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Correspondence to: M. Schäfer (michael.schaefer@uni-leipzig.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

1201

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

A ground-based hyperspectral imaging spectrometer (AisaEAGLE) is applied to mea-
sure 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 data5

evaluation procedures are introduced. A method is presented to retrieve the cirrus op-
tical thickness τci using ground-based spectral radiance data collected by AisaEAGLE.
On the basis of four measurement cases during the second campaign of the Cloud
Aerosol Radiation and tuRbulence of trade wInd cumuli over BArbados (CARRIBA)
project in 2011 the spatial inhomogeneity of the investigated cirrus is characterized by10

the standard deviation of the retrieved τci, as well as the width of the frequency dis-
tribution of the retrieved τci. By comparing measured and simulated downward solar
radiance as a function of scattering angle, a first estimation of the detected cirrus ice
crystal shape is given and used in the retrieval of the τci. The sensitivity of the retrieval
method with respect to surface albedo, effective radius reff, cloud height, and ice crys-15

tal shape was characterized. Significant sensitivities of the retrieval method were found
for the assumed surface albedo (up to 30 %) and ice crystal shape (up to 90 %). The
sensitivity with regard to the effective radius (≤5 %) and the cloud height (≤0.5 %) is
rather small and can be neglected.

1 Introduction20

Satellite-derived cirrus cloud climatology includes cloud cover, optical thickness, and
crystal effective radius. Changing either of those parameters may change the magni-
tude of their radiative forcing. For example, in current global circulation models a stan-
dard value of 25 µm for ice crystal effective radius is assumed. For slightly smaller crys-
tals, cirrus clouds would have a stronger cooling effect (Garrett et al., 2003). However,25

cirrus clouds often show a high spatial and temporal variability and in addition might
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be optically thin. This partly makes it hard to detect cirrus by common remote sensing
techniques. The microphysical composition adds a further complication. Depending on
crystal shape, the cloud radiative properties may vary substantially and cause biases
in both satellite retrievals (based on reflected radiance, Eichler et al., 2009) and the
energy budget (related to irradiance, Wendisch et al., 2005, 2007).5

Besides crystal size and shape, the orientation of ice crystals plays a major role for
both remote sensing and atmospheric energy budget studies. The spatial cirrus inho-
mogeneity can change the cirrus albedo by up to 25 % (over weakly reflecting surfaces
and at high solar zenith angles, Carlin et al., 2002). Therefore, vertical and horizontal
cloud inhomogeneities are considered to be the most probable reason for the disagree-10

ment between satellite cloud retrievals and in situ measurements. Varnai and Marshak
(2001) showed that optical thickness retrievals by, e.g. MODIS (Moderate-Resolution
Imaging Spectroradiometer) are biased mainly due to horizontal inhomogeneities. The
reason for that is the radiative smoothing as indicated by Marshak et al. (1995) and
Oreopoulos et al. (2000).15

Passive satellite imaging spectro-radiometers used for cloud retrievals measure the
radiance field emerging from clouds. The applicability of those data for remote sens-
ing is limited by the aforementioned radiative smoothing and other 3-D effects, but
also by the limited number of wavelength bands and spatial resolution of the sensor.
A second source of uncertainty in cirrus retrievals arises from the forward simulation20

applied within the retrieval algorithm. In the special case of ice clouds, assumptions
about the crystal shape and the corresponding scattering properties are made. Eich-
ler et al. (2009) showed that these assumption can add an uncertainty of up to 70 %
and 20 % in optical thickness and effective radius, respectively. A way to check the re-
trieval algorithms with respect to both horizontal cloud heterogeneity and resolution and25

to crystal shape is provided by flying airborne versions of spectro-radiometers above
cirrus clouds, such as the MAS (MODIS Airborne Simulator). Along with extensive mi-
crophysical and solar radiation instruments as well as radiative transfer simulations
Schmidt et al. (2007) and Eichler et al. (2009) investigated the differences between
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retrieved and measured microphysical cloud properties. Schmidt et al. (2007) revealed
large gaps between retrieved effective radius from MAS and simultaneous in situ mea-
surements. This disagreement is probably related to the often discussed enhanced
absorption and has not been resolved yet, partly because it has been extremely diffi-
cult to collocate remote sensing above the clouds and concurrent in-cloud microphys-5

