteristics of the evaluated mea-
surement periods can be found in Table1.

Figure7a to d show all-sky images from the beginning of
the four cases. Within each image, the red arrow indicates
the movement of the cirrus during the analysed period. The
heading was derived by comparing the position of clouds in

the sequence of all-sky images (15 s time resolution). The
blue box indicates the area covered by the AisaEAGLE radi-
ance measurements, i.e. the area of cirrus which is heading
across the sensor line during the measurement period. Due
to the fact that the AisaEAGLE was not orientated perfectly
in perpendicular direction of the cirrus heading, the covered
area is not a rectangle in most cases.

During all four measurement cases,τci is estimated to
be less than 3–4. That means that the ambiguity of Fig.6
is avoided in all four cases. The cirrus field on 16 and
18 April was more homogeneous than that observed on 9 and
23 April. On 23 April, a 22◦ halo was identified on the all-
sky images but unfortunately was not covered by the FOV of
AisaEAGLE.

Fields of transmitted downward radianceI↓ as measured
by AisaEAGLE for the four cases are presented in Fig.8. The
radiance is given for 530 nm in two-dimensional colour-scale
images for all 1024 spatial pixels on the abscissa and the time
of measurement on the ordinate.

The cloud structure seen in the all-sky images in Fig.7a
to d is clearly imprinted in the radiance field. The average
valuesĪ↓ of the measured radianceI↓ are given in Table1.
The highest value of̄I↓ was observed on 23 April 2011 and
the lowest on 9 April 2011.

Especially for 18 April 2011 it is evident that the image
gets brighter from the left to the right side. During this day
the sensor line of AisaEAGLE was orientated from north-
west (pixel 1) to south-east (pixel 1024) while the Sun was
in the East at the same time. This brightening is caused by en-
hanced scattering for small scattering angles, corresponding
to the shape of the scattering phase function of ice crystals
(see Fig.9). Therefore, the radiative transfer calculations to
retrieveτci need to take into account the exact alignment of
the sensor line and the exact position of the Sun. If the sensor
orientation is carefully considered, the retrieval will account
for this brightness effect caused by enhanced forward scat-
tering by ice crystals.

Using the calculated scattering angles derived for each
spatial pixel from Eq. (2), Fig. 8 can be displayed as a func-
tion of scattering angle as shown in Fig.10. The scattering
angles are symmetrical for each pixel to the pixel closest
to the Sun. If the Sun’s azimuthal position is almost per-
pendicular to the sensor line, a minimum appears in the de-
tected scattering angles per spatial pixel. In such cases, the
plot of I↓ as a function of the scattering angle would have
overlapping sections. For clarity, one of those sections is as-
signed a negative sign in Fig.8. Note that the images are
not rectangular due to the movement of the Sun during the
measurement period. The advantage of the illustration us-
ing scattering angles is that structures in the image related
to the scattering phase function of the ice crystals now oc-
cur in a fixed position throughout the time series, as can be
seen for 18 April 2011. The radiance always increases with
decreasing scattering angle, which is a typical characteristic
of the forward scattering by ice crystals.
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Table 1.Characteristics of the evaluated measurement periods.

9 April 16 April 18 April 23 April

start time (UTC) 13:26 13:43 13:43 16:45
averageθ0 (◦) 36.7 28.6 28.5 14.5
cirrus flow direction SW→ NW NW → SW WSW→ ESE SSW→ NNE
appearance inhomogeneous homogeneous homogeneous inhomogeneous
cloud height (km) 11–15 12–15 13–15 11–14
Ī↓ (W m−2 nm−1 sr−1) ±σ 0.08± 0.02 0.11± 0.02 0.10± 0.03 0.16± 0.03
τ̄ci ±σ 0.41± 0.17 0.28± 0.09 0.20± 0.03 0.05± 0.04
coveredϑ range (◦) 35.1–47.1 32.6–37.9 21.2–48.2 12.2–36.3

M. Schäfer: Ground-Based Imaging Spectrometry of Cirrus 13

Fig. 6: Simulated radiance at 530 nm as a function of cloud optical thickness.

