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Abstract

This paper presents a study, based on simulations, of the impact of cirrus cloud hetero-
geneities on the retrieval of cloud parameters (optical thickness and effective diameter)
for the Imaging Infrared Radiometer (IIR) on board CALIPSO. Cirrus clouds are gener-
ated by the stochastic model 3DCLOUD for two different cloud fields and for several av-
eraged cloud parameters. One is obtained from a cirrus observed on the 25 May 2007
during the airborne campaign CIRCLE-2 and the other is a cirrus uncinus. The radia-
tive transfer is simulated with the code 3DMCPOL. To assess the errors due to cloud
heterogeneities, two related retrieval algorithms are used: (i) The split window tech-
nique to retrieve the ice crystal effective diameter and (ii) an algorithm similar to the IIR
operational algorithm to retrieve the effective emissivity and the effective optical thick-
ness. Differences between input parameters and retrieved parameters are compared
as a function of different cloud properties such as the mean optical thickness, the het-
erogeneity parameter and the effective diameter. The optical thickness heterogeneity
for each 1 km x 1 km observation pixel is represented by the optical thickness standard
deviation computed using 100 m x 100 m subpixels. We show that optical thickness het-
erogeneity may have a strong impact on the retrieved parameters, mainly due to the
Plane Parallel Approximation (PPA). In particular, for cirrus cloud with ice crystal size
of approximately 10 um, the averaged error on the retrieved effective diameter is about
2.5 um (~ 25%) and on the effective optical thickness of about —0.20 (~ 12%). Then,
these biases decrease with the increase of the ice effective size due to a decrease of
the cloud absorption and thus of the PPA bias. Cloud heterogeneity effects are much
more higher than other possible sources of error. They become larger than the retrieval
incertitude of the IIR algorithm from a standard deviation of the optical thickness, inside
the observation pixel, superior to 1.
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1 Introduction

In the context of global climate change, the representation and role of clouds are still
uncertain. For example, ice clouds play an important role in the climate and on the
Earth’s radiation budget (Liou, 1986). Cirrus clouds lead mainly to a positive radiative
forcing due to their high temperature contrast with regard to the surface. However, the
cirrus radiative forcing could depend on the cirrus optical thickness, altitude and ice
crystal effective size (Katagiri et al., 2013). Consequently, to improve our knowledge,
it is essential to assess the feedback and climate effects of these clouds (Stephens,
1980). Global observations are well adapted to follow and better understand cloud evo-
lution and characteristics. In this context, several spatial missions have been initiated.
One of the most important is the A-train spatial mission composed of several comple-
mentary instruments being able to observe clouds quasi-simultaneously. In this work,
we focus on the infrared radiometry such as measurements obtained by the passive in-
struments IIR (Infrared Imaging Radiometer, Garnier et al., 2012, 2013) on board the
satellite CALIPSO or MODIS (Moderate Resolution Imaging Spectrometer, Platnick
et al., 2003) on board the platform AQUA.

From radiometric measurements, dedicated operational algorithms allow retrieving
cloud properties such as optical thickness and ice crystal effective diameter for each
pixel of the cloudy scene. Because of operational constraints (lack of information re-
garding the three dimensional (3-D) structure of the atmosphere, time constraints, etc.),
retrieval algorithms assume that clouds are homogeneous and infinite between two
planes. This assumption of a one dimensional (1-D) radiative transfer is called the
homogeneous Independent Pixel Approximation (IPA, Cahalan et al., 1994) or Inde-
pendent Column Approximation (ICA, Stephens et al., 1991). However, real clouds
can be far from this simplified model and this assumption may lead to biases on the
retrieval of clouds properties (Fauchez et al., 2014).

In a real atmosphere, clouds show, indeed, 3-D structures with heterogeneities and
the radiative transfer occurs in the three dimensions. In the solar spectral range, many
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studies have been conducted concerning the impact of cloud heterogeneities on the
cloud products. These studies primarily concern warm clouds such as strato-cumulus
(Varnai and Marshak, 2001; Zinner and Mayer, 2006; Kato and Marshak, 2009, etc.).
The authors showed that the sign and the amplitude of the errors depend on numerous
factors, such as the spatial resolution, the wavelength, the geometry of observation
and the cloud type (cloud dimensions, microphysical and macrophysical variabilities).
Concerning cirrus clouds, Fauchez et al. (2014) shows that cirrus cloud heterogeneities
lead to non-negligible effects on Brightness Temperatures (BT) and that these effects
mainly depend on the standard deviation of the optical thickness inside the observation
pixel. The retrieval of cloud properties using radiances or BT may thus be impacted by
the heterogeneity effects. Therefore, in this work, we go further and investigate the im-
pact of cirrus heterogeneities on the retrieved cloud products. This study is conducted
from simulations of radiometric measurements of IIR in three typical spectral bands,
8.65, 10.60 and 12.05 um.