ical measurements. Such experiments are extremely important to link satellite cloud
observations of coarse resolution to spatially highly resolved measurements of cloud
properties. Unfortunately, such experiments are rare, partly because instruments like
MAS have been very complex and expensive, and are not available for frequent cloud
experiments. Another uncertainty for cirrus retrieval from space is the assumption of10

surface albedo. As shown by Fricke et al. (2013) inhomogeneous surface albedo may
introduce uncertainties of up to 50 % in the retrieved τci and reff. These issues may
only be solved by (I) high spatial measurements to cover cloud inhomogeneities and
(II) ground based measurements less affected by surface albedo.

Furthermore, the modelling of cirrus inhomogeneities has to be improved. There are15

only very few cloud-resolving model studies on cirrus inhomogeneities, with regard to
the radiative impact on the structure of cirrus clouds (Dobbie and Jonas, 2001), turbu-
lence effects (Liu et al., 2003), or shear instabilities (Marsham and Dobbie, 2003). For
a realistic simulation a high spatial and temporal resolution is required to represent the
small-scale features of cirrus inhomogeneities. In this regard, ground-based imaging20

spectrometers are a helpful tool to provide information on the cirrus heterogeneity in
terms of field of radiance and cirrus optical thickness.

Within this study a ground-based hyperspectral imaging spectrometer (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), spectral (488 spectral pix-25

els, 400–970 nm, 1.25 nm full width at half maximum, FWHM) and temporal (4–30 Hz)
resolution. Commonly AisaEAGLE is used for airborne observations of the Earth’s
surface and upward spectral radiance. In this paper AisaEAGLE is applied on the
ground to measure downward solar radiances. In Sect. 2 the AisaEAGLE is technically
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characterized and its calibration and data evaluation procedures are described and
examplified. A method to retrieve the cirrus optical thickness τci using AisaEAGLEs
spectral radiance data is presented in Sect. 3 and applied to different cirrus cases in
Sect. 4. A sensitivity study regarding the input parameters for the retrieval algorithm is
given in Sect. 5.5

2 Measurement of spectral radiance fields

2.1 Campaign and measurement site

In April 2011, directional and 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 cumuli over10

BArbados (CARRIBA) project (Siebert et al., 2012). The aim of CARRIBA was to in-
vestigate microphysical and radiative processes within and next to shallow trade wind
cumuli by helicopter-borne and ground-based observations (e.g. Werner et al., 2013).
However, also cirrus clouds have frequently been observed by the ground-based in-
strumentation.15

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

Additionally, measurements with a Raman LIDAR and a cloud RADAR as well as20

radiosonde launches are available. See Siebert et al. (2012) for a more detailed de-
scription of the BCO. In parallel to the AisaEAGLE radiance measurements, all-sky im-
ages were collected every 15 s to receive informations about the cloud situation (cloud
coverage, cloud type, heading).

Downward spectral radiance was measured under inhomogeneous cloud cover on25

14 different days. Each day, two hours of data were collected coordinated with the
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helicopter borne measurements. While trade wind cumuli were not always present,
cirrus clouds were observed during each measurement. In the following, four mea-
surement cases were evaluated during which where only cirrus clouds over the sky to
exclude any radiative effects by low cumuli clouds.

2.2 Hyperspectral Imager AisaEAGLE5

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 spa-
tial pixels. The instrument measures radiances in three dimensions: space, time, and
wavelength. The spatial and spectral dimensions are resolved by a special set of optics
that displays the image onto a two-dimensional (2-D) sensor chip. The third dimen-10

sion, 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 center spatial
pixel is shown in Fig. 1.

The incoming solar radiation within the field of view (FOV) of AisaEAGLE is collected
by a lens (objective optics) and an entrance slit. A collimating optics direct the radiation15

to a grating (dispersing element) where it is split into its spectral components. The
spectral components are focused on the detector which consists of a charge-coupled
device (CCD) element for the spatial and spectral dimensions.