Fig. 7: All-sky image from the beginning of the evaluated AisaEAGLE radiance measurements, flow direction of the cirrus
(red arrow) and FOV of the AisaEAGLE radiance measurements (blue). Orientation given by black lines and capital letters.

Fig. 7.All-sky images from the beginning of the evaluated AisaEAGLE radiance measurements for(a) 9 April, (b) 16 April, (c) 18 April and
(d) 23 April 2011 with the flow direction of the cirrus (red arrow) and FOV of the AisaEAGLE radiance measurements (blue). Orientation
given by black lines and capital letters.

4.2 Retrieved ice crystal shape

The ice crystal shape can be estimated from the directional
distribution of radiance, considering the scattering phase
function of different ice crystals. The all-sky images in Fig.7
can be used as a first indicator. While on 9, 16 and 18 April
no halo was visible, the 22◦ halo was observed on 23 April.
Thus, regular ice crystals like columns or plates must have
been present on that day. For the first three cases, irregular ice
crystals are more likely, because the crystals did not produce
a halo. The directional scattering features were analysed in
detail with the AisaEAGLE measurements. Figure11 shows
the average measured downward solar radianceI↓ and its
standard deviation as a function of the scattering angle for
18 April 2011. The standard deviation depends on the scat-
tering angle and was calculated in intervals of1ϑ = 0.3◦.
Additionally, Fig. 11 includes simulations of downward so-
lar radiance for different values ofτci and different ice crys-
tal shapes. Figure11a shows that for simulations assuming
rough aggregates, no halo appears in the calculated radi-
ance. However, for calculations with solid columns, plates
as well as a mixture of ice crystals, the two halo regions are
well defined in the simulation results. Furthermore, the best
agreement between simulated and measured downward ra-
dianceI↓ was found for rough aggregates. For this reason,
the τci for 18 April 2011 was retrieved by assuming rough
aggregates for the ice crystal shape in Sect.4.3.

A similar analysis for 23 April 2011 is presented in
Fig. 12. Enhanced radiance is measured at scattering angles
between 20 and 26◦, which indicates the presence of a 22◦

halo. The halo is quite hard to identify in Fig.10 due to the
cirrus inhomogeneities and because the halo is quite weak.
The averaged radiance displayed in Fig.12 confirms this.
The halo can be seen in the averaged data. However, due to
the low τci of 0.2, the maximum of the enhanced radiance
within the halo region is relatively low. Concerning the ice
crystal shape, best agreement is found for a mixture of dif-
ferent ice crystal shapes, while for aggregates the mismatch
of the halo is obvious. A retrieval of the ice crystal shape
is difficult because the cirrus was very inhomogeneous, as
indicated by the high standard deviation. The variability of
the radiances is about± 0.03 W m−2 nm−1 sr−1, which cor-
responds to a deviation of 20 % to the mean value. Therefore,
the radiance fluctuations cannot be related to the scattering
phase function. Considering that the analysed sequence on
23 April is short, with only about 6 minutes duration, it is
more likely that changes ofτci account for the structure in
the radiance. Therefore, in the following retrieval of theτci
for 23 April 2011, ice crystals in the shape of solid columns
(default setting in libRadtran) were assumed.

For 9 and 16 April 2011 the retrieval of the ice crystal
shape within the cirrus was not possible. Due to the geometry
(wind direction, sensor alignment, solar position), only a nar-
row range of scattering angles was observed and the clouds
were too inhomogeneous. The detected scattering angles just
cover the edge of the halo regions. Therefore, the radiative
transfer calculations to retrieve theτci in Sect.4.3were per-
formed for solid columns. An estimate of uncertainties re-
lated to the shape assumption is provided in Sect.5.
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Fig. 8: Two-dimensional images of the evaluated AisaEAGLE radiance measurements at 530 nm with the measured
I↓ (W m-2 nm-1 sr-1) given in colour scales.

Fig. 9: Scattering phase functions for (a) the different ice crystal shapes at 20 µm and (b) solid columns, calculated for the three
effective radii to the retrieval for this study. The grey bar indicates the captured scattering angle range during the measurements.

