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Abstract. A ground-based hyperspectral imaging spectrom-1 Introduction
eter (AisaEAGLE, manufactured by Specim Ltd., Finland) is
applied to measure downward spectral radiance fields with
high spatial (1024 spatial pixels within 38.fleld of view), Satellite-derived cirrus cloud climatology includes cloud
spectral (488 spectral pixels, 400-970 nm, 1.25 nm full width COVer, optical thickness and crystal effective radius. Chang-
at half maximum), and temporal (4-30 Hz) resolution. The ing either of those parameters may change the magnitude of
calibration, measurement and data evaluation procedures atB€ir radiative forcing. For example, current global circula-
introduced. A new method is presented to retrieve the cirrudion models assume a standard value of 25um for the ice
optical thickness ) using the spectral radiance data col- crystal effective radius. For slightly smaller crystals, cirrus
lected by AisaEAGLE. The data were collected during the ¢louds would have a stronger cooling effeGafrett et al.
Cloud Aerosol Radiation and tuRbulence of trade wind cu-2003. Furthermore, cirrus clouds often show a high spatial
muli over BArbados (CARRIBA) project in 2011. The spa- and temporal variability and in addition might be optically
tial inhomogeneity of the investigated cirrus is characterisedthin. This makes it hard to detect cirrus by common remote
by the standard deviation of the retrieveg as well as the ~ Sensing techniques. The microphysical composition adds a
width of its frequency distribution. By comparing measured further complication. The crystal shape can change the cloud
and simulated downward solar spectral radiance as a functiofadiative properties substantially, which can cause biases in
of scattering angle, some evidence of the prevailing cirrus ic?0th satellite retrievals (based on reflected radiafozhler
crystal shape can be obtained and subsequently used to suBt al, 2009 and the energy budget estimates (related to irra-
stantiate the retrieval of¢i. The sensitivity of the retrieval diance Wendisch et a).2005 2007).
method with respect to surface albedo, effective radis)( Carlin et al.(2002 found a variability of cirrus albedo
cloud height and ice crystal shape is quantified. An enhance@s derived from millimetre cloud radar datasets of up to
sensitivity of the retrieved; is found with respect to the sur- 25 % due to the spatial cirrus inhomogeneity (over weakly
face albedo (up to 30 %) and ice crystal shape (up to 90 %)reflecting surfaces and at high solar zenith angles). There-
The sensitivity with regard to the effective ice crystal radius fore, vertical and horizontal cloud inhomogeneities are con-
(<5%) and the cloud height<(0.5%) is rather small and sidered to be one of the most likely reasons for the disagree-
can be neglected. ment between satellite cloud retrievals and in situ measure-
ments.Varnai and Marshak2001) 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 a].1995 Oreopoulos et al2000).
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 otherln Sect.2, the AisaEAGLE is technically characterised, and
3-D effects, but also by the number of wavelength bands andts calibration and data evaluation procedures are described
spatial resolution of the sensor. A second source of uncerand exemplified. Sectiof introduces a new method to re-
tainty in cirrus retrievals arises from the forward simulation trieve the cirrus optical thickness() from spectral radiance
applied within the retrieval algorithm. In the special case of data, which also uses angular sampling of the phase function
ice clouds, assumptions about the crystal shape and the corré obtain information about the particle shape. Its application
sponding scattering properties are mdgiehler et al (2009 to measurements is presented in S4cA sensitivity study
have shown that these assumptions can add an uncertainty oégarding the input parameters for the retrieval algorithm is
up to 70% and 20% in optical thickness and effective ra-given in Sect5.
dius, respectively. For the determination of the ice crystal It needs to be mentioned that this study does not fully capi-
shape,McFarlane and Marchan(®008 developed a best- talise on the hyperspectral capabilities of AisaEAGLE. Here,
fit ice crystal scattering model that uses angular dependernly one wavelength (530 nm) is used. Thus, the paper is re-
measurements from coincident Multi-angle Imaging Spec-garded to be a first feasibility study to show the potential
troradiometer (MISR) and MODIS reflectances. Sensitivity of AisaEAGLE for ground-based measurements of down-
to particle shape is provided by the multi-angle information ward solar spectral radiances and for retrievals of cloud mi-
from MISR.McFarlane and Marchan@008 were therefore  crophysical properties like the cirrus optical thickness from
able to distinguish between ice crystal habits such as aggrethe spectral measurements. In future studies, the wavelength
gates and plates. range used for data evaluation will be extended to increase
One way to check the retrieval algorithms with respect tothe number of retrieved cloud optical properties.
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-2  Measurements of spectral radiance fields
borne Simulator (MAS). With extensive microphysical and
solar radiation instruments as well as radiative transfer simu2.1  Campaign and measurement site
lations,Schmidt et al(2007) andEichler et al. (2009 inves-
tigated the differences between retrieved and measured min April 2011, spectral measurements of downward solar
crophysical cloud propertieSchmidt et al(2007) revealed radiance with the hyperspectral sensor AisaEAGLE were
large gaps between the retrieved effective radius from MASperformed on Barbados during the second campaign of the
and simultaneous in situ measurements. This disagreeme@loud Aerosol Radiation and tuRbulence of trade wind cu-
has not been resolved yet, partly because it has been exauli over BArbados (CARRIBA) projectSiebert et al.
tremely difficult to collocate remote sensing above the clouds2012). The aim of CARRIBA was to investigate microphys-
and concurrent in-cloud microphysical measurements. Suclical and radiative processes within and next to shallow trade
experiments are extremely important to link satellite cloudwind cumuli by helicopter-borne and ground-based obser-
observations of coarse resolution to spatially highly resolvedvations (e.gWerner et al. 2013ab). However, also cirrus
measurements of cloud properties. Unfortunately, such exelouds have frequently been observed by the ground-based
periments are rare, partly because instruments like MAS arénstrumentation.
very complex and expensive and are not available for fre- During the CARRIBA project in 2011, the hyperspectral
quent cloud experiments. sensor AisaEAGLE was located in the Barbados Cloud Ob-
Furthermore, there are only few cloud-resolving model servatory (BCO) of the Max Planck Institute for Meteorology
studies on cirrus inhomogeneities. They investigate, for ex{Hamburg, Germany) at Deebles Point (13.045;59.42 W),
ample, the radiative impact of the cirrus structuboifbie  a cape at the east coast of Barbados.
and Jonas200Y)), turbulence effectsLfu et al, 2003 or Additionally, measurements performed with a Raman li-
shear instabilitiesMlarsham and Dobbje2003. For a re-  dar and a cloud radar as well as radiosonde data are avail-
alistic simulation, a high spatial and temporal resolution isable from the same site. A more detailed description of the
required to represent the small-scale features of cirrus inhoBCO is provided bySiebert et al(2012. In parallel to the
mogeneities. In this regard, highly resolved measurement®isaEAGLE radiance measurements, all-sky images were
with ground-based imaging spectrometers can be a helpfutollected every 15s to monitor the cloud situation (cloud
tool to provide information on the cirrus inhomogeneities in coverage, cloud type, heading).
terms of radiance and cirrus optical thickness. Downward spectral radiance was measured under inhomo-
In this study, a ground-based hyperspectral imaging specgeneous cloud cover on 14 different days. Each day, two
trometer (AisaEAGLE,Hanus et al. 2008 is applied to  hours of data were collected in parallel to the helicopter
measure downward spectral radiance fields with high spatiaflights. While trade wind cumuli were not always present,
(1024 spatial pixels within 3697ield of view, FOV), spec-  cirrus clouds were observed during each measurement. In the
tral (488 spectral pixels, 400-970 nm, 1.25 nm full width at following, four measurement cases are evaluated with only
half maximum, FWHM), and temporal (4—30 Hz) resolution. cirrus clouds to exclude any radiative effects by low cumuli.