In contrast to airborne measurements (Bierwirth et al., 2012), the 2-D image evolves
from the cloud movement and not from the sensor movement. The sensor was aligned20

perpendicularly to the direction of the cloud movement, thus 2-D images of clouds with
high spatial resolution are obtained. The FOV of the AisaEAGLE depends on the lens
that is used for the measurements. During the CARRIBA project in 2011, a lens with an
opening angle of about 36.7◦ was mounted. Figure 2 shows the size of a single image
pixel and the swath of the entire image as a function of cloud height.25

While the swath increases with distance to the cloud by the tangens of the opening
angle, the pixel size depends on its position on the sensor line. The FOV of a pixel
(pixel width) in the centre (viewing zenith) is smaller than that of a pixel at the edge.
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For example, a cloud in an altitude of 10 000 m gives an average pixel size of 6.6 m
(6.3 m–6.9 m) with 6700 m swath. The “time” dimension of the hyperspectral data set
also translates to a spatial quantity: the length lpixel of the FOV of a pixel is the product
of the perpendicular cloud velocity vcloud and the selected integration time tint for the
measurement. Considering additionally for a non-perfect perpendicular orientation with5

the angle α between the flow direction of the cirrus and the orientation of the sensor
line, lpixel is then given by:

lpixel = |sinα|vcloud · tint (1)

Figure 3 additionally illustrates the measurement geometry which is needed to derive
the detected scattering angles ϑ for each spatial pixel.10

The scattering angle ϑ is derived by the scalar product between 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 sinθ0 sinβi + cosθ0 cosβi (2)

For the calculations the solar azimuth angle ϕ0 is considered relatively to the azimuth15

angle of the AisaEAGLE sensor line. Therefore, ϕ is cancelled out in the above given
equation for the scattering angle ϑ.

For each spatial pixel the radiance is measured spectrally between 400 nm and
970 nm with 488 wavelength pixels. The spectral resolution is 1.25 nm FWHM.

The integration time and the measurement rate are adjustable from 0.1 ms to 200 ms20

and 4 s−1 to 30 s−1, respectively. During the CARRIBA project in 2011 a frame rate of
4 Hz was used. The integration time was chosen between 10 ms and 30 ms, depending
on the illumination of the cloud scene.
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2.3 Calibration, corrections, and data handling

2.3.1 Calibration

The data collected by the AsiaEAGLE are given in counts per integration time. A cal-
ibration to obtain radiances I in units of Wm−2 nm−1 sr−1 is performed with an inte-
grating sphere and the software AisaTools (provided by the manufacturer). The dark5

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) traceable to the National Institute of Standards and Technology.

2.3.2 Smear correction

Since the AisaEAGLE detector is based on CCD technique, it is necessary to correct10

for the smear effect in calibration and measurement data. The smear effect occurs
during the read-out process of the collected photo-electrons which are shifted step by
step from one spectral pixel to the neighbouring one into the direction of the read-out
unit (Fig. 4). The read-out process is not infinitely fast. Due to the fact that radiation still
can reach the sensor during the read-out, the pixels are contaminated by an additional15

signal. The read-out process for the larger wavelengths (red) ends earlier than the read-
out for the smaller wavelengths (blue). Therefore, the additional signal (smear effect) is
larger for smaller wavelengths which are longer illuminated during the read-out.
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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 · (Σn
i=1yi−1) = yn (3)