Fig. 8.Two-dimensional images of the evaluated AisaEAGLE radiance measurements at 530 nm with the measuredI↓ (W m−2 nm−1 sr−1)
given in colour scales.
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Fig. 8: Two-dimensional images of the evaluated AisaEAGLE radiance measurements at 530 nm with the measured
I↓ (W m-2 nm-1 sr-1) given in colour scales.

Fig. 9: Scattering phase functions for (a) the different ice crystal shapes at 20 µm and (b) solid columns, calculated for the three
effective radii to the retrieval for this study. The grey bar indicates the captured scattering angle range during the measurements.

Fig. 9. Scattering phase functions for(a) the different ice crystal shapes at 20 µm and(b) solid columns, calculated for the three effective
radii for the retrieval in this study. The grey bar indicates the captured scattering angle range during the measurements.

4.3 Retrieved cirrus optical thickness

The τci retrieved by the presented method are displayed in
Fig. 13. The measurement time and the pixel number have
been converted into the cloud travel path and the swath width,
respectively. For this, the altitude of the cloud base was used
to derive the values for the abscissa. The average wind ve-
locity in the same altitude, derived from the HYbrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
provided by the Air Resources Laboratory (ARL) of the US
National Oceanic and Atmospheric Administration (NOAA),
was used to convert the ordinate into a distance.

For 18 April 2011 the retrievedτci indicates that the cloud
is very homogeneous. This confirms that the observed in-
crease in radiance (Figs.8 and10) results from enhanced for-
ward scattering of ice crystals and has been considered cor-
rectly by the model. For 23 April 2011 quite inhomogeneous

cirrus was observed with large areas of clear-sky regions in
between.

Frequency distributions of the retrievedτci for each mea-
surement day are shown in Fig.14. The histograms are nor-
malised by the total of the retrievedτci with a bin size of
0.01 inτci. The average and the standard deviation of the re-
trievedτci for each dataset are additionally listed in Table1.
High standard deviations compared to the average values are
a further measure for the heterogeneity of the detected cloud
situation. Thus, the AisaEAGLE measurements confirm that
the cirrus on 16 and 18 April 2011 was more homogeneous
than on 9 and 23 April 2011.
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Fig. 10: Time series of the measured downward solar radiance I↓ during the four measurement cases as a function of scattering
angle for each spatial pixel. The range of the abscissa of each image is fitted to the corresponding range of covered scattering
angles.

Fig. 10.Time series of the measured downward solar radianceI↓ during the four measurement cases as a function of scattering angle for
each spatial pixel. The range of the abscissa of each image is fitted to the corresponding range of covered scattering angles.
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Fig. 11: Measured and simulated I↓ as a function of scattering angles. The standard deviation of the measurement is represented
by the grey shade. Measurement from 18 April 2011. The simulations were performed for different τci and an assumed ice
crystal shape of (a) rough aggregates, (b) solid columns, (c) plates, and (d) mixture.

Fig. 11.Measured and simulatedI↓ as a function of scattering angles. The standard deviation of the measurement is represented by the grey
shade. Measurement from 18 April 2011. The simulations were performed for differentτci and an assumed ice crystal shape of(a) rough
aggregates,(b) solid columns,(c) plates, and(d) mixture.
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Fig. 12: Measured and simulated I↓ as a function of scattering angles. The standard deviation of the measurement is represented
by the grey shade. Measurement from 23 April 2011. The simulations were performed for different τci and an assumed ice
crystal shape of (a) rough aggregates, (b) solid columns, (c) plates, and (d) mixture.

Fig. 12.Measured and simulatedI↓ as a function of scattering angles. The standard deviation of the measurement is represented by the grey
shade. Measurement from 23 April 2011. The simulations were performed for differentτci and an assumed ice crystal shape of(a) rough
aggregates,(b) solid columns,(c) plates, and(d) mixture.
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Fig. 13: Time series of the retrieved τci during the four measurement cases for each spatial pixel. Abscissa and ordinate values
are different due to different measurement conditions.