Atmos. Meas. Tech., 6, 1855868 2013 www.atmos-meas-tech.net/6/1855/2013/



M. Schéafer et al.: Ground-based imaging spectrometry of cirrus 1857

z the product of the perpendicular cloud drifting veloaityugd
)\ and the selected integration tinag; for the measurement.
Accounting for a non-perfect perpendicular orientation with

Focusing the anglex between the flow direction of the cirrus and the
opUcS orientation of the sensor lingxel is then given by
Collimating i t
optics © o — |si . Lt
Bikjacive g lpixel = [SIN | - veloud - tint.- Q)
optics B 3 i .
//\/ | 5% Figure3 illustrates the measurement geometry needed to de-
- rive the scattering angles for each spatial pixel. The scat-
— Dispersing tering angley is calculated from the scalar product of the
e Entrance slit Rl vector of the incoming solar radiatio§ (') and the vector of

the radiation scattered into the sensor directiGby:
Fig. 1. Optical scheme of an imaging spectrometer. Adapted from
DellEndice et al(2009). cosy = P 5€
|CD|-|SC]
= COSyp - SiNfp - Sin Bj + COSHy - COSB;. (2)
2.2 Hyperspectral imager AisaEAGLE
6o is the solar zenith angle arfil is the viewing zenith angle