5

where xi and yi are the uncorrected and corrected digital counts with the wavelength
index i =1, . . . ,n. The smear correction factor Sc 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 con-10

stant. Therefore, new charges are still generated while the original charges are already
shifted towards the read-out unit. The original charge from a given pixel is therefore
increased by the radiation that falls on the pixel they travel through. The increase is
proportional to the smear correction factor Sc = tread-out/tint, which is the ratio of the du-
ration of one read-out step to the original integration time. This influence is increasing15

with the illumination brightness of the pixels (see the fourth line of Fig. 4).
The smear effect must be taken in account for each measurement, including the cal-

ibration. It should be mentioned that the AisaEAGLE CCD element consists of 1024
spectral pixels for the hypothetic wavelength range from 100 nm to 1300 nm. However,
due to the optics assembly the effective spectral range of AisaEAGLE is decreased20

to 502 pixels in the range of 400 nm to 970 nm (so-called effective wavelength range).
Spectral pixels below or above this range receive only stray light from pixels within the
effective wavelength range. This makes those pixels useless for data evaluation. Tests
have shown that during the smear correction the signal outside the effective wavelength
range can be neglected (which greatly reduces the required data storage space). This25
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is because solar spectral radiance is typically larger for smaller (400 nm) than for larger
(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 radi-
ation with a maximum in the near infrared range (1000 nm) and low values at smaller
wavelength (400 nm). Consequently, the off range wavelength pixels above 1000 nm re-5

ceive a significant amount of radiation and cannot be omitted for the smear correction.
If the calibration data above 1000 nm are omitted, the smear correction is not sufficient.
A comparison between calibration coefficients derived with and without including the
off range pixel is shown in Fig. 5. Significant differences are observed for wavelengths
below 500 nm which agrees with the theory of the smear effect. Differences range from10

3 % at 970 nm wavelength to 13 % at 400 nm wavelength. Therefore, it is necessary to
use the entire AisaEAGLE spectral range during calibration, even though it is not used
during data evaluation.

3 Retrieval of cirrus optical thickness

For the retrieval of cirrus optical thickness τci from the measured downward spectral ra-15

diance I↓ transmitted through the cirrus, radiative transfer calculations were performed.
The radiative transfer solver DISORT 2 (Discrete Ordinate Radiative Transfer) was ap-
plied. Input parameters, such as cloud optical properties, aerosol content and spectral
surface albedo are provided by the library for radiative transfer calculations (libRadtran,
Mayer and Kylling, 2005). The Hey parametrization by Yang et al. (2000) was used to20

describe the single scattering properties of ice crystals.
The simulations were performed for 530 nm which allows a comparison with avail-

able LIDAR data. Since the BCO is located at the far end of this cape, the measure-
ment site is surrounded by half water and half rocks and grass. For simplification the
surface albedo in the radiative transfer simulations was assumed to be only water,25

as derived by Wendisch et al. (2004) providing a value of 0.068. A maritime aerosol
type was used. The cloud altitude and cloud vertical extend was determined by LIDAR
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measurements of BCO. On the basis of the Moderate Resolution Imaging spectro-
radiometer (MODIS) data, a fixed effective radius reff of 20 µm was assumed. Down-
ward solar radiance I↓cal was calculated as a function of τci. By fitting the measured
downward solar radiance I↓meas to the simulation, the corresponding τci is interpolated.
The uncertainty caused by using a fixed reff, surface albedo, cloud height, and crystal5

shape is analysed in a sensitivity study in Sect. 5.
The imaging measurements require an accurate description of the sensor geometry

in the simulations as shown in Fig. 3. The sensor was aligned horizontally. The sensor
azimuth angle was not measured directly but estimated from measurements during
the time when the Sun’s azimuthal position was in the direction of the sensor line. If10

both azimuth angles are equal, the measurements will be overexposed with a distinct
maximum. The sensor azimuth angle can be derived from the time of that maximum.
The viewing zenith angle is given by the sensor FOV, which is β=±18◦. Related to this
range, the downward solar radiance I↓cal was calculated for angles with 0.3◦ steps.

Figure 6 shows radiance simulations for the solar zenith angles of 30◦, 45◦, and 60◦,15

a solar azimuth angle of 90◦ and a cirrus with ice crystals in the shape of solid columns.
The base of the cirrus is in a height of 11 km.