Fig. 13.Time series of the retrievedτci during the four measurement cases for each spatial pixel. Abscissa and ordinate values are different
due to different measurement conditions.
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Fig. 14: Normalized histograms of τci for each of the four considered measurement days. The bin size is 0.01 units of cirrus
optical thickness τci.Fig. 14.Normalised histograms ofτci for each of the four consid-

ered measurement days. The bin size is 0.01 units of cirrus optical
thicknessτci.

5 Sensitivity study

A sensitivity study has been performed to quantify the re-
trieval uncertainties with regard to the assumptions made on
the model input parameters. We considered surface albedo,
cloud properties such as the effective radius (reff) of the cir-
rus ice crystals, the cloud height and vertical extent, as well
as the ice crystal shape.

For the sensitivity study all input parameters of the bench-
mark retrieval (BM; surface albedo: water,reff: 20 µm, cloud
base: as derived by lidar for each case, ice crystal shape: solid
columns) except one were kept constant. The sensitivity is
expressed as the relative difference between the results of the
sensitivity study, calculated using the average values ofτci
(indicated byτ̄ci). The results are listed in Table2.

1τ̄ci = 100%·

(
τ̄ci,BM − τ̄ci

τ̄ci,BM

)
(4)

The benchmark case used a surface albedo of water (0.068
at 530 nm wavelength). Due to the fact that AisaEAGLE was
not surrounded by water only, but also by grass and sand,
possible uncertainties may occur in the retrieval results. To
quantify those uncertainties the retrieval was repeated using
the surface albedo for grass and sand (0.073 and 0.314) (Feis-
ter and Grewe, 1995). The effective radiusreff was assumed
to be 20 µm in the benchmark retrieval. The sensitivity study
was performed for 15 and 40 µm. This range was estimated
from MODIS measurements. The cirrus optical thicknessτci
was too low to be detectable by MODIS during the period
of the presented measurements. Therefore, the surrounding
regions of Barbados were used to derive the range of the ef-
fective radii.

Another source for uncertainties is the cloud height and
vertical extent. For the sensitivity tests the cloud was lifted
4 km upward and 4 km downward; the cloud vertical extent
was not changed.

For ground-based measurements and without in situ ob-
servations it is impossible to directly determine the ice crys-
tal shape within the cirrus. While solid columns were as-
sumed in the benchmark retrieval, the sensitivity study was
performed with plates and rough aggregates.

The differences between the benchmark retrieval and the
sensitivity study vary in a range from less than one per-
cent up to almost 90 % dependent on the input parameters.
While Table2 gives the different averages over the entire
scene, Fig.15 shows the uncertainties based on pure simula-
tions. Radiances were simulated forτci ranging from 0 to 0.5
and variable surface albedo,reff, cloud altitude and crystal
shape. The simulated radiances are then applied to the re-
trieval method where the benchmark properties are assumed.
Figure9 shows the corresponding scattering phase functions
for the assumed ice crystal shapes and in the special case of
solid columns the scattering phase functions calculated for
the three considered values ofreff.

Table 2 shows that for a surface albedo higher than the
benchmark value,τci will be overestimated. For a grass sur-
face with a slightly higher albedo than for water (0.073 com-
pared to 0.068 of water), the overestimation is still small. The
calculations assuming a sand surface albedo (0.378) show
a strong overestimation ofτci. With a maximum of almost
29 % on 18 April 2011 and a minimum of around 12 % on
23 April 2011, the uncertainties are larger than those result-
ing from the measurement uncertainty. This indicates that the
surface type has to be chosen correctly to enable accurate re-
trievals ofτci. This relation is confirmed in Fig.15a. The re-
trievedτci for the synthetic radiance above water and grass
are almost identical. Compared to this, the retrieval curve for
assuming a sand surface albedo shows higher values. The
overestimation of up to 30 % seems to be relatively high;
e.g. for very smallτci the percental difference can be quite
large. However, looking at the retrievedτci for the sensitiv-
ity study in Fig.15a and the absolute values in Table2, the
difference inτci is just about±0.1 and lower. This sensitiv-
ity study represents an extreme case, as the grass at Deebles
Point was patchy and rather dry, so the literature estimate for
the sand surface albedo is on the high side.

