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[1] The impact of assumed ice crystal morphology on thermal infrared (IR) radiative
properties of subtropical cirrus is quantified. In particular, the crystal-shape-dependent
profiles of downwelling and upwelling thermal IR (broadband and spectral) irradiances
and the radiative forcing of cirrus (at the top and bottom of the atmosphere) are
investigated. For this purpose, airborne measurements of ice crystal size distribution (in
terms of ice crystal maximum dimension) from the CRYSTAL-FACE campaign and a
recently published library of thermal IR optical properties of nonspherical ice crystal
habits are implemented into radiative transfer simulations. Two cirrus cases are studied in
detail: (1) a high (cold) cirrus with small optical thickness (=1 at 10.8 um wavelength)
and (2) a lower (warmer) cirrus of relatively large optical thickness (/7). The relative
effects of ice crystal shape on thermal IR irradiance are substantial for the high, optically
thin cirrus (up to 70%). Spectrally, the largest effects of ice crystal shape are identified in
the atmospheric window spanning from 8 to 12 pum wavelengths, especially for the
upwelling irradiance above the cirrus. For the low cirrus of large optical thickness the
thermal IR irradiance is only slightly sensitive to ice crystal habit (less than 15-20%).
Within the major gas absorption bands the thermal IR radiation is essentially insensitive to
ice crystal shape. Furthermore, it is concluded that the thermal IR radiative forcing at the
top of the atmosphere contains significant ice crystal shape dependence for the high cirrus

case.

Citation: Wendisch, M., P. Yang, and P. Pilewskie (2007), Effects of ice crystal habit on thermal infrared radiative properties and
forcing of cirrus, J. Geophys. Res., 112, D08201, doi:10.1029/2006JD007899.

1. Introduction

[2] Cirrus clouds are widespread over the globe and
constitute an essential component of the Earth’s climate
system [Lynch et al., 2002]. They scatter and absorb solar
radiation (wavelengths between 0.3 and 4 pm), and absorb
and emit radiation in the thermal infrared (IR) spectral range
(about 4—100 pm, also called terrestrial or longwave
spectral range). In this way cirrus clouds influence the
radiative energy budget of the Earth.

[3] Thin and high (cold) cirrus clouds warm the atmo-
sphere in a manner similar to IR active (greenhouse) gases
such as H,O or CO, [e.g., Liou, 1986]. Longwave radiation
emitted by the lower (warmer) atmosphere and the surface is
absorbed by these clouds. However, because the cirrus is
situated in high altitudes, i.e., colder atmospheric environ-
ments, the cirrus clouds emit at much lower temperatures.
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Therefore the IR emission to space is lower in their
presence. Some of the emitted radiation is directed down-
ward thus adding to the net (solar plus longwave) radiation
at the surface and lower atmosphere. However, as pointed
out by, e.g., Baran [2004], the combined solar and thermal
IR radiative effect of cirrus may also be cooling, depending
on the vertical position (temperature) of the cirrus, its
optical thickness and microphysical properties. Optically
thick and low (warm) cirrus may cool the atmosphere if the
solar albedo effect (reflection of solar energy back to space)
exceeds the longwave warming.

[4] Ice crystal shape and size distribution may have a
significant impact on the sign (warming or cooling) of the
radiative forcing of cirrus clouds [Zhang et al., 1999]. Also
there are effects of crystal shape on the remote sensing of
cirrus microphysical and optical properties from thermal IR
radiation measurements [e.g., Stubenrauch et al., 1999;
Baran et al., 1999; Rddel et al., 2003]. In this context also
the paper by Mitchell et al. [1996] has to be mentioned. This
study of Mitchell et al. [1996] described the sensitivity of
cirrus emissivity at constant Ice Water Content (/WC) to
crystal shape over the wavelength range 4—175 microns
(similar to the current paper, but Mitchell et al. [1996] did
not address irradiances).

[s] To investigate the net (i.e., combined solar and
thermal IR) radiative impact of cirrus, radiative transfer
simulations are required which are often based on micro-
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physical measurements and the optical properties (scattering
and absorption) of the individual ice crystals of the cirrus
cloud. These optical quantities depend on the size and shape
of the ice crystals, as well as on the wavelength of the
incident radiation. The size of ice crystals in cirrus covers a
broad range (from micrometers to millimeters). For the
simulations of cirrus net radiative forcing a wavelength
range from the near ultraviolet (UV) to the far IR (0.3—
100 pm) has to be covered. Because cirrus clouds are most
prevalent at high altitudes (cold environments), these clouds
mainly consist of nonspherical ice crystals with complicated
scattering and absorption features. Elaborate numerical
techniques are required for computing the optical properties
of the individual nonspherical ice crystals. Although these
methods are established [Mishchenko et al., 2000], there is
no single tool which concurrently covers all feasible ice
crystal sizes, wavelengths (near UV to far IR) and ice
crystal shapes [Fu et al., 1999].

[6] Until recently most of the studies on the radiative
impact of nonspherical ice crystal habit have focused on the
solar part of the spectrum [see, e.g., Mitchell and Arnott,
1994; Macke et al., 1998; McFarquhar et al., 2002;
Schlimme et al., 2005; Wendisch et al., 2005, and numerous
references therein]. For the thermal IR spectral range similar
systematic investigations to evaluate the influence of dif-
ferently shaped ice crystals on thermal IR cirrus radiative
properties are fewer [e.g., Francis et al., 1999; Yang et al.,
2001; Baran and Francis, 2004; Baran, 2005]. This is
partly due to the lack of affordable (in terms of computer
requirements) numerical tools to calculate the scattering and
absorption properties of nonspherical ice crystals in the
thermal IR wavelength range.

[7] At present, there is no specific method that can be
applied to the computation of the optical properties of
nonspherical particles with sizes spanning from Rayleigh
scattering regime (particle size much smaller than wave-
length of incident radiation) to the geometric optical regime
(particle size much larger than wavelength). Recently, using
a combination of several light scattering computational
methods on the basis of the approach suggested by Fu et
al. [1998], Yang et al. [2005] calculated the optical proper-
ties for ice crystals (seven different shapes were assumed)
with maximum dimensions from about 2 to 9,500 um
within the wavelength range from 3 to 100 pym. Yang et
al. [2005] provided their results in the form of look-up
tables.

[8] In this paper we have used this library of optical
properties (for thermal IR wavelengths) of individual,
nonspherical ice crystals by Yang et al. [2005] to study
the impact of ice crystal habit on the thermal IR (broadband
and spectral) radiative transfer through cirrus. Instead of
using parameterized ice crystal size distributions as done by,
e.g., McFarquhar and Heymsfield [1997], we have utilized
specific in situ measurements of two cirrus clouds from
a field campaign. These were the same microphysical
measurements (ice crystal size distributions) as used by
Wendisch et al. [2005, hereafter referred to as W05]. In this
way the present paper is a companion to WO05.

[o] In WOS5 the effects of ice crystal morphology on solar
spectral irradiance and cirrus forcing were investigated in
detail. In situ measurements of ice crystal size distribution
were used in W05 to calculate profiles of solar spectral
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irradiance above and below the cirrus and its solar radiative
forcing. Spheres and nonspherical ice crystal habits (col-
umns, hollows, plates, bullets, and aggregates) were as-
sumed in the simulations. Two cirrus cases (optically thin
cirrus and cirrus of moderate optical thickness) were inves-
tigated in WO5. The second case had an optical thickness of
about 7, which is considered ‘“‘moderate” in the solar
spectral range. However, in the thermal IR such an optical
thickness is large; the emission of such a cloud is nearly
identical to 1 and thus the cloud is “black™ in the thermal
IR. Therefore this second cirrus case is called “cirrus of
large optical thickness™ in the following text, although the
same case is called “moderately optically thick” in WOS5.

[10] The major conclusion of W05 was that the impact
of shape characteristics of the ice crystals is important for
the reflected irradiance above the optically thin cirrus,
especially for small solar zenith angles. In this situation
single-scattering dominates the reflected solar radiation and
thus angular details of the nonspherical phase function
persist in the cirrus scattered radiation field. For the cirrus
of large optical thickness (when multiple scattering is
important) the effects of ice crystal habit were found to be
of minor importance because of the integrative influence of
many successive scattering events.