As can be seen, the same measured radiance might lead to two different re-
trieval results for the cirrus optical thickness τci e.g. for θ0 =30◦ a radiance of
0.2 Wm−2 nm−1 sr−1 corresponds to τci of either 1 or 15. This ambiguity has to be20

solved using additional information of the estimated τci. In case of thin cirrus (τci less
than about 3–4), the retrieval curve for low values of τci should be used, for optically
thicker cirrus the portion for large τci should be applied. Thus independent knowledge
concerning the expected range of τci is important to avoid the ambiguity of the retrieval
curve. During the CARRIBA project in 2011, this supplementary information was pro-25

vided by all-sky images and LIDAR measurements. All retrieved τci presented within
this study are in the range left of the maximum of the retrieval curve presented in
Fig. 6.
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4 Measurements

4.1 Measurement cases

Four datasets of 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 measurement periods can be found in Table 1.5

Figure 7a–d shows 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 pe-
riod. 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 radiance measurements, the area of cirrus which is heading across the10

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 as lower than 3–4. That means,
concerning the ambiguity of the retrieval curve given in Fig. 6, τci is well-defined for15

each measurement case. The cirrus for 16 and 18 April 2011 were quit homogeneous.
On 9 and 23 April 2011, a rather inhomogeneous cirrus was observed. On the 23 April
2011, a 22◦ halo was identified on the all-sky images but did not range into the FOV of
AisaEAGLE.

Fields of transmitted downward radiance I↓ as measured by AisaEAGLE for the four20

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 mea-
surement on the ordinate.

The cloud structure seen in the all-sky images in Fig. 7a–d is clearly imprinted in the
radiance field. The average values of the measured radiance Ī↓ are given in Table 1.25

The highest value of Ī↓ was observed for 23 April 2011 and the lowest for 9 April 2011.
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Especially for 18 April 2011 it is evident that the image is getting 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 solar azimuth position was in
the East at the same time. This brightening is caused by enhanced scattering for small
scattering angles, corresponding to the shape of the scattering phase function of ice5

crystals. Therefore, while performing the radiative transfer calculations to retrieve τci it
is necessary to know 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 scattering of ice crystals.

Using the calculated scattering angles derived for each spatial pixel from Eq. (2),10

Fig. 8 can be displayed as a function of scattering angle as shown in Fig. 9. The scat-
tering angles are symmetrical for each pixels to the pixel closest to the Sun. If the Sun’s
azimuthal position is almost rectangular to the sensor line, a minimum appears in the
detected 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 sec-15

tions is assigned a negative sign in Fig. 8, depending on the other values. Furthermore,
because of the Sun’s movement during the measurement period, the images are not
rectangular any more. The advantage of the illustration using scattering angles is that
structures in the image related to scattering features of the ice crystals occur now in
a fixed position throughout the time series as can be seen for 18 April 2011. The radi-20

ance always increases with decreasing scattering angle which is a typical characteristic
of the forward scatting of ice crystals.

4.2 Retrieved ice crystal shape

Ice crystal shape can be estimated from the directional distribution of radiance consid-
ering the scattering phase function of different ice crystals. The all-sky images in Fig. 725

can be used as a first indicator. While on 9, 16, and 18 April 2011 no Halo was visible,
on 23 April 2011 the typical 22 ◦ circle of enhanced radiance is present. Thus for the
23 April 2011 regular ice crystals like columns or plates must have been present. For
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the first three cases unregular ice crystals are more likely. The directional scattering
features were analysed in detail with the AisaEAGLE measurements. Figure 10 shows
the average of the measured downward solar radiance I↓ as a function of scattering
angle for 18 April 2011. Additionally simulations of downward radiance for different val-
ues of τci and different ice crystal shapes are included. Figure 10a shows that for the5

simulations assuming rough aggregates no halo appears in the calculated radiance.
However, for the 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,
as expected, the best agreement between simulated and measured downward radi-
ance I↓ was found for rough aggregates. For this reason, in Sect. 4.3, the τci for 18 April10

2011 were retrieved by assuming rough aggregates for the ice crystal shape.
A similar analysis for the 23 April 2011 is presented in Fig. 11. Comparible to the

all-sky image enhanced radiance is measured for scattering angles of about 20◦ to
26◦, indicating the halo. Best agreement is found for the mixture of different ice crystal
shapes while for aggregates the mismatch of the halo is obvious. Since the cloud inho-15

mogeneities during this day were rather high, an retrieval of the exact ice crystal shape
is difficult. Therefore, in the following retrieval of the τci for 23 April 2011, a mixture of
ice crystals was assumed first.