The method used to retrieve cloud products depends on the spectral domain. In-
deed, in the thermal infrared atmospheric window (8—13 um), cloud optical properties
(optical thickness and ice crystal effective size) are retrieved using the SWT Split Win-
dow Technique (Inoue, 1985; Parol et al., 1991; Dubuisson et al., 2008). This method
is generally limited to thin cirrus clouds (optical thickness below approximately 3 at
532nm) and small crystals (effective diameters below approximately 40 um). In the
visible and near-infrared ranges, cloud optical properties are commonly retrieved using
the Nakajima and King method (NK, Nakajima and King, 1990). This method combines
measurements in visible and near-infrared channels for thicker cirrus clouds and larger
ice crystals. Cooper et al. (2007) combined these two methods for MODIS measure-
ments to treat thin and thick cirrus in the same time.

The paper is organized as follows. In Sect. 2, we present a short description of the
modelling tools used in this study: (i) the cloud generator 3DCLOUD (Szczap et al.,
2014), (i) the radiative transfer code 3DMCPOL (Cornet et al., 2010; Fauchez et al.,
2014) and (iii) two related retrieval algorithms. The Sect. 3 presents, from simulations,
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the possible errors due to the 1-D approximation on the retrieved optical properties.
The Sect. 4 compares heterogeneity effects with other possible sources of errors on
the retrieved products. Conclusions and perspectives are given in Sect. 5.

2 Numerical models
2.1 3-D Ice Water Content generation

The stochastic model 3BDCLOUD (Cornet et al., 2010; Szczap et al., 2014) is employed
to generate realistic 3-D cirrus clouds. This model uses a simplified dynamical and ther-
modynamical approach to generated heterogeneous 3-D clouds as well as a Fourier
transform framework to constrain scale invariant properties (Hogan and Kew, 2005;
Szczap et al., 2014). Two different cirrus fields were simulated (Fig. 1) in a Mid-latitude
Summer (MLS) atmosphere.

The first cirrus field has been modeled from meteorological profiles presented by
Starr and Cox (1985) with the addition of a wind profile to form virgas. Different val-
ues of mean cloud parameters are used: the cirrus mean optical thickness 7., o, the
standard deviation of the optical thickness on the entire field, the cirrus heterogene-
ity parameter o, = o;_ /7. (Szczap et al., 2000) and the ice crystal effective diameter
D«. Eight cirrus with different mean cloud parameters are generated (Table 1) with
parameters covering the characteristics of usual cirrus clouds (Sassen and Cho, 1992;
Szczap et al., 2000; Carlin et al., 2002; Lynch et al., 2002). Note that the effective
diameter of cirrus 3 to 5 (Dgi = 9.95 um) is probably too small for cirrus with a mean
optical thickness of 1.80 as, aggregations processes tend to increase the effective size
(Fig. 12 of Garnier et al., 2013). However, cirrus 3 to 5 are useful to understand how
heterogeneity effects increase with the mean optical thickness. The first cloud structure
is presented in Fig. 1a and b. Figure 1a presents the 10 km x 10 km optical thickness
field at 12.05 um with a spatial resolution of 100 m and Fig. 1b the x—z view of the Ice
Water Content (IWC) of cirrus 3.
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The second cirrus structure (Fig. 1c and d) is generated from measurements of the
cirrus observed on the 25 May 2007 during the CIRCLE-2 airborne campaign (Mioche
et al., 2010). In situ measurements provided by the aircraft as well as IIR radiometric
measurements (mean optical thickness and mean heterogeneity parameter) are used
as input of 3DCLOUD. In addition, we used meteorological data provided by the Euro-
pean Center for Medium-Range Weather Forecasts (ECMWF) to constrain the mete-
orological profiles (wind speed and orientation, temperature, humidity etc.). The scale
invariant properties of every cirrus presented in Table 1 are controlled by a —5/3 con-
stant spectral slope for all scales and altitude levels. This agree with the spectral slope
of the backscattering coefficient measured at 532 nm at different altitudes by the LIDAR
CALIOP/CALIPSO and the extinction coefficient measured by the Polar Nephelometer
at the aircraft altitude (Fauchez et al., 2014).