[11] This paper is divided into the following sections. In
section 2 the measured data (microphysical and radiation)
utilized here are briefly introduced. Section 3 elucidates
how the microphysical measurements and the optical library
of Yang et al. [2005] are combined and used to drive
the radiative transfer model and to simulate profiles of
downwelling and upwelling thermal IR irradiance. In the
primary section of this paper, section 4, the impact of ice
crystal shape on thermal IR irradiance (broadband and
spectral) and radiative forcing of the cirrus (at top and
bottom of the atmosphere) are simulated and discussed.
Section 4 also compares calculated broadband thermal IR
irradiances with coincident measurements. A summary and
the major conclusions are presented in section 5.

2. Experimental Section

[12] Airborne measurements of profiles of ice crystal
number size distribution (as a function of maximum dimen-
sion of the crystals), meteorological (drop sounding
measurements of profiles of air temperature, pressure, and
relative humidity), and thermal IR radiation measurements
were conducted during the Cirrus Regional Study of Trop-
ical Anvils and Cirrus Layers—Florida Area Cirrus Exper-
iment (CRYSTAL-FACE) [Jenson et al., 2004]. Data from
CRYSTAL-FACE are used in this study. The measurements
used here were collected by three aircraft. The microphys-
ical, in situ size distribution data were taken by the National
Acronautics and Space Administration (NASA) WB-57F
aircraft. A second NASA aircraft (ER-2) performed broad-
band thermal IR irradiance measurements above the cirrus.
The Naval Research Laboratory CIRPAS (Center for Inter-
disciplinary Remotely Piloted Aircraft Studies) Twin-Otter
(type UV-18A) aircraft sampled broadband thermal IR
irradiance data below the cirrus.

[13] The broadband upwelling and downwelling thermal
IR irradiance measurements were obtained using CG-4
pyrgeometers (manufactured by Kipp & Zonen, Delft, The
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Table 1. Ice Crystal Habits Included in This Study®

Ice Crystal Shape Curve Notation

thick solid lines

long dashes

dotted lines
dash-dot-dot-dotted lines
dash-dotted lines

dashed lines

thin solid lines

Sphere

Droxtal

Solid hexagonal column
Hollow hexagonal column
Hexagonal plate

Bullet rosette

Aggregate

“The curve notation is applied in all figures of this paper.

Netherlands) mounted on the ER-2 and Twin-Otter. These
pyrgeometers are sensitive to thermal IR radiation in the
wavelength range from 4.5 to 42 pum. The microphysical
measurements were collected from a suite of instruments on
board the WB-57 which were discussed in detail in WO05.

[14] Two specific cirrus clouds (the same as in W05) are
analyzed in this paper. On 26 July 2002 an optically thin,
high (cold) cirrus was sampled at altitudes between 13.1 and
15.4 km. The ER-2, equipped with the CG-4 pyrgeometers,
was flying above this cirrus, while the microphysical
properties were measured within the cirrus from instruments
on board the WB-57. For this cirrus case no concurrent
pyrgeometer measurements by the Twin-Otter below the
cirrus were available. The second cirrus case investigated
here was observed on 23 July 2002. On that day a cirrus
of larger optical thickness was sampled between 6.4 and
8.0 km altitude by the radiation and microphysical instru-
ments mounted on the three aircraft. An overview of the
general characteristics of the two clouds is given in Table 1
of WO05.

[15] The aircraft flight patterns for these two cirrus cases
were identical to those selected in W05 (see Figures 1 and 3
in WO05). The original selection of these patterns was
performed in WOS5 after careful screening of the entire
CRYSTAL-FACE data set. The three criteria for the selec-
tion of the cases were (1) available profile measurements of
the microphysical properties through the cirrus measured by
the WB-57F; (2) available irradiance data above the cirrus
collected by the ER-2, and if possible, by the Twin-Otter
below cirrus; and (3) close vertical colocation (in space and
time) between the two radiation aircraft (ER-2 and Twin-
Otter) and the microphysical measurements conducted by
the WB-57F. The final time periods of the flight paths were
then chosen in W05 after inspection of the reflected solar
spectral irradiance measured by the downward looking part
of the NASA Solar Spectral Flux Radiometer (SSFR)
mounted at the ER-2, which had to be sufficiently constant
along the flight path. For compatibility reasons we use the
same selected flight paths from WOS5 in this paper.

3. Radiative Transfer Simulations

[16] A similar modeling strategy as described in W05 is
followed in this paper. However, for the spectral optical
properties of individual ice crystals of different sizes in the
thermal IR spectral range the look-up tables by Yang et al.
[2005] are employed here. This database includes the
extinction and absorption efficiency, the single-scattering
albedo, and the asymmetry parameter of individual non-
spherical ice crystals for six crystal habits (see Table 1). The
data are given as a function of 45 sizes (corresponding to
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the size bins of the number size distribution instruments)
ranging from 2 to 9,500 pm. These sizes represent the
maximum dimensions of the respective crystals. A wave-
length range of 3—100 pm is covered by the look-up tables.
The effects of ice crystal shape on the optical properties of
the individual crystals are discussed in detail by Yang et al.
[2005].

[17] The optical properties of individual ice crystals are
weighted with the corresponding ice crystal number size
distribution (measured by the WB-57 as a function of
height) in the same manner as described in W05 (see
equations (1)—(3) in WO0S5). The resulting profiles of the
volumetric spectral optical properties (extinction coefficient,
single-scattering albedo, asymmetry parameter) of the ice
crystal populations are used as input to the radiative transfer
tool libRadtran (library for Radiative transfer) by Mayer and
Kylling [2005]. The same meteorological input (from drop
sondes) and spectral surface albedo as described in W05
was used here to run libRadtran. The discrete ordinate
solver DISORT version 2.0 by Stamnes et al. [1988] with
six streams was applied. The model calculates profiles of
spectral upwelling and downwelling irradiance, F\ and F¥
(in W m~2 um™"), as well as upwelling and downwelling
broadband thermal IR irradiance ' and ' (in W m™~?). The
simulations cover the wavelength range from 3.8 to 70 ym.
For the broadband simulations the correlated k-distribution
band parameterization suggested by Fu and Liou [1992]
was used. For the spectral calculations the SBDART radi-
ative transfer model by Ricchiazzi et al. [1998] was applied.

4. Influence of Cirrus Crystal Habit
4.1. Procedure and Scenarios

[18] Anoverview of the combined measurement-modeling
procedure as described in sections 2 and 3 is illustrated
in Figure 1. On the basis of the microphysical mea-
surements of the ice crystal size distribution and using
the optical library by Yang et al. [2005] the volumetric
scattering and absorption properties of the ice crystal
population are simulated (using equations (1)—(3) in
WO05). Then radiative transfer calculations are performed as
described in section 3. The resulting downwelling and
upwelling, thermal IR irradiances (broadband and spectral)

Microphysical Measurement
(Ice Crystal Size Distribution)

@

Volumetric Scattering Radiative Transfer

and Absorption |:> Simulations

I J

Calculated Optical / Downwelling and

Properties of Individual Upwelling Irradiances
Measurements @

Ice Crystals
| Radiative Forcing |

(Yang et al., 2005)

Figure 1. Overview of the methodology combining
measurements and simulations.
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Table 2. Spectral Optical Thickness (Dimensionless) for Two
Cirrus Types (26 July 2002, Optically Thin Cirrus, and 23 July
2002, Cirrus of Large Optical Thickness) and Two Scenarios (N =
Constant and /WC = Constant) Assuming Different Ice Crystal
Shapes”

26 July 2002: 23 July 2002:
Optically Thin Large Optical
Cirrus Thickness

Scenario (Constant =) N wc N mwc
Sphere 1.5 1.5 7.1 7.1
Droxtal 1.4 1.7 6.8 7.7
Solid hexagonal column 1.3 2.2 6.0 16.7
Hollow hexagonal column 1.1 23 5.0 17.4
Hexagonal plate 0.91 3.5 4.1 20.0
Bullet rosette 0.74 4.5 2.8 24.9
Aggregate 0.57 3.6 1.5 12.4

“Wavelength is A = 10.8 pm.

are compared to available measurements (pyrgeometer, see
section 2) and finally the radiative forcing of the cirrus is
derived (see section 4.5).