The AisaEAGLE is a commercial imaging spectrometer Of spatial pixeli. The solar azimuth angle is considered
which is manufactured by Specim Ltd. in Finlandanus  relative to the azimuth angle of the AisaEAGLE sensor line.
et al, 2008. It is a single-line sensor with 1024 spatial Thereforeyp is cancelled out in Eq2j.
pixels. The instrument measures radiances in three dimen- For each spatial pixel the radiance is measured spectrally
sions: space, time and wavelength. The spatial and spectr&etween 400 and 970 nm with 488 wavelength pixels. The
dimensions are resolved by an optical assembly that disspectral resolution is 1.25nm full width at half maximum
plays the image onto a two-dimensional (2-D) sensor chip(FWHM). Since this spectral range covers more than one
The third dimension, time, corresponds to the motion of theoctave, the range from 800-970 nm requires order sorting.
clouds passing over the sensor. An optical schematic for thé&or this, AisaEAGLE has a second order depression using
path of the electromagnetic radiation detected by the centraprder blocking filters mounted near the detector. The integra-
spatial pixel is shown in FidL. tion time and the measurement rate are adjustable from 0.1
The incoming solar radiation within the field of view to200ms and 4 to 30Hz. During CARRIBA a frame rate of
(FOV) of AisaEAGLE is collected by a lens and an entrance4 Hz was used. The integration time was chosen between 10
slit. A collimating optics directs the radiation to a grating and 30 ms, depending on the illumination of the cloud scene.
(dispersing element), where it is dispersed into its spectral . ) . .
components. The spectral components are focused on the dé:3  Calibration, corrections and data handling
tector, which consists of a charge-goupleq device (CCD) eI—2.3.1 Calibration
ement for the spatial and spectral dimensions.

In contrast to airborne measurements such as reported, fofq gata collected by the AisaEAGLE are given in counts per
example, byBierwirth et al.(2013, the 2-D image evolves  jieqration time. A calibration to obtain radiance units

from the cloud movement and not from the sensor movementys\w m=2nm-Lsrlis performed with an integrating sphere

The sensor is aligned perpendicularly to the direction of they g the software AisaTools (provided by the manufacturer of
cloud movement, thus 2-D images of clouds with high spa-

’ ) ] . AisaEAGLE). The dark current is determined separately with
tial resolution are obtained. The FOV of the AiSaEAGLE de- 5 o ter. The calibration factors for each pixel are calculated

pends on the lens that is used for the measurements. DUringom, the calibration measurements using a certified radiance
CARRIBA, a lens with an opening angle of about 38Was  ganqard (integrating sphere, uncertairty %) traceable to

mounted. Figur@ shows the size of a single image pixel and e ys National Institute of Standards and Technology.
the swath of the entire image as a function of cloud height.

While the swath increases with distance to the cloud by2 3.2 Smear correction
the tangent of the opening angle, the pixel size depends on
its position on the sensor line. The FOV of a pixel (the pixel Since the AisaEAGLE detector is based on CCD technique,
width) in the centre (viewing zenith) is smaller than that of it is necessary to correct for the smear effect in calibration
a pixel at the edge. For example, a cloud at an altitude ofand measurement data. The smear effect occurs during the
10000 m yields an average pixel size of 6.6 m (6.3 m—6.9 m)read-out process of the collected photoelectrons, which are
with 6 700 m swath. To obtain 2-D images, the temporal di- shifted step by step from one spectral pixel to the neighbour-
mension of the hyperspectral measurements also translatésg one into the direction of the read-out unit (F). The
to a spatial quantity: the lengthixe| of the FOV of a pixelis  read-out process is not infinitely fast. Due to the fact that
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Fig. 2. Characteristi¢a) swath andb) pixel width for AisaEAGLE using the 36%7lens.

Vg generated while the original charges are already shifted to-

P wards the read-out unit. The original charge from a given

T j S pixel therefore increases by the radiation that falls on the
. pixel the charge travels through. The increase is proportional

= = 0\ to the smear correction factSk as well as the illumination
9/ C y of the pixels (see the fourth line of Fid).
The smear effect must be taken into account for each mea-
Bi surement as well as for the calibration. It should be men-
tioned that the AisaEAGLE CCD element consists of 1024
Up spectral pixels for the hypothetic wavelength range from 100

to 1300 nm. However, due to the optical assembly, the effec-
Fig. 3. lllustration of the AisaEAGLE measurement geometry in a tive spectral range of AisaEAGLE is decreased to 502 pixels
Cartesian coordinate system §, z) with position of the Sun (S), a  in the range of 400 to 970 nm (so-called effective wavelength
scattering cloud particle (C) and the AisaEAGLE detector @g)s range). Spectral pixels below or above this range receive
the solar zenith angley the solar azimuth angle, the scattering  stray light from pixels within the effective wavelength range.
angle, andB; the viewing angle of the corresponding pixel. 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

radiation can still reach the sensor during the read-out, th . : R
: . " ; or the smear correction (which significantly reduces the re-
pixels are contaminated by an additional signal. The read-out . .
uired data storage space). This is because solar spectral ra-

process begins at the red end of the spectral range. Therefor ; .
the additional signal (smear effect) is larger for shorter wave- fance is typically larger for shorter (400 nm) than for longer

lengths, because the corresponding charges have to traver(s%oo nm) wavelengths.
thegenti’re chip P 9 9 Unfortunately, this does not hold for the calibration. The

logen calibration lamp of the integratin here is much
The measurements can be corrected for the smear effecr:}a ogen calibration lamp o .t € Feg at 9 sphere .S uc;

. . . ) ¢older than the Sun and emits radiation with a maximum in
by applying the correction algorithm:

the near-infrared range (1000 nm) and low values at shorter

X1 =1, wavelength (400 nm). Consequently, the out-of-range wave-
x2—Sc-y1=y2 length pixels above 1000 nm receive a significant amount of
radiation.