For 9 April 2011 and 16 April 2011 the retrieval of ice crystal shape within the cir-
rus is not possible by using this method. Due to the geometry (wind direction, sensor20

alignment, solar position) only a narrow range of scattering angles was detected and
cloud inhomogeneity was rather high. The detected scattering angles just cover the
edge of the halo regions. Therefore, the radiative transfer calculations to retrieve the
τci in Sect. 4.3 were performed for solid columns first, while the uncertainties of this
selection as well as for the other cases were checked in Sect. 5.25

4.3 Retrieved τci

The τci retrieved by the presented method are displayed in Fig. 12. The unit of the
abscissa and ordinate are converted into distances to the swath width and heading
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distance of the cirrus, respectively. For this, the altitude of the cloud base was used
to derive the values for the abscissa. The average wind velocity in the same altitude,
derived from the National Oceanic and Atmospheric Administration (NOAA), was used
to convert the ordinate into a distance.

For 18 April 2011 the retrieved τci indicates that the cloud is very homogeneous. This5

confirms that the observed increase in radiance (Figs. 8 and 9) results from enhanced
forward scattering of ice crystals and has been considered correctly by the model. For
23 April 2011 it can be found that quite inhomogeneous cirrus was observed with large
areas of clear-sky regions in between.

Frequency distributions of the retrieved τci for each measurement day are shown in10

Fig. 13. The histograms are normalized by the total of the retrieved τci with a bin size of
0.05 in τci. The average and the standard deviation of the retrieved τci for each dataset
are additionally listed in Table 1. High standard deviations compared to the average
values are a further measure for the homogeneity of the detected cloud situation. Thus,
the AisaEAGLE measurements confirm that the cirrus on 16 and 18 April 2011 was15

more homogeneous than on 9 and 23 April 2011.

5 Sensitivity study

A sensitivity study was performed to quantify the retrieval uncertainties with regard to
the assumptions made on the model input parameter. Besides surface albedo, cloud
properties such as the effective radius reff of the cirrus ice crystals, the cloud height20

and vertical extent, as well as the ice crystal shape were considered.
For the sensitivity study all input parameters of the benchmark retrieval (BM) 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 of τci (indicated
by τ̄ci). The results are listed in Table 2.25

1215

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

∆τ̄ci = 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 sand5

(0.073 and 0.314), respectively (Feister and Grewe, 1995). The effective radius reff was
assumed to be 20 µm in the benchmark retrieval. The sensitivity study was performed
for 15 µm and 40 µm. This range was estimated from MODIS measurements. The cirrus
optical thickness τci was too low to be detectable by MODIS during the period of the
presented measurements. Therefore, the surrounding regions of Barbados were used10

to derive the range of the effective radii.
Another source for uncertainties is the cloud height and vertical extent. For the sen-

sitivity 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 observations it is impossible15

to determine directly the ice crystal shape within the cirrus. While for the benchmark
retrieval solid columns were assumed, 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 percent up to almost 90 % dependent on the input param-20

eter. While Table 2 gives the different averages over the entire scene, in Fig. 14 the
uncertainties based on pure simulations are shown. Here, radiance were simulated for
cirrus in the range τci 0 to 0.5 and variable surface albedo, reff, height and crystal shape.
The simulated radiance are then applied to the retrieval method where the benchmark
properties are assumed.25

Table 2 shows that for a higher surface albedo τci will be overestimated. For a grass
surface with a slightly higher albedo than for water (0.068 and 0.073, respectively), the
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overestimation is still small. The calculations for sand (0.378) show a strong overes-
timation of τci. With a maximum of almost 29 % on 18 April 2011 and a minimum of
around 21 % on 16 April 2011, the uncertainties are larger than those arising from the
measurement uncertainty. This indicates that the surface albedo has to be determined
in advance to guarantee reliable measurements of τci. This relation can also be found5

in Fig. 14a. The retrieved τci for the synthetic radiance above water and grass are al-
most identical. Compared to this, the retrieval curve for sand shows higher values. The
overestimation of up to 30 % seems to be relatively high, e.g. for very small τci the
percental difference can be quit large. However, looking at the retrieved τci for the sen-
sitivity study in Fig. 14a and the absolute values in Table 2, the difference in τci is just10

about ±0.1 and lower. This sensitivity study represents an extreme case, as the grass
at Deebles Point was patchy and rather dry, so the literature estimate for the surface
albedo is on the high side.