[19] All simulations in Figure 1 are carried out assuming
different ice crystal shapes (see Table 1). Six nonspherical
ice crystal habits (droxtals, solid and hollow hexagonal
columns, hexagonal plates, bullet rosettes, and aggregates)
from the optical library of Yang et al. [2005] are considered
here. All nonspherical ice particles are assumed to be
randomly oriented in space. The detailed geometry of the
crystal habits is described by Yang et al. [2005, and
references therein]. For comparison, we also include ice
spheres in the computations.

[20] Two scenarios are investigated in this paper. In the
first scenario the number size distribution of the ice crystals
as a function of their maximum dimension is conserved. In
this way the crystal number concentration N is fixed
whereas the Ice Water Content (/WC) varies with crystal
shape in the simulations of Figure 1. Spheres have the
largest /WC for a given maximum dimension, while aggre-
gates exhibit the lowest /WC in this approach. The purpose
of this first scenario is to test the magnitude of shape-related
effects on the simulations of cirrus radiative properties when
using number size distribution measurements without any
additional shape information in the calculations. Usually the
maximum size of the individual crystals is measured, but no
shape information for each individual crystal is available. If
these measured number size distributions of the ice crystals
are used in radiative transfer simulations the question arises
how the unknown shape information impacts the simulated
radiative properties of the cirrus. This scenario addresses
this rather instrumental issue.

[21] In the second scenario the /W C is kept constant when
varying the crystal habit in the calculations of Figure 1. This
was realized by the following procedure: First we have
calculated the IWC of the particle size population assuming
spherical crystal shapes using the given volume of the
individual ice spheres, the number size distribution and an
ice density of 0.92 g cm 2. For the nonspherical ice crystal
population we have applied the same technique to simulate
the IWC. The ratio between the two [WCs (spherical/
nonspherical) was used to scale the number size distribu-
tion of the ice crystals, such that the resulting /WC is
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independent of crystal shape. The scaled number size dis-
tribution was used subsequently to calculate the volumetric
optical properties. In this way the /IWC stays constant and is
independent of crystal habit. However, as a consequence,
N is changing for the different crystal habits, whereas the
shape of the number size distribution is retained in this
second scenario. This comprises a more physical approach.
If, for any reason, the crystal shape varies in the cirrus, then
it is realistic that the /WC does not change during this
transition. This assumption links N with crystal shape. In
fact, extinction and absorption in ice clouds depend on the
mass and the total projected cross-sectional area of the
crystals but not on N [e.g., Mitchell et al., 1996]. Thus,
from the modeling point of view it is more reasonable to
keep the /WC constant.

[22] The two scenarios cover most of the options possible
in reality and should be considered as extreme cases. As an
additional approach we have kept constant the cirrus optical
thickness, which revealed a very minor shape sensitivity.
This is hardly surprising. If the optical thickness is fixed,
then the only parameter carrying shape sensitivity into the
radiation calculations is the asymmetry parameter, which is
not particularly sensitive to crystal habit in the thermal IR
wavelength range.

[23] In the following tables and figures the first scenario
is labeled by N (or N = constant) and the second scenario is
marked by IWC (or IWC = constant), respectively.

4.2. Cirrus Optical Thickness

[24] The impact of the ice crystal habit on the spectral
optical thickness (integral over height of the volumetric
extinction coefficient) is quantified in Table 2. The cirrus
optical thickness for the two cirrus cases and for the two
scenarios (N and IWC scenario) for the exemplarily wave-
length of A = 10.8 um is presented in Table 2.

[25] The shape of the ice crystals exerts significant effects
on cirrus optical thickness in both cirrus cases studied in this
paper. For the first scenario (N = constant) spheres clearly
exhibit the largest cirrus optical thickness corresponding to
the maximum values of the spectral volumetric extinction
coefficient for spheres compared to other ice crystal shapes.
This is caused by the largest total projected cross-sectional
area characteristic for spheres compared to all other crystal
geometries. At the other extreme, aggregates reveal the
lowest total projected cross-sectional area and therefore
yield the lowest optical thickness in the thermal IR spectral
range. This is in agreement with the findings of W05 (for
the same scenario) for the solar optical thickness of the
cirrus.

[26] For the optically thin cirrus observed on 26 July
2002 the spectral optical thickness at A = 10.8 pm ranges
between 1.5 (spheres) and 0.57 (aggregates). For the cirrus
of large optical thickness of 23 July 2002 the respective
range is 7.1 (spheres) to 1.5 (aggregates). This wide range
shows that the uncertainties of the optical thickness of the
cirrus caused by the shape assumptions may be consider-
able, when the cirrus optical thickness is derived from
measurements of crystal number size distribution without
any accompanying shape information.

[27] If the IWC is fixed during the calculations (second
scenario), then spheres reveal the lowest, bullet rosettes and
aggregates the largest cirrus optical thickness. This holds for
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Figure 2. Measured (thin solid lines with open symbols) and simulated (horizontal lines without
symbols) broadband thermal IR irradiance for (a and b) the high (cold) optically thin cirrus (26 July 2002)
and (c and d) the low (warm) cirrus of large optical thickness (23 July 2002). Open triangles mark the
ER-2 pyrgeometer data, and open squares mark the Twin-Otter measurements. The first scenario is
labeled by N (or N = constant), and the second scenario is marked by I/WC (or IWC = constant),

respectively. For curve notation, see Table 1.

both cirrus cases investigated here. This opposite behavior
compared to the first scenario is again explained by the total
projected cross-sectional area, which is decisive for the
radiative properties of cirrus in the thermal IR spectral
range. In contrast to the first scenario, in the second
approach spheres exhibit the smallest total projected
cross-sectional area, whereas bullet rosettes and aggregates
have a much higher total projected cross-sectional area. The
variability of the calculated cirrus optical thickness is
similarly large (optically thin cirrus: 1.5 [spheres] to 4.5
[bullet rosettes]; cirrus of large optical thickness: 7.1
[spheres] to 24.9 [bullet rosettes]) compared to the first
scenario. This suggests that also in this second scenario
crystal habit seriously matters in terms of cirrus optical
thickness.

[28] Because the cirrus optical thickness is a major input
parameter to the atmospheric radiative models describing
the transfer of thermal IR radiation through cirrus, respec-
tive shape-related consequences for the thermal IR irradi-
ance and the derived thermal IR radiative forcing of the

cirrus can be expected. These will be quantified in the
subsequent sections.

4.3. Measured and Simulated Broadband
Thermal IR Irradiance
4.3.1. Horizontal Flight Legs

[29] The measured time series of the broadband thermal
IR irradiance collected by the CG-4 pyrgeometers along the
flight track of the ER-2 and Twin-Otter aircraft are shown in
Figure 2 (thin solid lines with open symbols), together with
the respective simulations assuming different ice crystal
habits (horizontal lines with no symbols). The resulting
curve families corresponding to the two scenarios are
denoted by N and IWC respectively. For the optically thin
cirrus (26 July 2002) located higher up (13.1-15.4 km) in
the atmosphere the curve families of both scenarios are
plotted (N = constant; /WC = constant). For the cirrus of
large optical thickness (23 July 2002) which was situated
lower (6.4—8.0 km) in the atmosphere the shape sensitivity
was generally much smaller; therefore only the results of the
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second scenario are shown in this cirrus case. This distinc-
tion yields for all subsequent figures.
4.3.1.1. Crystal Shape Effects

[30] In general, the largest shape sensitivity (i.e., largest
vertical spread of the horizontal lines) at the respective
flight altitudes of the two aircraft is revealed for the
upwelling irradiance above the high, optically thin cirrus
(see Figure 2a). Certainly, the downwelling irradiance above
the two clouds does not show any shape dependence (see
Figures 2b and 2d). In those cases only the thick solid line
indicating the spherical shape assumption is visible in the
figure; the other lines are overlaid.