The downward solar radianceI↓ depends approximately
linearly on thereff of the ice crystals. For the investigated
cases it can be seen that for a smallerreff the retrievedτci
will be underestimated. For a largerreff the retrievedτci
will be overestimated. Looking at the differences listed in
Table 2, linearity can be assumed. The absolute difference
of reff = 40 µm, referring toreff = 20 µm, is four times higher
than forreff = 15 µm referring toreff = 20 µm. This ratio ap-
proximately corresponds to the calculated differences in Ta-
ble 2. However, comparing the results given in Table2 and
the retrieval curve shown in Fig.15b, the differences are
in a range below 5 %. This can also be seen in the non-
significant change in the absolute values. Therefore, the un-
certainty caused by estimating the unknown value ofreff can
be neglected. Comparing the scattering phase functions in
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Table 2.Relative (%) and absolute difference of retrievedτci in comparison to benchmark case.

9 April 16 April 18 April 23 April

rel. abs. rel. abs. rel. abs. rel. abs.

surface albedo (grass) 2.6 0.01 0.4 0.00 0.6 0.00 0.25 0.00
surface albedo (sand) 27.8 0.11 20.6 0.06 28.9 0.06 11.51 0.01

reff (15 µm) 0.5 0.00 1.1 0.00 0.5 0.00 −0.54 −0.00
reff (40 µm) −4.9 −0.02 −3.9 −0.01 −0.9 −0.00 −0.06 −0.00

cloud height (lower) −0.45 −0.00 −0.28 −0.00 −0.14 −0.00 −0.06 −0.00
cloud height (higher) 0.31 0.00 0.19 0.00 −0.05 0.00 0.05 0.00

crystal shape (plates) 14.80 0.06 75.3 0.21 85.6 0.17 12.26 0.01
crystal shape (r. aggr.) 23.3 0.09 26.1 0.07 33.1 0.07 17.11 0.01

20 M. Schäfer: Ground-Based Imaging Spectrometry of Cirrus

Fig. 15: Retrieval curves for the explanation of the sensitivity results concerning the (a) surface albedo, (b) effective radius, (c)
cloud height, and (d) ice crystal shape. Calculated for 30◦ solar zenith angle, 90◦ solar azimuth angle, solid columns, 11–13 km
cloud height, surface albedo for water and 20 µm effective radius. The benchmark case represents the one to one line.

Fig. 15.Retrieval curves for the explanation of the sensitivity results concerning the(a) surface albedo,(b) effective radius,(c) cloud height,
and (d) ice crystal shape. Calculated for 30◦ solar zenith angle, 90◦ solar azimuth angle, solid columns, 11–13 km cloud height, surface
albedo for water and 20 µm effective radius. The benchmark case represents the one-to-one line.

Fig. 9b, it can also be seen that they are quite similar at most
detected scattering angles with the exception of the halo re-
gion and below 20◦. Since the differences between the scat-
tering phase functions, calculated for differentreff, appear
mostly in the forward and backward scattering range but not
in the captured scattering angle range, this explains the small
variation found in the sensitivity study.

However, the contrast in the scattering intensity between
22◦ and the surrounding minima for the threereff in Fig. 9b
is large. Thus, in the special case of solid columns as well
as other hexagonal shapes (not shown), it will be possible to
estimatereff from the angular sampled spectral radiance data.

Unfortunately, those regions of the scattering phase function
were covered only twice during this study: on 18 April 2011
(with rough aggregates as the predominant ice crystal shape)
and on 23 April 2011 (highly inhomogeneous cirrus). But
even in these two cases, thereff cannot be retrieved: rough
aggregates do not produce the 22◦ halo, and the cloud in-
homogeneities on 23 April caused radiance fluctuations that
exceed the intensity of the 22◦ halo. Thus, the retrieval of the
reff from the angular measurements of the spectral radiance
data will be part of future investigations.

Furthermore, it was found that there is no significant de-
pendence of the retrievedτci on cloud height. The differences
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for all four cases are below 1 %. Only on 18 April 2011, the
difference was slightly larger with an underestimation of less
than 1 %. Therefore, possible uncertainties of the retrieved
τci due to the cloud height can be neglected. This is also re-
producible when looking at the retrieval curves in Fig.15c,
which are congruent. The first variation of the absolute value
of τci occurs at the third digit behind the decimal point.