The downward solar radiance I↓ depends approximately linearly on the ice crystals
reff. For the investigated cases during this study it can be seen that for a smaller reff15

the retrieved τci will be underestimated. For a larger reff the retrieved τci will be over-
estimated. Looking at the differences listed in Table 2 linearity can be assumed. The
absolute difference of reff =40 µm referring to reff =20 µm is four times higher than for
reff =15 µm referring to reff =20 µm. This ratio approximately is found for the calculated
differences in Table 2. However, comparing the results given in Table 2 and the retrieval20

curve shown in Fig. 14b, the differences are in a range below 5 %. This can also be
seen in the non-significant change in the absolute values. Therefore, the uncertainty
caused by estimating the unknown value of reff can be neglected.

Furthermore, it was found that there is no significant dependence of the retrieved τci
on the cloud height. The differences for all four cases are below 1 %. Only on 18 April25

2011, the difference is slightly larger with an underestimation of less than 1 %. There-
fore, possible uncertainties of the retrieved τci due to the cloud height are negligible.
This is also reproducible while looking on the retrieval curves in Fig. 14c which are
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congruent. The first variation of the absolute value of τci occurs at the third position
after the decimal point.

The final parameter for which the sensitivity of the retrieval algorithm was tested is
the ice crystal shape. As seen in Table 2, the differences show values up to almost
90 % in the measured cirrus fields. The retrieved τci in Fig. 14d confirm this statement.5

Compared to the other parameters, the retrieval curves show larger differences to each
other. In the region of the detected τci from the four presented measurement cases, the
differences between the curves increase with increasing τci. By using plates or rough
aggregates instead of solid columns, τci will be underestimated in both cases. The
average of τci is larger by up to 0.2. Compared to the average values of the detected10

τci this is not negligible. Therefore, improvements in the determination of the ice crystal
shape are important.

6 Summary and conclusions

Downward solar radiance fields were measured with high spatial, spectral and tempo-
ral resolution with a hyperspectral imaging spectrometer, AisaEAGLE. The procedure15

of data evaluation (dark current correction, smear correction) was described. It was
shown that the dark current and smear correction must be taken into account for every
measurement (calibration included). During the calibration procedure the whole spec-
tral range (100–1300 nm) must be used for an accurate smear correction.

The cirrus optical thickness τci is retrieved from the radiance measurements. On the20

basis of four measurement cases collected during the CARRIBA project in 2011 on
Barbados, the feasibility of retrieving cirrus optical thickness at high spatial resolution
and characterizing the cirrus heterogeneity was demonstrated. The cirrus on 16 and
18 April 2011 was quite homogeneous with mean τci of 0.28 and 0.20 and coefficients
of variation of 0.09 and 0.03 showed quite homogeneous cirrus, while on 9 and 23 April25

2011 rather inhomogeneous cirrus with mean τci of 0.41 and 0.30 and coefficients of
variation of 0.17 and 0.20 was observed.
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It was found that the homogeneity of the investigated cirrus is represented by the
standard deviation of the retrieved τci.