[31] For the optically thin cirrus (Figures 2a and 2b)
there is a significant shape dependence of the upwelling
irradiances (above cloud) reflected by the cirrus (see
Figure 2a). The total range covered by the simulations is
97-208 W m 2. The first scenario (N = constant, curve
family above the thick solid curve) reveals the spheres
with the least emitted irradiances, corresponding to the
highest cirrus optical thickness in this case (see Table 2).
Upwelling IR irradiance above cirrus with spherical par-
ticles is lowest in the first scenario because they are the
optically thickest and have absorbed most of the longwave
IR radiation emitted from below. For the second scenario
(IWC = constant, curve family below the thick solid line)
the effect is opposite: spheres correspond to the lowest
optical thickness (see Table 2) and thus more upwelling
irradiance emitted from below is transmitted. Bullet
rosettes and aggregates have more total projected cross-
sectional area than the other crystal types and therefore
exert the strongest impact on upwelling irradiance in the
thermal IR for the second scenario (/WC = constant).
These nonspherical crystals have less mass per unit length
and this enhances N for constant /IWC, and thus the total
projected area of the ice crystal population is enhanced. As
noted above, the radiative properties depend on total area
cross section and mass but not N.

[32] The downwelling irradiance above the cirrus (see
Figure 2b) is not affected at all by the shape assumption
for the crystals of the cirrus, which is no surprise. Also
the upwelling and downwelling irradiances above and
below the cirrus of large optical thickness (23 July 2002,
Figures 2¢ and 2d) are only moderately influenced by the
shape assumptions (see Figures 2¢ and 2d). In this case the
emissivity of the cirrus is nearly identical to 1 regardless
of ice crystal shape. Furthermore, this cirrus is situated
lower in the atmosphere (6.4—8.0 km) in a much warmer
environment. Because the temperature difference between
cloud and atmosphere-surface below is less, the contrast in
cloud emission and atmosphere-surface emission is also less
so crystal morphology has less of an impact.
4.3.1.2. Model-Measurement Comparison

[33] The measured upwelling irradiance at the ER-2 flight
level (thin solid line with open triangles in Figure 2a) is
higher compared to the simulations, whereas the measured
downwelling irradiance above the cirrus (Figure 2b) is well
represented by the simulations. The model-measurement
discrepancy in Figure 2a can partly be explained by the
cirrus horizontal inhomogeneity which is not considered in
the simulations. Fu et al. [2000] find a similar bias in the
outgoing longwave radiation (OLR) emitted by cirrus.
These authors postulate that the OLR bias is caused by
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the neglect of horizontal cirrus inhomogeneities and that the
OLR bias is most significant for semitransparent cirrus (low
optical thickness) which is located in the cold upper
troposphere. That is exactly the case for the cirrus of
26 July 2006. The OLR bias reported by Fu et al. [2000]
is in the range of —14 W m ™2 for cirrus with a mean optical
thickness of 0.8 and a cloud top height of 11 km. Since the
cloud top height in the present cirrus case of 26 July 2002
with low optical thickness is even higher (15.4 km), the
OLR bias might easily reach more than 20 W m ™2,

[34] For the low (warm), optically thicker cirrus observed
on 23 July 2002 (see Figure 2c) there is no such OLR bias.
In this cirrus case the measured upwelling irradiance above
the cirrus is well represented by the simulations, which is in
agreement with what would be expected from the paper by
Fu et al. [2000].

[35] However, for the downwelling irradiance below the
optically thick cirrus there is a gap between measurements
and calculations (see Figure 2d). A similar model-
measurement discrepancy has been reported in W05 for
the solar downwelling irradiance below the cirrus. In W05
the measurements of the reflected solar spectral irradiance
above the cirrus was mostly well within the range given by
the simulations. Significant discrepancies between measure-
ments and simulations were observed for the transmitted
solar spectral irradiance below the cirrus, similar to this
study. This suggests that the measurements of the solar and
thermal IR irradiance in WOS5 and this paper are coherent
and that the problem is in the respective input to the
simulations. In W05 poor colocation of the microphysical
and radiation measurements was identified as possible cause
for the problems in the measurement-calculation compari-
son of the downwelling solar irradiance below the cirrus on
23 July 2002. Because of flight safety regulations, the
microphysical sampling of the cirrus by the WB-57 was
performed about half an hour after the two radiation aircraft
(ER-2 and Twin-Otter) have left the flight area. Therefore
the necessary close colocation of the microphysical and
radiation sampling was not guaranteed on this day. Because
in this paper the same microphysical data were used as in
W05, similar colocation problems appear here for the
thermal IR radiation. Nevertheless, aside from this problem
with the radiation below the optically thick cirrus, the
measured broadband thermal IR radiation is quite well
represented by the simulations.

4.3.2. Profiles

[36] In Figure 3 the simulated profiles of the broadband
thermal IR irradiance are displayed (different lines represent
the results for the assumed crystal shapes, see Table 1). The
results for the two different scenarios are marked by N (first
scenario: N = constant) and /WC (second scenario: IWC =
constant). Furthermore, the cirrus-free simulations are
added as open diamonds. In addition, the available, mea-
sured data from the CG-4 pyrgeometers are included in
Figure 3 as open squares with horizontal bars. These bars
indicate the two-sigma standard deviation of the measured
irradiance along the flight leg.
4.3.2.1. Upwelling Broadband Thermal IR Irradiance

[37] In general the cirrus decreases the upwelling broad-
band thermal IR irradiance above its base height, compared
to the cloudless atmosphere (greenhouse effect of cirrus, see
Figures 3a and 3c). The strength of this decrease depends on
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Figure 3. Profiles of simulated broadband thermal IR upwelling and downwelling irradiance. The
horizontal lines mark the cirrus top and bottom heights, respectively. The open diamonds indicate the
simulations without cirrus (cloudless conditions). The open squares show the average of the respective
measured irradiance, with horizontal bars representing the two-sigma standard deviations along the flight
track. The first scenario is labeled by N (or N = constant), and the second scenario is marked by /W C (or
IWC = constant), respectively. For curve notation, see Table 1. (a) Upwelling and (b) downwelling
broadband irradiances for the optically thin (high and cold) cirrus observed on 26 July 2002 shown as a
function of altitude. (c¢) Upwelling and (d) downwelling broadband irradiances as a function of altitude
for the cirrus of large optical thickness (low and warm) as observed on 23 July 2002.

the altitude of the cirrus (i.e., its temperature) and its optical
thickness. The height (temperature) dependence is because
the cirrus emits less thermal IR radiation in colder environ-
ment (higher altitude). Therefore the higher (colder) the
cirrus is situated, the less thermal IR upwelling broadband
thermal IR irradiance is emitted by the cirrus, and the larger
the difference between the upwelling irradiance under
cloudless and cloudy conditions (for constant optical thick-
ness of the cirrus). On the other hand, if the optical thick-
ness of the cirrus is decreased (while its altitude is kept
constant), then more thermal IR upwelling radiation from
below the cloud penetrates the cirrus and thus its green-
house effect is smaller. This is true for relatively thin cirrus.
Cirrus clouds of optical thickness greater than about 7—10
have emissivity of near unity. Because of the absorption of
thermal IR upwelling radiation, the cirrus prevents the
transmittance of the relatively higher thermal IR radiation

emitted form below which would occur in cloudless con-
ditions (mostly in the atmospheric window wavelength
region, 8—12 pm). Thus a lower cirrus optical thickness
lessens its greenhouse effect; that is, the difference between
upwelling irradiance above the cirrus for cloudy and cloud-
less conditions is less. Summarizing, a maximum green-
house effect (i.e., maximum difference between upwelling
thermal IR irradiance above the cirrus with and without the
cirrus) is expected for high (cold) and optically thick cirrus.

[38] The optically thin cirrus observed on 26 July 2002
was situated at a higher altitude (in colder environment)
compared to the cirrus of large optical thickness investigated
on 23 July 2002. Therefore the decrease of the upwelling
irradiance due to the optically thin cirrus is quite moderate.
The competing effects (high altitude but relatively small
optical thickness) balance to some degree. The cirrus of
large optical thickness (23 July 2002) is situated in lower
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(warmer) environment. Again the compensating effects (low
altitude but large optical thickness) partly cancel. Therefore
the greenhouse effect of both cirrus cases is comparable.