3= Sc- (14y2) =3, A comparison between calibration coefficients derived

) with and without including the out-of-range pixels is shown
Xp— S+ (B[_1yi-1) = yn, 3) in Fig. 5. Significant differences are observed for wave-
wherex; are the uncorrected ang are the corrected digital lengths below 5.00 nm, which agrees with the theory of the
counts with the wavelenath indésx 1 The smear cor- smear effect. Differences range from 3% at 970 nm wave-

9 e I length to 13 % at 400 nm wavelength. Therefore, it is nec-

rection factorS¢ = fread-out fint IS the ratio of the duration of a . : .
. . . - r he entire AisaEAGLE ral ran rin
read-out step to the total integration time. For the first read-essa y to use the entire AisaEAGLE spectral range during

o . calibration, even though it is not used during data evaluation.
out step no correction is necessary, since the counts from thé
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
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Fig. 4. lllustration 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.

(a) simplification the surface albedo in the radiative transfer
simulations was assumed to be only water, as derived by
______ Jo0 - fp o 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-
500 600 200 800 200 1000 mined by lidar measurements at BCO. For the simulations,
P (b) a fixed reff has to be defined as no direct retrieval from
AisaEAGLE is possible. For this, a value of 20 um was as-
e S sumed. The assumedi was taken from MODIS data col-
lection 5 as best estimate for the area close to BCO. The
500 600 700 800 900 1000 value for the ice water content (IWC) is provided by libRad-
Wavelength (nm) tran (Mayer and Kylling 2005. libRadtran adapts the IWC
Fig. 5. (a) Spectral radiance measured with AisaEAGLE, for smear With respect to the prescribedit and simulated;. There-
corrections considering different wavelength intervals in the cal-fore, a direct retrieval of the IWC is not possible, because our
ibration: 100-1300nm (solid line), 400-1000 nm (dashed line). method is not sensitive .
(b) Differences between the spectral radiances shown in gajel Using these input parameters, downward solar radi-

ance Ija, was simulated as a function of values af.

The simulations were performed for the whole FOV of
3 Retrieval of cirrus optical thickness AisaEAGLE and interpolated over the entire period of each

measurement. Thus, a simulated grid of possible radiances
For the retrieval of cirrus optical thicknessgj from and corresponding; is available for each time stamp of the
the measured downward spectral radiardc¢etransmitted =~ measurement and each spatial pixel. The retrieyet de-
through the cirrus, radiative transfer calculations were perfived by interpolating the simulated radiances to the mea-
formed. The radiative transfer solver DISORT 2 (Discrete sured value for each spatial pixel using a linear interpola-
Ordinate Radiative Transfer) was applied. Input parametergion. To handle the ambiguity of the simulations, only cloud
such as cloud optical properties, aerosol content and spe@ptical thickness smaller than the one corresponding to the
tral surface albedo are provided by the library for radiative maximum radiance was considered. The uncertainty caused
transfer calculations (libRadtraMayer and Kylling 2005. by using a fixed-rr, surface albedo, cloud height and crystal
The so-called HEY (Hong, Emde, Yang) parametrisation wasshape is analysed in a sensitivity study in SBct.
used to describe the scattering properties of ice crystals. It The imaging measurements require an accurate descrip-
uses pre-calculated ice cloud optical properties including fulltion of the sensor geometry in the simulations as shown in
phase matrices generated with the modelsYapg et al.  Fig. 3. The sensor was aligned horizontally. The sensor az-
(2000. imuth angle was not measured directly but estimated from

In a first feasibility study, the simulations were performed measurements during the time when the Sun’s azimuthal po-

only at a wavelength of 530 nm. This wavelength was cho-sition was in the direction of the sensor line. If both azimuth
sen to match that of the lidar measurements at BCO. Sinc@ngles are equal, the measurements will be overexposed with
the BCO is located at the far end of this cape, the meaa distinct maximum. The sensor azimuth angle can be de-
surement site is surrounded by water, rocks and grass. Fdived from the time of that maximum. The viewing zenith
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the sequence of all-sky images (15s 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.

e During all four measurement cases; is estimated to

S — be less than 3—4. That means that the ambiguity of &ig.

Tt 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-

5 10 15 0 .

Cirrus Optical Thickness 7 _ sky images but unfortunately was not covered by the FOV of

¢ AisaEAGLE.

Fig. 6. Simulated radiance at 530 nm as a function of cloud optical  Fields of transmitted downward radiante as measured

thickness. by AisaEAGLE for the four cases are presented in Bighe

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 Fa.
to d is clearly imprinted in the radiance field. The average
valuesI ' of the measured radiandé are given in Tablé.