The sensitivity of the retrieval method was characterized by varying the model in-
put parameters such as surface albedo, the effective radius, the cloud height and the
ice crystal shape. Significant sensitivities of the retrieval method have been found with5

respect to the surface albedo and the ice crystal shape with up to 30 % and 90 % differ-
ences, respectively. The sensitivity of the effective radius (≤5 %) and the cloud height
(≤0.5 %) is rather small and can be neglected. This indicates that accurate knowledge
about surface albedo and ice crystal shape is required to derive reliable cirrus optical
thickness with AisaEAGLE. However, the determination of the ice crystal shape is com-10

plicated without in situ measurements inside the cirrus. Due to the fact that AisaEAGLE
is able to measure radiance as a function of a wide range of calculable scattering angle,
it gives the opportunity to receive information about the scattering phase function from
the radiance measurements. A first estimate of ice crystal shape was retrieved by com-
paring the directional radiance measured by AisaEAGLE to simulation and analysing15

the all-sky images. By this, it was possible to distinguish between regular ice crystals
producing a typical 22◦ halo and irregular ice crystals without halo. The shape retrieval
was limited to the narrow range of scattering angles which did not cover the halo in
some cases. In future studies the detected scattering angle range will be increased,
using a scanning version of the AisaEAGLE. The results will then be implemented in20

the retrieval algorithm to allow cirrus retrieval independent on any assumption of ice
crystal shape.

To adjust the measurement set up for this purpose, the best way to operate AisaEA-
GLE in a ground-based application is to adjust the sensor line into the azimuthal di-
rection of the Sun, with the clouds heading perpendicularly across the sensor line.25

Performing the measurements like this, the maximum possible range of the scatter-
ing 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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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
Average θ0 (◦) 36.7 28.6 28.5 14.5
Cirrus flow direction SW → NE NW → SE WSW → ENE SSW → NNE
Appearance inhomogeneous homogeneous homogeneous inhomogeneous
Cloud height (km) 11–15 12–15 13–15 11–14
Ī↓ (Wm−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 0.30±0.20
Covered ϑ range (◦) 35.1–47.1 32.6–37.9 21.2–48.2 12.2–36.3
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Table 2. Relative (%) and absolute difference of retrieved τci in comparison to benchmark case.

9 16 18 23
rel. abs. rel. abs. rel. abs. rel. abs.

Surface albedo (grass) 2.6 0.01 0.4 0.00 0.6 0.00 0.51 0.00
Surface albedo (sand) 27.8 0.11 20.6 0.06 28.9 0.06 23.27 0.21

reff (15 µm) 0.5 0.00 1.1 0.00 0.5 0.00 −0.6 −0.00
reff (40 µm) −4.9 −0.02 −3.9 −0.01 −0.9 −0.00 −0.58 −0.00

Cloud height (lower) −0.45 −0.00 −0.28 −0.00 −0.14 −0.00 −0.38 −0.00
Cloud height (higher) 0.31 0.00 0.19 0.00 −0.05 0.00 0.34 0.00

Crystal shape (plates) 14.80 0.06 75.3 0.21 85.6 0.17 64.06 0.58
Crystal shape (r.-aggr.) 23.3 0.09 26.1 0.07 33.1 0.07 14.37 0.13
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M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus 9

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).
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10 M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus

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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10 M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus

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. 3. Illustration of the AisaEAGLE measurement geometry in a Cartesian coordinate sys-
tem (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.
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M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus 11

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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M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus 11

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. 5. (a) Spectral radiance measured with AisaEagle, for smear corrections considering dif-
ferent 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).
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Fig. 6. Simulated radiance at 530 nm as a function of cloud optical thickness to illustrate the
ambiguity of the retrieval results.
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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.
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Fig. 8. Two-dimensional images of the evaluated AisaEAGLE radiance measurements at
530 nm with the measured I↓ (Wm−2 nm−1 sr−1) given in colour scales.
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Fig. 9. 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.

1233

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus 15

Fig. 10: Measured and simulated I↓ as a function of scattering angles. 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. 10. Measured and simulated I↓ as a function of scattering angles. 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.
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16 M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus

Fig. 11: Measured and simulated I↓ as a function of scattering angles. 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. 11. Measured and simulated I↓ as a function of scattering angles. 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.
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Fig. 12. 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.
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Fig. 13. Normalized histograms of τci for each of the four considered measurement days. Bin
size is 0.05 in cirrus optical thickness τci.
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M. Schäfer: Ground-Based Hyperspectral Imaging of Cirrus 19

Fig. 14: 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. 14. 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.
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