[39] With regard to the crystal shape effects, similar con-
clusions as in subsection 4.3.1 are drawn (see Figures 3a
and 3c¢). Below the cloud there are no effects of the assumed
crystal habit on the upwelling thermal IR irradiances. Above
the cloud base there are significant shape-related effects on
upwelling irradiance in the cirrus case of small optical
thickness (in the range of £50—60 W m 2 for the two
investigated scenarios, see Figure 3a). The shape effects
simulated for the two scenarios (N = constant, /WC =
constant) are comparable in magnitude, but opposite in sign.
Whereas the spherical shape assumption exhibits the stron-
gest greenhouse effect in the first scenario (N = constant), it
appears to have the smallest greenhouse impact for the
second scenario (/WC = constant). For the cirrus with large
optical thickness the impact of crystal shape can be neglected
(see Figure 3b).

[40] Furthermore, the OLR bias is clearly visible in the
profiles shown in Figure 3a (high, cold cirrus of small
optical thickness), whereas no such bias is identified in the
case of low (warm) cirrus with large optical thickness (see
Figure 3c).
4.3.2.2. Downwelling Broadband Thermal
IR Irradiance

[41] In contrast to the upwelling radiation, the cirrus
generally increases the downwelling broadband thermal IR
irradiance below its top height, compared to the cloudless
atmosphere (see Figures 3b and 3d). This is because the
cirrus constitutes an additional source of thermal IR radia-
tion which adds to the cloud-free atmosphere emission.
Again, the magnitude of this increase depends on the
altitude of the cirrus (i.e., its temperature) and its optical
thickness. The lower (warmer) the cirrus is located in the
atmosphere and the larger the cirrus optical thickness, the
stronger is the enhancement of the downwelling thermal IR
irradiance below cloud top. Therefore the increase of
downwelling broadband thermal IR irradiance beneath the
cirrus is larger for the cirrus case observed on 23 July 2002.

[42] It is interesting to note that the cirrus has nearly no
impact on the downwelling broadband thermal IR irradiance
reaching the surface. The results of the cloudless simula-
tions (open diamonds in all figures) and those taking into
account the cirrus converge toward the surface. This is
because downwelling irradiance near the surface is domi-
nated by the emission due to water vapor in the lower
troposphere. The farther away the thermal IR emission
source (in this case the cirrus) is, the less impact it has in
terms of thermal IR radiation. Also the shape impact
decreases toward the ground.

[43] Consistent with the above discussion, the impact of
crystal shape is concluded to be important for the high,
optically thin cirrus only. Again the two scenarios (N =
constant, /WC = constant) act in contrary direction, as
reasoned above.
4.3.2.3. Relative Effects of Crystal Habit

[44] In order to quantify the relative effects of ice crystal
habit on broadband thermal IR irradiances, the ratio of the
respective irradiances assuming spherical ice crystal habit to
those simulated with nonspherical shape assumption is
shown in Figure 4. As expected, the relative effects of ice
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crystal shape are most pronounced for the optically thin
cirrus observed on 26 July 2002 (see Figures 4a and 4b).
For the upwelling broadband thermal IR irradiance (within
and above the cirrus) the relative differences between the
simulations assuming spheres and nonspherical calculations
are in the range of up to 30% for the first scenario (N =
constant) and up to 55% for the second scenario (/WC =
constant). For the downwelling broadband thermal IR
irradiance (within and below the cirrus) slightly larger
relative effects (up to 70% for the first scenario, up to
35% for the second scenario) just below cirrus top are
simulated.

[45] For the cirrus of large optical thickness (see
Figures 4c and 4d) the relative effects of ice crystal shape
are much weaker for both scenarios (only the second
scenario with /WC = constant is shown here). The reasons
for these shape-related differences between the two cirrus
cases are the combined effect of cirrus optical thickness
(see Table 2) and height (temperature) of the two clouds.
The higher (colder) the cirrus is, the stronger effects of ice
crystal shape are visible. For lower (warmer) cirrus the
shape impact of the cirrus is partly washed out by the
dominating emission of the warm ambient air (water vapor)
and thus is less pronounced.

[46] The impact of optical thickness on the strength of the
relative effects of ice crystal shape was simulated by
artificially varying the optical thickness of the two clouds
investigated. This has been done for the first scenario (N =
constant). The cirrus volume extinction coefficient profile of
26 July 2002 (optically thin cirrus) was multiplied by a
factor of five. As a result the ratios in Figure 4a slightly
decreased (from maximum values of 30% to about 25%, not
shown here), and those in Figure 4b slightly increased (from
maximum values of 70% to about 80%). However, these
tendencies were quite small. For the 23 July 2002 case
(optically thick cirrus) the cirrus extinction coefficient
profile was artificially reduced by dividing the profile
values by five. Doing so slightly increased the ratios in
Figures 4c and 4d. That means that the cirrus optical
thickness is not a dominant factor for the relative effects
of ice crystal shape. Instead, it appears that the cirrus
altitude regulates most of the effects of ice crystal shape.
For high cirrus (which is embedded in a cold environment)
the “atmospheric background emission” is small, compared
to the emission by the cirrus. Therefore the features due to
effects of ice crystal shape (via the optical thickness)
become more obvious. If the cirrus is located at lower
altitudes, then the gaseous ‘“‘background” emission by the
atmosphere (mainly due to water vapor) dominates over
most of the effects of ice crystal shape.

4.4. Spectral Thermal IR Irradiance

4.4.1. High (Cold), Optically Thin Cirrus: 26 July 2002
[47] The spectra of the downwelling (Figures 5a and 5b)

and upwelling (Figures 5c and 5d) thermal IR irradiance for

the high, optically thin cirrus (26 July 2002) are displayed in

Figure 5.

4.4.1.1. Downwelling Spectral Thermal IR Irradiance
[48] At the cirrus top (15.4 km altitude; see Figure 5a) the

downwelling thermal IR irradiance is generally small.

However, the absorption optical thickness of O3 (9.6 um)

and CO; (15 pm) in the atmospheric layer above the cirrus
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Figure 4. Ratio of broadband thermal IR irradiance, simulated assuming spheres and nonspherical ice
crystal shapes. The horizontal lines mark the cirrus top and bottom heights respectively. The first scenario
is labeled by N (or N = constant), and the second scenario is marked by /WC (or IWC = constant),
respectively. For curve notation, see Table 1. Ratio of irradiances simulated assuming spherical and
nonsperical crystal shapes for the (a) upwelling and (b) downwelling broadband irradiances as a function
of altitude for the optically thin (high and cold) cirrus observed on 26 July 2002. Ratio of irradiances
assuming spherical and nonsperical crystal shapes for the (c) upwelling and (d) downwelling broadband
irradiances as a function of altitude simulated for the cirrus of large optical thickness (low and warm) as

observed on 23 July 2002.

top is sufficiently high so that the thermal IR downwelling
radiation roughly corresponds to the respective Planck-
emission (asterisks) of the cirrus top layer at the centers
of the respective Oz and CO, absorption bands. The
emission is quite small because of the low temperatures at
this height level. As expected, there are no effects of ice
crystal shape at all (for non of the two investigated scenar-
ios) for the downwelling irradiance above the cirrus; all
curves (open diamonds for cloudless case, different lines for
cirrus cases assuming different ice crystal habits) are not
distinguishable from each other.

[49] At the cirrus base (13.1 km, see Figure 5b) the
downwelling emitted irradiance increases outside the O;
and CO, absorption bands due to the emission by the cirrus,
compared to the cloudless emission (open diamonds) which
is not much different from that of Figure 5a. However, the
increase in the downwelling irradiance outside the O3 and

CO, absorption bands is still moderate because of the low
cirrus temperature at this altitude. From these plots devia-
tions from the corresponding blackbody emission spectra
(asterisks in Figure 5b) are also obvious. This optically
quite thin cirrus cannot be considered a black body (this
also means it has an emissivity of less than unity).