The highest value of ¢ 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
retriever; need to take into account the exact alignment of

this supplementary information was provided by all-sky im- the sensor line and the exact position of the Sun. If the sensor
grientation is carefully considered, the retrieval will account

ages and lidar measurements. The all-sky images do not giv o
a quanitative value of, but they were evaluated qualita- fg;i;g'sbgglgehg;:fagﬁect caused by enhanced forward scat-

tively. An experienced observer is able to judge whether a Using the calculated scattering angles derived for each

given cloud has an optical thickness higher or lower thanS atial pixel from Eq.2), Fig. 8 can be displayed as a func-
the maximum indicated in Fig. All retrieved z¢; presented P P ) 9.4, 9. e aispiay )
DA : . tion of scattering angle as shown in FIp. The scattering
within this study are in the range left of the maximum. - . :
angles are symmetrical for each pixel to the pixel closest
to the Sun. If the Sun’s azimuthal position is almost per-
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angle is given by the sensor FOV, whiclgis + 18°. Related
to this range, the downward solar radiamégwas calculated
for angles with 0.3 steps.

Figure 6 shows radiance simulations for the solar zenith
angles of 30, 45, and 8pa solar azimuth angle of 9Gnd
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 af; is ambiguous:
for example, atp=30° a radiance of 0.2W mf nm1sr1
corresponds tag; of either 1 or 15. This ambiguity has to be
considered using additional information of the estimatgd
In the case of thin cirrugg; less than about 3—4), the retrieval
curve for low values ot¢; must be used, for optically thicker
cirrus the section for large;; must be applied. Thus, inde-
pendent knowledge of the expected rangecpfs important
to avoid the ambiguity in the retrieval. During CARRIBA,

4 Measurements pendicular to the sensor line, a minimum appears in the de-
tected scattering angles per spatial pixel. In such cases, the
4.1 Measurement cases plot of IV as a function of the scattering angle would have

overlapping sections. For clarity, one of those sections is as-
Four datasets from the CARRIBA project from different days signed a negative sign in Fi§. Note that the images are
were evaluated: 9, 16, 18 and 23 April 2011. These daysot rectangular due to the movement of the Sun during the
showed persistent cirrus with no other clouds below. Anmeasurement period. The advantage of the illustration us-
overview of the main characteristics of the evaluated meaing scattering angles is that structures in the image related
surement periods can be found in Table to the scattering phase function of the ice crystals now oc-
Figure7a to d show all-sky images from the beginning of cur in a fixed position throughout the time series, as can be
the four cases. Within each image, the red arrow indicateseen for 18 April 2011. The radiance always increases with
the movement of the cirrus during the analysed period. Thedecreasing scattering angle, which is a typical characteristic
heading was derived by comparing the position of clouds inof 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
averagd#) (°) 36.7 28.6 28.5 145
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
N wm2nm1lsrl)+e 0.08+0.02 0.11+0.02 0.10£0.03 0.16+0.03
Tgj o 0.41+0.17 0.28+0.09 0.20+0.03 0.05+:0.04
covered? range f) 35.1-47.1 32.6-37.9 21.2-48.2 12.2-36.3
)P \S g 'S R s d o

Fig. 7. All-sky images from the beginning of the evaluated AisaEAGLE radiance measuremefasdakpril, (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 halo. The halo is quite hard to identify in Fifj0 due to the
cirrus inhomogeneities and because the halo is quite weak.

The ice crystal shape can be estimated from the directionafhe averaged radiance displayed in FIg. confirms this.
distribution of radiance, considering the scattering phaseThe halo can be seen in the averaged data. However, due to
function of different ice crystals. The all-sky images in Hg. the low tj of 0.2, the maximum of the enhanced radiance
can be used as a first indicator. While on 9, 16 and 18 Aprilwithin the halo region is relatively low. Concerning the ice
no halo was visible, the 22halo was observed on 23 April. crystal shape, best agreement is found for a mixture of dif-
Thus, regular ice crystals like columns or plates must haveferent ice crystal shapes, while for aggregates the mismatch
been present on that day. For the first three cases, irregular iasf the halo is obvious. A retrieval of the ice crystal shape
crystals are more likely, because the crystals did not producés difficult because the cirrus was very inhomogeneous, as
a halo. The directional scattering features were analysed iindicated by the high standard deviation. The variability of
detail with the AisaEAGLE measurements. Figlfdeshows  the radiances is abodt 0.03W nt2nm~1sr1, which cor-
the average measured downward solar radiaricand its  responds to a deviation of 20 % to the mean value. Therefore,
standard deviation as a function of the scattering angle fotthe radiance fluctuations cannot be related to the scattering
18 April 2011. The standard deviation depends on the scatphase function. Considering that the analysed sequence on
tering angle and was calculated in intervals o8 =0.3. 23 April is short, with only about 6 minutes duration, it is
Additionally, Fig. 11 includes simulations of downward so- more likely that changes afj account for the structure in
lar radiance for different values of; and different ice crys-  the radiance. Therefore, in the following retrieval of the
tal shapes. Figur&la shows that for simulations assuming for 23 April 2011, ice crystals in the shape of solid columns
rough aggregates, no halo appears in the calculated radidefault setting in libRadtran) were assumed.
ance. However, for calculations with solid columns, plates For 9 and 16 April 2011 the retrieval of the ice crystal
as well as a mixture of ice crystals, the two halo regions areshape within the cirrus was not possible. Due to the geometry
well defined in the simulation results. Furthermore, the bestwind direction, sensor alignment, solar position), only a nar-
agreement between simulated and measured downward raew range of scattering angles was observed and the clouds
diance/* was found for rough aggregates. For this reasonwere too inhomogeneous. The detected scattering angles just
the 7 for 18 April 2011 was retrieved by assuming rough cover the edge of the halo regions. Therefore, the radiative
aggregates for the ice crystal shape in S@&. transfer calculations to retrieve thg in Sect.4.3were per-