The final parameter for which the sensitivity of the re-
trieval algorithm was tested is the ice crystal shape. As seen
in Table2, the differences show values up to almost 90 % in
the measured cirrus fields. The retrievedτci in Fig. 15d as
well as the scattering phase functions in Fig.9a confirm this
statement. Compared to the other parameters, the retrieval
curves show larger differences to each other. This is due to
the scattering phase functions, which are quite different to
each other for the scattering angle range, which was captured
by the four measurement cases. In Fig.15d the differences
between the curves increase with increasingτci. By using
plates or rough aggregates instead of solid columns,τci will
be underestimated in both cases. The average ofτci is larger
by up to 0.2. Compared to the average values of the detected
τci this is not negligible. Therefore, the ice crystal shape is
important to accurately retrieve the cirrus optical thickness
from ground-based spectral radiance measurements.

6 Summary and conclusions

Downward solar radiance fields were measured with high
spatial, spectral and temporal resolution using a hyperspec-
tral imaging spectrometer (AisaEAGLE). The procedure of
data evaluation (dark current correction, smear correction)
is described at the beginning of this paper. It is shown that
the dark current and smear correction must be taken into
account for every measurement (calibration included). Dur-
ing the calibration procedure, the entire spectral range (100–
1300 nm) must be used for an accurate smear correction.

The cirrus optical thickness (τci) is retrieved from the spec-
tral radiance measurements. On the basis of four measure-
ment cases collected during the CARRIBA project in 2011
on Barbados, the feasibility of retrieving cirrus optical thick-
ness at high spatial resolution and characterising the cirrus
heterogeneity was demonstrated. The cirrus observed on 16
and 18 April 2011 was quite homogeneous with meanτci of
0.28 and 0.20 and coefficients of variation of 0.09 and 0.03.
On 9 and 23 April 2011 rather inhomogeneous cirrus with
meanτci of 0.41 and 0.05 and coefficients of variation of
0.17 and 0.04 was observed.

The sensitivity of the retrieval method was characterised
by varying the model input parameters such as the surface
albedo, the effective radius, the cloud height and the ice
crystal shape. Significant sensitivities of the retrieval method
have been found with respect to the surface albedo and the ice
crystal shape with up to 30 % and 90 % differences, respec-
tively. The sensitivity of the retrieved cirrus optical thickness

with respect to the effective radius (≤ 5%) and the cloud
height (≤ 0.5%) is rather small and can be neglected. This
indicates that accurate knowledge of the surface albedo and
ice crystal shape is required to retrieve a reliable cirrus opti-
cal thickness with AisaEAGLE. However, the determination
of the ice crystal shape is complicated without in situ mea-
surements inside the cirrus. Due to the fact that AisaEAGLE
is able to measure radiance as a function of a wide range
of scattering angles, it may provide the opportunity to de-
rive information about the scattering phase function from the
radiance measurements. A preliminary estimate of ice crys-
tal shape can be obtained by comparing the directional radi-
ance measured by AisaEAGLE to simulation and analysing
the all-sky images. It seems possible to distinguish between
hexagonal ice crystals that produce a typical 22◦ halo and ir-
regular ice crystals that do not. The shape retrieval might be
limited to a narrow range of scattering angles which might
not cover the halo in some cases. In future studies the de-
tected scattering angle range will be increased, using a scan-
ning version of the AisaEAGLE. The results will then be
implemented in the retrieval algorithm. The additional an-
gular information might allow developing a cirrus retrieval
technique independent of assumptions about the ice crystal
shape.

To adjust the measurement setup for this purpose, the best
way to operate AisaEAGLE in a ground-based application is
to adjust the sensor line in the azimuthal direction of the Sun,
with the clouds heading perpendicularly across the sensor
line. Performing the measurements like this, the maximum
possible range of the scattering phase function as well as the
maximum possible range of the cloud field can be detected
without a spatial distortion of the cloud shape.
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