[s0] Slight effects of ice crystal shape on the downwelling
irradiance emitted by the cirrus are obvious in Figure 5b.
For the first scenario (N = constant) the lines for the
different shape assumptions are below the solid thick line
(sphere); for the second scenario (/WC = constant) the
respective lines are above the solid thick line. Assuming
the first scenario, if the cirrus consisted of ice spheres only
(thick solid line) then it would emit more downwelling
radiation compared to the case where it consisted of
aggregates (thin solid line). For the second scenario the
results are vice versa. This is in correspondence with the
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Figure 5. (a and b) Downwelling and (c and d) upwelling spectral thermal IR irradiance at cirrus top
(Figures 5a and 5¢) and base (Figures 5b and 5d) for the high (cold), optically thin cirrus on 26 July 2002.
The vertical lines mark the spectral location of the absorption bands of CO, [4.3 and 15 um], H,O
[6.3 pm], and O; [9.6 pum]. Asterisks indicate the blackbody radiation following Planck’s law at the
respective altitude. The pluses (in Figures 5c and 5d) represent the blackbody radiation emitted by the
surface. The open diamonds indicate the simulations without cirrus (cloudless conditions). The first
scenario is labeled by N (or N = constant), and the second scenario is marked by /W C (or /WC = constant)

in Figure Sc. For curve notation, see Table 1.

respective optical thickness of the cirrus (first scenario
[second scenario]: cirrus optical thickness largest [smallest]
for spheres, smallest [largest] for aggregates, see Table 2).

[51] At the surface (not shown) the downwelling thermal
IR spectral irradiance is mainly determined by the emission
due to water vapor of the atmosphere beneath the cirrus,
essentially the portion near the surface with the highest
temperature. Therefore, outside the 8—12 pm atmospheric
window region, the downwelling spectral radiation fol-
lows closely the respective blackbody radiation determined
by the near-surface temperature for both scenarios and
all crystal habits. Within the atmospheric window the
downwelling spectral irradiance is less than the respective
Planck-function because in this spectral region the gaseous
atmospheric constituents do not absorb or emit much
thermal IR radiation. The downwelling irradiance at the
ground is nearly uninfluenced by the cirrus which is situated

too high (i.e., too far away) to effectively impact the
downwelling thermal IR spectral irradiance at the surface.
Therefore there is also no shape dependence of the curves;
the lines (representing cloudless and cloudy results) are
indistinguishable from each other in this case.

[52] In general, the impact of the ice crystal shape on
downwelling thermal IR spectral irradiance is in accordance
with that for the broadband radiation (Figures 3b and 4b).
The strongest effects are obvious in the vicinity of the
cirrus. However, even though the relative impact seems
high, the absolute influence of the particle habit is less than
2 Wm 2 um™ ', even at cirrus base and within the cirrus
(not shown).
4.4.1.2. Upwelling Spectral Thermal IR Irradiance

[53] The upwelling thermal IR spectral irradiance at the
Bottom of Atmosphere (BOA) is clearly determined by the
thermal IR emission of the surface in correspondence with
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the surface temperature and Planck’s law (not shown).
Needless to say, there are no effects of ice crystal shape for
both scenarios (V= constant, //WC = constant) on the spectra
of upwelling irradiance at the BOA emitted by the surface. At
cirrus base (Figure 5d) the upwelling irradiance shows the
combined effect of reduced surface emission (surface emis-
sion included in Figures 5d and 5c as pluses) and absorption/
emission by the atmospheric gases beneath the cirrus. Within
the atmospheric window wavelength region (about 8—
12 pm) most of the surface-emitted irradiance reaches the
cirrus base (except in the 9.6 ym O3 absorption band). The
reduction of the upwelling irradiance in the atmospheric
window region is caused by the absorption due to continuum
gas absorption (mainly H,O). The corresponding emission
takes place at higher, i.e., colder altitudes. However, the
difference between the surface emission (pluses) and the
upwelling irradiance in the atmospheric window (roughly
15%) seems quite high. This is due to the very large water
vapor amount present in the subtropical environment of the
CRYSTAL-FACE experiment. Additional simulations as-
suming an artificial reduction of the water vapor amount in
the simulations drastically decreased the difference between
the pluses and the upwelling irradiance in the atmospheric
window spectral region (not shown here).

[s4] The gas absorption band around 15 um (CO,) wave-
length is so dominant that the upwelling irradiance in the
center of the CO, absorption band is purely driven by the
respective Planck-emission (i.e., by the corresponding tem-
perature, asterisks). The same holds for the water vapor
absorption around the 6.3 pum wavelength band and for CO,
near 4.3 um wavelength. The Oj absorption near 9.6 um
wavelength beneath the cirrus is less strong; hence the dip in
the curve at 9.6 um is less pronounced. With regard to the
impact of ice crystal habit, it is not surprising that there is no ice
crystal shape effect of the upwelling irradiance below the
cirrus for both scenarios. Furthermore, it is evident that the
cloudless and cloudy upwelling irradiance at cirrus base
coincide.

[55] Atthe cirrus top (15.4 km, see Figure 5¢) the situation
is different. The upwelling irradiance outside the strong gas
absorption bands is absorbed by the cirrus which emits at
lower temperature. Thus the level is decreased compared to
the cloudless case. As usual, this reduction depends on the
optical thickness of the cirrus and its temperature. For the
first scenario (N = constant), assuming spherical ice crystal
shapes reduces upwelling irradiance stronger than under the
presumption of aggregates, in correspondence with the
respective optical thickness (see Table 2). This is opposite
to the results of the second scenario (/W C = constant); in this
case the lines representing the different crystal habits are
below those for spheres (solid thick line).

[s6] The picture for the upwelling irradiance escaping the
atmosphere at the Top of Atmosphere (TOA) (not shown) is
not very different from that shown in Figure 5c, except that
the strong O5 concentrations and respective strong absorp-
tion in the ozone absorption wavelength band above the
cirrus reduces the radiation around 9.3 pym even further.
4.4.2. Low (Warm) Cirrus of Large Optical Thickness:
23 July 2002

[57] The simulated spectra of downwelling and upwelling
thermal IR irradiance for this cirrus case are plotted in
Figure 6. Please note that in this case only the results for the
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second scenario (/WC = constant) are presented. The cirrus
observed on 23 July 2002 was situated at lower altitudes
(i.e., in a warmer environment). Furthermore, it was opti-
cally thicker compared to the cirrus on 26 July 2002. Both
of these influences, but primarily the lower altitude, cause
some modifications compared to Figure 5. At the cirrus top
(Figure 6a) the level of downwelling irradiance is higher
because of the higher temperature compared to Figure 5a. In
addition to the emitted irradiance at the Oz and CO,
absorption bands, absorption/emission due to water vapor
becomes already noticeable. However, once again, no shape
dependence can be distinguished for the downwelling
irradiance above the cirrus.

[s8] At cirrus base (Figure 6b) the emission due to the
cirrus becomes evident outside the major gas absorption
bands. For spheres the emitted irradiance by the cirrus
nearly follows the respective Planck-curve (for higher
optical thickness the cirrus emissivity approaches unity).
For aggregates some deviations from the Planck-curve are
obvious in the atmospheric window region.

[59] The upwelling thermal IR spectral irradiance at cirrus
base (Figure 6d) can be interpreted in a similar way as
Figure 5d, although the dips in the spectrum at the gas
absorption bands are less pronounced. This is because the
temperature at cirrus base is higher. Therefore the absorp-
tion of the upwelling irradiance by the gases is weaker. At
cirrus top (Figure 6c¢) again the reduction of upwelling
irradiance outside the major gas absorption bands is visible
(mainly in the atmospheric window region). However, the
shape dependence is weaker compared to the higher, opti-
cally thin cirrus case, which is in accordance with the results
for the broadband thermal IR irradiance.

[60] In summary, the impact of crystal habit on downwel-
ling and upwelling thermal IR irradiance can safely be
neglected for this cirrus case, regardless of the scenario
which is assumed.