A similar analysis for 23 April 2011 is presented in formed for solid columns. An estimate of uncertainties re-
Fig. 12 Enhanced radiance is measured at scattering angldated to the shape assumption is provided in Sgct.
between 20 and 2§ which indicates the presence of a®22

www.atmos-meas-tech.net/6/1855/2013/ Atmos. Meas. Tech., 6, 18558 2013



1862 M. Sclafer et al.: Ground-based imaging spectrometry of cirrus

13:37:13 9 April 2011 024  14:17:42 16 April 2011 024

. 021 . 021
0184 0.18
18 .18~
0.15 «_; 0.15.
0.12 s 0.12 E
i 0098 0.09 8
g g
0.06 § 0.06 ;g
0.03 0.03
13:26:26 0.0 13:44:29 0.0
0 0

200 400 600 800 1000

Time (UTC)
Time (UTC)
m*nm” s|

200 400 600 . 6C
Spatial Pixel Spatial Pixel

14:17:13 18 April 2011 i 17:03:12 23 April 2011 0.24

g . 0217

2]

| oasy

0154

0123

0.09 8

=4

0.06 L

(]

0.03 @
0.0

Time (UTC)
Time (UTC)

13:43:56 16:45:10 = e
200 400 600 800 400 600 800

Spatial Pixel Spatial Pixel

Fig. 8. Two-dimensional images of the evaluated AisaEAGLE radiance measurements at 530 nm with the ni¢a@hned 2 nm—1 sr—1)
given in colour scales.

o

§ T T T T [ T T T T [ T T g 6 = | LI L Y L B B B B I 3
< R (b) 3
&5 S SE E
E g E
24 — Mixture L 4E —r =40um =
[0} . [0] E eff =
23 — Solid Columns 2 3E — —2p =
£ — Plates £°E w — SOMM 2
2, — Rough Aggregates o, E —r, =15um 3
9] & E E
§ g4 E =
3" 3'E
0 PR T T I o s s 0 Ev v 0 | 1
0 50 100 150 0 50 100 150
Scattering Angle 9 (°) Scattering Angle @ (°)

Fig. 9. Scattering phase functions f¢a) the different ice crystal shapes at 20 um gbysolid 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 cirrus was observed with large areas of clear-sky regions in
between.

The 7. retrieved by the presented method are displayed in Frequency distributions of the retrieveg for each mea-
Fig. 13. The measurement time and the pixel number havesurement day are shown in Fi. The histograms are nor-
been converted into the cloud travel path and the swath widthmalised by the total of the retrieved; with a bin size of
respectively. For this, the altitude of the cloud base was used-01 inzi. The average and the standard deviation of the re-
to derive the values for the abscissa. The average wind veliievedt for each dataset are additionally listed in Table
locity in the same altitude, derived from the HYbrid Single- High standard deviations compared to the average values are
Particle Lagrangian Integrated Trajectory (HYSPLIT) model & further measure for the heterogeneity of the detected cloud
provided by the Air Resources Laboratory (ARL) of the US situation. Thus, the AisaEAGLE measurements confirm that
National Oceanic and Atmospheric Administration (NOAA), the cirrus on 16 and 18 April 2011 was more homogeneous
was used to convert the ordinate into a distance. than on 9 and 23 April 2011.

For 18 April 2011 the retrievee; indicates that the cloud
is very homogeneous. This confirms that the observed in-
crease in radiance (Fig8and10) results from enhanced for-
ward scattering of ice crystals and has been considered cor-
rectly by the model. For 23 April 2011 quite inhomogeneous
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For ground-based measurements and without in situ ob-

o 0.14 g_ :‘l — 9April 2011 _E servations it is impossible to directly determine the ice crys-
sol2 I, "7 16 April 2011 — tal shape within the cirrus. While solid columns were as-
g 010 I, o ;g ﬁp::: zg“ - sumed in the benchmark retrieval, the sensitivity study was
8 c : ! P - performed with plates and rough aggregates.
g 0.08 E_ I ‘l = The differences between the benchmark retrieval and the
 0.06 — : e - sensitivity study vary in a range from less than one per-
B 0.04 Eo -"\ " = cent up to almost 90 % dependent on the input parameters.
i Eo, by = While Table 2 gives the different averages over the entire
0027 % ~ = scene, Figl5 shows the uncertainties based on pure simula-
000 el Lv e Lot s ) tions. Radiances were simulated fgrranging from 0to 0.5
0.0 0.2 0.4 0.6 0.8 1.0

and variable surface albeday, cloud altitude and crystal
shape. The simulated radiances are then applied to the re-
Fig. 14. Normalised histograms af;; for each of the four consid-  triéval method where the benchmark properties are assumed.
ered measurement days. The bin size is 0.01 units of cirrus optical19ure9 shows the corresponding scattering phase functions
thicknessre;. for the assumed ice crystal shapes and in the special case of
solid columns the scattering phase functions calculated for
the three considered valuesrgf.
5 Sensitivity study Table 2 shows that for a surface albedo higher than the
benchmark valuer; will be overestimated. For a grass sur-
A sensitivity study has been performed to quantify the re-face with a slightly higher albedo than for water (0.073 com-
trieval uncertainties with regard to the assumptions made onpared to 0.068 of water), the overestimation is still small. The
the model input parameters. We considered surface albed@alculations assuming a sand surface albedo (0.378) show
cloud properties such as the effective radiug) of the cir-  a strong overestimation af;. With a maximum of almost
rus ice crystals, the cloud height and vertical extent, as wel9 % on 18 April 2011 and a minimum of around 12 % on
as the ice crystal shape. 23 April 2011, the uncertainties are larger than those result-
For the sensitivity study all input parameters of the bench-ing from the measurement uncertainty. This indicates that the
mark retrieval (BM; surface albedo: wategs: 20 um, cloud  surface type has to be chosen correctly to enable accurate re-
base: as derived by lidar for each case, ice crystal shape: solidievals oft¢;. This relation is confirmed in Fidl5a. The re-
columns) except one were kept constant. The sensitivity igrieved t;; for the synthetic radiance above water and grass
expressed as the relative difference between the results of thare almost identical. Compared to this, the retrieval curve for
sensitivity study, calculated using the average valuegiof assuming a sand surface albedo shows higher values. The

Cirrus Optical Thickness T

(indicated bytgi). The results are listed in Tab overestimation of up to 30% seems to be relatively high;
e.g. for very smalkg; the percental difference can be quite
Az = 100%. (fci,BM - fci) @) large. However, looking at the retrieveg for the sensitiv-
“ TeiBM ity study in Fig.15a and the absolute values in Tallethe

difference intg; is just aboutt0.1 and lower. This sensitiv-

The benchmark case used a surface albedo of water (0.068 study represents an extreme case, as the grass at Deebles
at 530 nm wavelength). Due to the fact that AisaEAGLE wasPoint was patchy and rather dry, so the literature estimate for
not surrounded by water only, but also by grass and sandthe sand surface albedo is on the high side.
possible uncertainties may occur in the retrieval results. To The downward solar radiande depends approximately
guantify those uncertainties the retrieval was repeated usinginearly on theress Of the ice crystals. For the investigated
the surface albedo for grass and sand (0.073 and 0.B&#)( cases it can be seen that for a smahgr the retrievedr;
ter and Grewgl995. The effective radiusess was assumed  will be underestimated. For a largeg; the retrievedr;
to be 20 um in the benchmark retrieval. The sensitivity studywill be overestimated. Looking at the differences listed in
was performed for 15 and 40 pm. This range was estimatedable 2, linearity can be assumed. The absolute difference
from MODIS measurements. The cirrus optical thickngss  of reff =40 um, referring toes = 20 um, is four times higher
was too low to be detectable by MODIS during the period than forres = 15 um referring toresf =20 pm. This ratio ap-
of the presented measurements. Therefore, the surroundingroximately corresponds to the calculated differences in Ta-
regions of Barbados were used to derive the range of the efble 2. However, comparing the results given in TaBland
fective radii. the retrieval curve shown in Fidlob, the differences are

Another source for uncertainties is the cloud height andin a range below 5%. This can also be seen in the non-
vertical extent. For the sensitivity tests the cloud was lifted significant change in the absolute values. Therefore, the un-
4 km upward and 4 km downward; the cloud vertical extentcertainty caused by estimating the unknown valuesgfican
was not changed. be neglected. Comparing the scattering phase functions in
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Table 2. Relative (%) and absolute difference of retriewgdin 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 um) 0.5 0.00 1.1 0.00 0.5 0.00 -0.54 -0.00

reff (40 pm) —-4.9 -0.02 -39 -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
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Fig. 15.Retrieval curves for the explanation of the sensitivity results concernin@jisairface albeddpb) effective radius(c) cloud height,
and(d) ice crystal shape. Calculated for°38olar zenith angle, $0solar azimuth angle, solid columns, 11-13 km cloud height, surface
albedo for water and 20 um effective radius. The benchmark case represents the one-to-one line.