4.5. Radiative Forcing of Cirrus

[61] From the spectra of the thermal IR upwelling and
downwelling irradiances, F\ and F¥, the thermal IR radia-
tive forcing (spectral and broadband) of the two cirrus cases
was calculated. The thermal IR spectral radiative forcing
AFro4, (in W m > pum~") of the cirrus at the Top of
Atmosphere (TOA) was calculated by:

DFroun = [FN(TO4)| — ~[F|(T04)] (1)

clear cloudy ’
with index “clear” indicating cirrus-free conditions and the
index “cloudy” for the case when cirrus was included in the
calculations. In a similar way the spectral radiative forcing
of the cirrus at the Bottom of Atmosphere (BOA), AFzo4.»,
was calculated by:

AFpoar = [F;(BOA) —~ Fﬁ(BOA)}

clear

- [F;(BOA) - Fi(BOA)] . 2)

cloudy

[62] By replacing the thermal IR spectral upwelling and
downwelling irradiance at the TOA and BOA by the
respective broadband thermal IR irradiance in equations
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Figure 6. (a—d) Same as Figure 5 but for the low (warm) cirrus with large optical thickness observed on

23 July 2002.

(1) and (2), the broadband thermal IR cirrus radiative
forcing, AFro4 and AFpoy (in W m ?) of the cirrus at
the TOA and BOA were derived.

[63] Additionally, from the sum of broadband solar (from
WO05) and broadband thermal IR radiative forcing the so-
called broadband net radiative forcing AFrp4,. and
AFposne of the cirrus was derived. This was done for
the first scenario only. Respective results are only briefly
discussed in section 4.5.3, because a detailed discussion of
the additional solar zenith dependence of the solar radiation
would extend the paper beyond its focus, which is the
thermal IR spectral range.

4.5.1. Spectral Thermal IR Radiative Forcing

[64] The spectral radiative forcing of the high (cold),
optically thin cirrus is plotted in Figure 7. Figure 7a shows
the result for the TOA (equation (1)), whereas Figure 7b
presents the forcing at the BOA (equation (2)).

[6s] Large effects of ice crystal shape are revealed in the
atmospheric window region. Within the major gas absorp-
tion bands (vertical lines) the cirrus radiative forcing is close
to zero, except for the O; absorption band at 9.6 um
wavelength. In accordance with the discussion above, for
the first scenario (N = constant), at the TOA the strongest

radiative forcing is exerted by the cirrus consisting of
spherical ice crystals (thick solid line). For the second
scenario (/WC = constant) spheres exhibit the least radiative
forcing. The range of the radiative forcing covered by the
different scenarios is quite remarkable, especially in the
atmospheric window.

[66] At the BOA (Figure 7b) the radiative impact of the
cirrus can be neglected over the entire thermal IR spectral
range (mostly less than 1 W m~2 um™"). The cirrus is
situated too high in the atmosphere to have any significant
effect on the thermal IR radiation near the surface. This is in
agreement with the discussion on Figures 3a and 3b, which
has shown that there are only minor cirrus effects on
upwelling and downwelling broadband thermal IR irradi-
ance at the BOA.

[67] The respective results for the low cirrus of large
optical thickness are presented in Figure 8. Similar spectral
features as discussed for Figure 7 are seen for the 26 July
2002 case too. The cirrus on that day is situated in lower
altitudes. Therefore the impact of this cirrus on the thermal
IR spectral radiation field is smaller at the TOA and larger at
the BOA which is in agreement with the broadband thermal
IR irradiance shown in Figures 3¢ and 3d.
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Figure 7. Spectral thermal IR radiative forcing of the high (cold), optically thin cirrus observed on
26 July 2002, simulated at (a) the top of atmosphere (TOA, see equation (1)) and (b) the bottom of the
atmosphere (BOA, see equation (2)). The vertical lines mark the spectral location of the absorption bands
of CO, [4.3 and 15 pum], H,O [6.3 um], and O5 [9.6 um]. The first scenario is labeled by N (or N =
constant), and the second scenario is marked by /WC (or IWC = constant), respectively. For curve

notation, see Table 1.

4.5.2. Broadband Thermal IR Radiative Forcing

[68] Table 3a (26 July 2002) and Table 3b (23 July 2002)
contain the results for the two cirrus cases investigated. The
values of the broadband thermal IR cirrus radiative forcing
at the TOA are in accordance with Figure 3 (considering the
difference between cloudy and cloudless upwelling irradi-
ances at the TOA). At the TOA the thermal IR forcing of the
cirrus is generally positive. Depending on the scenario
chosen, the spherical crystal shape assumption leads to the
largest radiative forcing due to the cirrus (first scenario; N =
constant) or to lowest radiative forcing (second scenario;
IWC = constant). The overall magnitude of the variation of
the radiative forcing at the TOA of the high (cold) cirrus of
small optical thickness (observed on 26 July 2002) is quite
large (more than 100 W m™2). In this cirrus case the shape
of the ice crystals matters; the cirrus radiative forcing at the
BOA is negligible.

[69] For the lower (warmer) cirrus with high optical
thickness sampled on 23 July 2002 both, the absolute values

and the effect of the habit of the ice crystals is much smaller
at the TOA (see Table 3b) compared to Table 3a. As already
discussed in section 4.3 the broadband thermal IR radiative
forcing at the BOA is generally small, especially for the
high cirrus observed on 26 July 2002.
4.5.3. Broadband Net Radiative Forcing

[70] The broadband net radiative forcing of cirrus is a
function of the solar zenith angle 6; because the solar
radiative forcing is f-dependent (see W05). As examples
the broadband net radiative forcing for two values of 6
(under which the data have been collected during
CRYSTAL-FACE) are presented in Tables 4a and 4b.
Only the first scenario (N = constant) is considered here.

[71] At the TOA and for the high, optically thin cirrus
(Table 4a) mostly positive values of the broadband net
radiative forcing are obtained, indicating a warming of the
atmosphere due to the high cirrus (warming greenhouse
effect dominating the cooling solar albedo effect). For low
Sun (A, = 78°) the broadband net radiative forcing is mostly
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Figure 8. (aand b) Same as Figure 7 but for the low (warm) cirrus with large optical thickness observed

on 23 July 2002.

lower compared to high Sun (6, = 21°). The assumptions
about the shape of the ice crystals exert a considerable
impact on the broadband net radiative forcing of the high,
optically thin cirrus, and the forcing may even change its
sign, thus changing the net radiative impact of the cirrus

Table 3a. Broadband Thermal IR Radiative Forcing of the Cirrus
Observed on 26 July 2002 (Optically Thin Cirrus) Calculated at the
TOA (AFr04) and BOA (AFpo,4) and Assuming Different Ice
Crystal Shapes®

Top of Bottom of
Atmosphere: Atmosphere:
AFroy AFpoy
Scenario (Constant =) N mwc N mwc
Sphere 124 124 2.0 2.0
Droxtal 112 131 1.8 2.1
Solid hexagonal column 107 146 1.6 2.4
Hollow hexagonal column 101 150 1.6 2.6
Hexagonal plate 79 163 1.4 3.1
Bullet rosette 75 173 1.3 3.4
Aggregate 63 167 1.0 3.1

“Two scenarios (N = constant and /WC = constant) are investigated. Unit
: -2
is Wm™~.

from warming (spheres) to slight cooling (aggregates). At
the BOA this optically thin cirrus clearly cools with stronger
cooling for high Sun (6, = 21°). At the BOA the net forcing
is mainly driven by the solar radiative forcing (see for
details WO05).

[72] The lower cirrus of large optical thickness (23 July
2002, Table 3b) yields always a negative net radiative
forcing and therefore cools both the entire atmosphere and
the BOA. The cooling is strongest for high Sun, in this case

Table 3b. Same as Table 3a but for the Cirrus Observed on
23 July 2002 (Cirrus of Large Optical Thickness)

Top of Bottom of
Atmosphere: Atmosphere:
AFroq AFpos
Scenario (Constant =) N mwc N wc
Sphere 64 64 15 15
Droxtal 65 64 15 15
Solid Hexagonal Column 64 51 15 12
Hollow Hexagonal Column 65 50 15 11
Hexagonal Plate 62 48 15 11
Bullet Rosette 60 50 14 11
Aggregate 50 61 11 14
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Table 4a. Broadband Net Radiative Forcing of the Cirrus
Observed on 26 July 2002 (Optically Thin Cirrus) Calculated at
the TOA (AFro4ne) and BOA (AFpoyue) and Assuming
Different Ice Crystal Shapes for the First Scenario (N = Constant)”

Top of Bottom of

Atmosphere: Atmosphere:

AF‘TOA net AF‘BOA net

Solar Zenith Angle 6, 78° 21° 78° 21°

Sphere 48 62 =51 —-207
Solid hexagonal column 24 16 —55 —283
Hollow hexagonal column 20 20 —53 —273
Hexagonal plate 14 39 —44 =311
Bullet rosette 9.4 29 —47 —415
Aggregate —5.2 11 —49 —435

“For the solar radiative forcing of the cirrus, see Table 3 in WO05. Unit is
Wm 2

also the shape dependence of the broadband net radiative
forcing appears to be strongest. For low Sun (6, = 78°) ice
crystal shape does not significantly influence the broadband
net radiative forcing of this cirrus.