Fig. 9b, it can also be seen that they are quite similar at mostUnfortunately, those regions of the scattering phase function
detected scattering angles with the exception of the halo rewere covered only twice during this study: on 18 April 2011
gion and below 20. Since the differences between the scat- (with rough aggregates as the predominant ice crystal shape)
tering phase functions, calculated for differeqg, appear and on 23 April 2011 (highly inhomogeneous cirrus). But
mostly in the forward and backward scattering range but noteven in these two cases, thg; cannot be retrieved: rough
in the captured scattering angle range, this explains the smaliggregates do not produce the® 2alo, and the cloud in-
variation found in the sensitivity study. homogeneities on 23 April caused radiance fluctuations that
However, the contrast in the scattering intensity betweenexceed the intensity of the 2halo. Thus, the retrieval of the
22° and the surrounding minima for the threg in Fig. 9b reff from the angular measurements of the spectral radiance
is large. Thus, in the special case of solid columns as welldata will be part of future investigations.
as other hexagonal shapes (not shown), it will be possible to Furthermore, it was found that there is no significant de-
estimatere from the angular sampled spectral radiance datapendence of the retrieveg; on cloud height. The differences
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for all four cases are below 1 %. Only on 18 April 2011, the with respect to the effective radius (5%) and the cloud
difference was slightly larger with an underestimation of lessheight (< 0.5%) is rather small and can be neglected. This
than 1%. Therefore, possible uncertainties of the retrievedndicates that accurate knowledge of the surface albedo and
7¢i due to the cloud height can be neglected. This is also reice crystal shape is required to retrieve a reliable cirrus opti-

producible when looking at the retrieval curves in Figc, cal thickness with AisaEAGLE. However, the determination
which are congruent. The first variation of the absolute valueof the ice crystal shape is complicated without in situ mea-
of 1¢j occurs at the third digit behind the decimal point. surements inside the cirrus. Due to the fact that AisaEAGLE

The final parameter for which the sensitivity of the re- is able to measure radiance as a function of a wide range
trieval algorithm was tested is the ice crystal shape. As seenf scattering angles, it may provide the opportunity to de-
in Table2, the differences show values up to almost 90 % in rive information about the scattering phase function from the
the measured cirrus fields. The retrievegin Fig. 15d as  radiance measurements. A preliminary estimate of ice crys-
well as the scattering phase functions in Fig.confirm this  tal shape can be obtained by comparing the directional radi-
statement. Compared to the other parameters, the retrievaince measured by AisaEAGLE to simulation and analysing
curves show larger differences to each other. This is due tdhe all-sky images. It seems possible to distinguish between
the scattering phase functions, which are quite different tohexagonal ice crystals that produce a typical B2lo and ir-
each other for the scattering angle range, which was capturegegular ice crystals that do not. The shape retrieval might be
by the four measurement cases. In Fifd the differences limited to a narrow range of scattering angles which might
between the curves increase with increasigg By using  not cover the halo in some cases. In future studies the de-
plates or rough aggregates instead of solid colurapyill tected scattering angle range will be increased, using a scan-
be underestimated in both cases. The averagg @ larger  ning version of the AisaEAGLE. The results will then be
by up to 0.2. Compared to the average values of the detecteinplemented in the retrieval algorithm. The additional an-
7 this is not negligible. Therefore, the ice crystal shape isgular information might allow developing a cirrus retrieval
important to accurately retrieve the cirrus optical thicknesstechnique independent of assumptions about the ice crystal
from ground-based spectral radiance measurements. shape.

To adjust the measurement setup for this purpose, the best
way to operate AisaEAGLE in a ground-based application is
6 Summary and conclusions to adjust the sensor line in the azimuthal direction of the Sun,
with the clouds heading perpendicularly across the sensor
Downward solar radiance fields were measured with highline. Performing the measurements like this, the maximum
spatial, spectral and temporal resolution using a hyperspegossible range of the scattering phase function as well as the
tral imaging spectrometer (AisaEAGLE). The procedure of maximum possible range of the cloud field can be detected
data evaluation (dark current correction, smear correctionwithout a spatial distortion of the cloud shape.
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-acknowledgementsiVe are grateful for funding of project
ing the calibration procedure, the entire spectral range (100-S| 1534/3-1 and WE 1900/18-1 by the German Research Foun-
1300 nm) must be used for an accurate smear correction. dation (Deutsche Forschungsgemeinschaft, DFG) within the

The cirrus optical thickness{) is retrieved from the spec- framework of CARRIBA. The authors thank the Institute for
tral radiance measurements. On the basis of four measurdropospheric Research, Leipzig, particularly Holger Siebert, and
ment cases collected during the CARRIBA project in 2011 the Max Plgnck Institute fprMeteoroIogy, Hamburg, for organising
on Barbados, the feasibility of retrieving cirrus optical thick- the campaign and the logistic support at BCO.
ness at high spatial resolution and characterising the cirru
heterogeneity was demonstrated. The cirrus observed on 1
and 18 April 2011 was quite homogeneous with megrmof
0.28 and 0.20 and coefficients of variation of 0.09 and 0.03.
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