5. Summary and Conclusions

[73] In this paper the effects of ice crystal habit on
radiative properties and forcing of cirrus clouds in the
thermal infrared (IR) wavelength range were investigated.
Microphysical measurements (ice crystal number size dis-
tribution) from a field campaign (CRYSTAL-FACE) and a
new library of optical properties of individual nonspherical
ice crystals [Yang et al., 2005] were combined to construct
the input to a radiative transfer model. The model simulated
the impact of ice crystal morphology on profiles of downw-
elling and upwelling (broadband and spectral) thermal IR
irradiance, and the respective radiative forcing (spectral and
broadband, thermal IR and net) of cirrus clouds.

[74] Two special cirrus clouds were studied in detail. On
26 July 2002 a high (13.1-15.4 km altitude), i.e., cold, cirrus
was observed. The optical thickness of this cirrus was in the
range of 1 (at 10.8 um wavelength). This cloud was consid-
ered as optically thin cirrus case. The second cirrus was
observed on 23 July 2002. It was located lower (6.4—8.0 km
altitude); that is, this cirrus was embedded in a warmer
atmosphere, and it had an optical thickness of about 7. This
second case was referred to as an optically thick cirrus. The
effects of both clouds on solar radiation were discussed
previously in a companion paper [Wendisch et al., 2005].

[75] A measurement-based modeling methodology was
developed to systematically study the impact of crystal habit
on thermal IR radiative properties and forcing of the two
cirrus cases. Two scenarios have been investigated. First,
the crystal number size distribution (and in consequence the
number concentration N) of the ice crystals was kept
constant when varying the crystal shape in the simulations.
In this first scenario the ice water content (/IWC) depends on
crystal size, while N stays constant. In the second scenario
the /WC was fixed in the simulations while N was allowed
to vary.

[76] In the first scenario (fixed N) the impact of unknown
crystal shape on the thermal IR radiative properties of the
cirrus was computed on the basis of ice crystal number size
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distribution measurements alone, with no shape information
at all. This approach led to a serious shape dependence of
the resulting irradiances and cirrus radiative forcing for
the high, optically thin cirrus case. For example, upwell-
ing broadband thermal IR radiation above the high,
optically thin cirrus might vary by 30% depending on
the shape assumptions (=65 W m 2). The downwelling
broadband thermal IR irradiance beneath this cirrus may
even experience 70% changes due to ice crystal shape
assumptions. However, it should be noted that the
changes in terms of absolute values were comparably small
in this case (=25 W m?). The largest radiative impact of
this cirrus, compared to the cloudless case, was exerted by
assuming the spherical crystal shape. Least effects were
simulated for the aggregate crystal habit. The reason is that
spheres exhibit the largest total projected cross-sectional
area if N is fixed, compared to any other assumed crystal
habit. Thus it was concluded, that it is highly uncertain to
simulate thermal IR radiative properties of high, optically
thin cirrus on the basis of crystal number size distribution
measurements alone, if no additional shape information is
available. Ice crystal size distribution measurements in terms
of ice crystal maximum length (leading to very different
IWC and ice particle total projected cross-sectional area by
assuming different ice particle shapes) are not suitable for
use in radiation budget closure experiments.

[77] The second scenario (fixed /WC) showed opposite
shape effects; that is, spheres exerted the least radiative
effects, compared to all other crystal habits. That is because
spheres had the least total projected cross-sectional area if
IWC was kept constant. The shape effects on the radiative
properties of the high, thin cirrus were of similar magnitude
as in the first scenario, though the direction of the impact
was opposite.

[78] With regard to spectral thermal IR irradiance it was
shown that, similar to the broadband thermal IR irradiance,
largest effects of ice crystal shape were observed for
the high, optically thin cirrus. Similar to the results of the
broadband thermal IR irradiance, the shape impact for the
low, optically thin cirrus of large optical thickness could be
neglected for the spectral thermal irradiance too. The
strongest impact due to the ice crystal shape was found in
the atmospheric window region (8—12 pm). Within the
major gas absorption bands of CO, [4.3 and 15 um], H,O
[6.3 um], and O3 [9.6 pum] the thermal IR radiation was
completely insensitive to ice crystal shape.

[79] Similar conclusions were drawn for the thermal IR
radiative forcing of the cirrus at the top of atmosphere

Table 4b. Same as Table 4a but for the Cirrus Observed on
23 July 2002 (Cirrus of Large Optical Thickness)

Top of Bottom of

Atmosphere: Atmosphere:

AFro4pe AFpogner

Solar Zenith Angle 6, 78° 21° 78° 21°

Sphere —24 —232 —-57 —-317
Solid hexagonal column =31 —289 —-59 —348
Hollow hexagonal column -29 —262 —57 —321
Hexagonal plate —22 —186 -50 —245
Bullet rosette —24 —191 —49 —250
Aggregate —32 —184 —51 —253
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(TOA). Significant effects of ice crystal shape were ob-
served for the high, optically thin cirrus. In the tropics thin
cirrus is ubiquitous, so the impact of crystal habit may be
very important here. One also should keep in mind that
infrared works around the clock (24 hours), unlike solar
that acts only part of the day. Spectrally, the largest effects
of ice crystal habit were ascertained within the atmospheric
window region; no shape impact was obvious within the
gas absorption bands. The thermal IR (broadband and
spectral) radiative forcing of the cirrus at the bottom of
the atmosphere was low in general. Therefore no effects of
ice crystal shape of the BOA thermal IR forcing were
identified. The net radiative forcing of the cirrus showed
most effects of ice crystal shape for high Sun in both cirrus
cases.

[so] In general, for the low, optically thick cirrus case
crystal habit did not seriously impact broadband and spec-
tral thermal IR irradiances and the resulting forcing. This
conclusion applied for both scenarios studied here (N =
constant; /WC = constant). For the downwelling and up-
welling broadband thermal IR irradiance in the second
cirrus case (low altitude, large optical thickness) the impact
of the shape assumptions was, on average, less than 15—
20%. Thus for the low, optically thick cirrus the spherical
shape assumption was appropriate to describe the thermal
IR irradiances (broadband and spectral) above and below
the cirrus as well as their radiative forcing.

[s1] For the broadband thermal IR irradiances (down-
welling and upwelling, below and above the cirrus) a
comparison between measured and simulated values was
conducted. A bias in upwelling thermal IR irradiance
above the high, optically thin cirrus was observed. One
possible source for the observed discrepancy between
measured and simulated values was the neglect of effects
due to horizontal inhomogeneities in the cirrus microphys-
ical properties, that were not considered in the simulations.
This bias was already discussed by Fu et al. [2000]. These
authors also showed that for low, optically thick cirrus this
bias should diminish, which was confirmed in our com-
parisons for the second cirrus case (low, optically thick
cirrus observed on 23 July 2002). Otherwise acceptable
agreement between measured and simulated broadband
thermal IR was achieved except for the downwelling
irradiance below the low, optically thick cirrus. The reason
for the discrepancy in this case was mainly the poor
colocation between the microphysical and radiation sam-
pling of this cirrus, as already discussed by Wendisch et al.
[2005].

[s2] Finally we would like to emphasize that the maxi-
mum effects of ice crystal shape reported in this paper are
upper boundaries of what might be expected in nature. The
cirrus was considered in the simulations of this paper as
consisting of ice crystals with uniform shape. In reality
cirrus is most often composed of mixtures of ice crystals
with different habits. Such a mixing leads to a systematic
dampening of the maximum effects of ice crystal shape
reported here. In the real atmosphere the effects of ice
crystal shape will range in between the boundaries given
in this paper.
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