2.2 Optical property parametrization

Cirrus optical properties are difficult to handle because of the diversity of crystal sizes,
shapes and orientations in a cirrus cloud. Several parametrization were elaborated for
visible and infrared wavelengths (Magono, 1966; C.-Labonnote et al., 2000; Yang et al.,
2001, 2005; Baum et al., 2005, 2011; Baran and Labonnote, 2007; Baran et al., 2009,
2013; Baran, 2012). For cirrus 1 to 8, we employ the ice crystal model with aggre-
gate crystal shape and a mono-disperse distribution used in the IIR retrieval algorithm
(Garnier et al., 2013) and developed by Yang et al. (2001, 2005). This model gives an
extinction coefficient, a single scattering albedo and an asymmetry factor (Yang et al.,
2001, 2005). We use the phase function of Henyey and Greenstein (1940) which is
sufficient, in the thermal infrared, to approximate the scattering (Yang et al., 2001). For
these cirrus, the optical properties are constant over the entire cloud.

In order to generate 3-D-Dimensional and heterogeneous optical properties field, we
use for the ClI-1 and CII-2 cirrus, the parametrization of Baran et al. (2009, 2013) and
Baran (2012). This parametrization gives, for each cloudy cell, the optical coefficients
from the (IWC, Temperature) couple. These relations have been obtained from in situ
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measurements of more than 20 000 Particle Size Distributions (PSD) (Field et al., 2005,
2007).

2.3 TOA brightness temperatures simulations.

TOA brightness temperatures in the three IIR thermal infrared channels (8.65 um,
10.60 um and 12.05 um) are simulated with the 3DMCPOL code developed in the
visible range by Cornet et al. (2010) and extended to the infrared range by Fauchez
et al. (2014). SDMCPOL is a forward Monte-Carlo algorithm using the Local Estimate
Method (LEM, Marshak and Davis, 2005; Mayer, 2009) and being able to simulate
radiances and brightness temperatures from the visible to the infrared range, including
the polarization. The atmosphere is subdivided in voxels (3-D pixels), with a constant
horizontal size (dx, dy) and a variable vertical size dz. Each of them is described by
the extinction coefficient o,, the single scattering albedo @, the phase function and
the cloud temperature 7.

3-D BT are first simulated at the spatial resolution of 100 m x 100 m and then aver-
aged to the IIR spatial resolution of 1 km x 1 km (BT3Dy,). 1-D BT are obtained by
averaging cloud properties at 1 km x 1 km before simulating BT (BT1Dy,)-

2.4 Retrieval algorithms of cloud parameters

Two related algorithms are used to retrieve cloud products: the Split-Window Tech-
nique (SWT, Inoue, 1985; Parol et al., 1991; Dubuisson et al., 2008) to retrieve the
effective diameter and an algorithm similar to the IIR operational algorithm to retrieve
the effective emissivity and the effective optical thickness.

In the thermal infrared atmospheric window, the SWT is one the most used method
to retrieve the effective diameter and the cloud optical thickness using the difference
of brightness temperatures between two thermal infrared channels (Parol et al., 1991;
Radel et al., 2003; Dubuisson et al., 2008; Garnier et al., 2012, 2013). Figure 2 presents
examples of arches for three Brightness Temperature Difference (BTD) as a function
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of the BT of the channel 12.05 um (BT,,) and for several effective diameters (D.¢). The
optical thickness decreases along each arches from the opaque cloud BT to the clear
sky BT. Each arch corresponds to an effective size and the BTD decreases with the
increase of the particle size. The sensitivity of the SWT to large particles (Dg4 > 40 pm)
is weak. This is one of the main disadvantages of this method which can only accurately
determines the effective size of particles under approximately 40 um for cirrus clouds
with an optical thickness approximately between 0.5 and 3 (Dubuisson et al., 2008;
Sourdeval et al., 2012). Dubuisson et al. (2008) also show that the retrieval accuracy
of the ice crystal effective diameter is included between 10-25 % and it is about 10%
for the optical thickness. We note that, the amplitude of BTDg_4, arches is significantly
smaller than the two others because its sensitivity on Dy is weaker. Consequently, this
channel pair will not be used in this study.

The IIR operational algorithm (Garnier et al., 2012) uses, as the SWT, radiance
differences between channels but in a different way. Intermediate products (effective
emissivity, effective optical thickness and microphysical indices) are computed to re-
trieve the ice crystal effective diameter and shape. The effective emissivity refers to
the contribution of scattering in the retrieved emissivity, especially for small ice crys-
tals in the band at 8.65 um. One of the major interest of using the effective emissivity
is its independence to cloud top altitude or geometrical thickness, contrary to bright-
ness temperature differences used in the SWT. The effective emissivity €. 4, for the
channels k, is defined as:

etk = [Ax = Ry gal/[Bk(Tc, Z¢) — Ry gl (1)

with R, the measured (or simulated) radiance in the channel k; Rk,BG, the measured
(or simulated) radiance at TOA for clear sky; B,(7T.,Z.) the radiance of an opaque
cloud (black body) localized at the centroid altitude of reference Z, and at the centroid
temperature T, provided from the GEOS-5 model (Rienecker et al., 2008). The layer
centroid altitude is a weighted average altitude based on the attenuated backscattered
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intensity of the LIDAR signal at 532 nm (Vaughan et al., 2009). Note that, in this study,
we set the centroid altitude to the geometrical middle of the cloud.
The effective optical thickness 7.4 4 is then calculated as:

Toik = —IN(1 = E¢ft 4)- (2)

From 7. ., the microphysical indices MI'2/8 and MI'?/™° are defined as the ratio of
o1 4 DEtween the two channels (12.05 um and 8.65 um) and (12.05 um and 10.60 pum)
respectively:

Mlyz/g = Tefi 12/ Tefi 85 Mliz/10 = Tefi 12/ Teff, 10 3)

These microphysical indices strongly depend on microphysical and optical properties
of the cloud layer. They depend, thus, mainly on the effective diameter and shape of ice
crystals. From a Look Up Table pre-calculated by the FASDOM code (Dubuisson et al.,
2005), two values of effective diameters Dgs1,m(10,8) and Dgg4m(12,8) are obtained
for each shape of particles (aggregates, plates, solid columns) considered in the IIR
retrieval algorithm. The shape corresponding to the lowest difference between the two
Dqs1km 1S selected. The IR operational algorithm uses, for the computation of optical
properties, the Yang et al. (2001, 2005) model with a mono-modal effective diameter
distribution.

We checked that errors due to the retrieval methods, estimated by comparing re-
trieved optical properties with optical properties used in the radiative transfer (not pre-
sented here), are less than 2% on the effective diameter retrieved with the SWT and
4% on the effective optical thickness retrieved with the algorithm similar to the IIR op-
erational algorithm.

3 Impact of cirrus heterogeneities on the retrieved parameters

In this section, we present the heterogeneity effects on the retrieved products at the
IIR spatial resolution of 1km x 1km according to different cloud properties (optical
8785
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thickness, optical and microphysical properties, cirrus top altitude and geometrical
thickness). The heterogeneity effects on retrieved parameters are assessed by using
the difference between products retrieved from Brightness Temperatures computes at
1km x 1kmin 3-D (BT3Dy.,) and in 1-D (BT1D;m)-

In order to estimate the heterogeneity effects on the retrieved cloud products, we
define the following errors due to cloud heterogeneities:

- Aegq = €3-Dyi — €1-Dyii: 0N the effective emissivities calculated by the Eq. (1).

— AT = 13-Dggs — T1-Dogs: On the effective optical thicknesses calculated by the
Eq. (2).

— AMI'?/8 — MI3D'?/8 _MI1D"?/® and AMI'?/'° = MI3D'?/1° _MI1D'?/°: on the mi-
crophysical indices calculated from the Eq. (3).

— ADgtt1km = Det3D1m — Dest1D1km: ON the ice crystal effective diameter retrieved
with the SWT.

The index “3-D” corresponds to optical properties retrieved from BT3D,,,, and the
index “1-D”, to those retrieved from BT1D,,- T1xm iS the optical thickness used in the
radiative transfer simulation. Deff1D,,,, corresponds either to the effective diameter
used in the radiative transfer simulation, when is known (cirrus 1 to 8 and CII-3), or
to the effective diameter retrieved from BT1D,,,, when ice crystal effective diameters
used in the radiative transfer simulation are unknown as for cirrus Cll-1 and ClI-2.

Heterogeneity impacts due to the optical thickness variability are discussed Sect. 3.1
and those due to optical and microphysical property variabilities in Sect. 3.2.

3.1 Heterogeneity impacts due to the optical thickness variability

Fauchez et al. (2014) show that BT3D, ., are larger than BT1D,,,, and that their dif-

ference is well correlated with the standard deviation of the optical thickness inside

the 1km x 1km observation pixel o, . This brightness temperature difference is due
8786
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to the Plane Parallel Approximation (PPA) caused by the non linearity of the relation
between brightness temperature and optical thickness. The PPA is greater for highly
absorbing bands because the increase of cloud absorption leads to a larger brightness
temperature contrast between the cirrus top and the clear sky atmosphere and, thus,
to a stronger averaging effect.

The Fig. 3 illustrates how cirrus heterogeneities affect the retrieval of the effective
diameter and the optical thickness. The red arrow represents the BTD and BT values
obtained with an homogeneous cloud with D 41D, and 71Dy ,,. Using 3-D radiative
transfer inside a heterogeneous cloud with the same mean properties, we obtained
the BTD and BT values represented by the blue arrow in the Fig. 3. As heterogeneity
effects are larger for the band at 12.05 um than at 8.65 um, Brightness Temperature Dif-
ferences BTDg_;,, first simulated at the spatial resolution of 100 m and then averaged
to the IIR spatial resolution of 1 km, are smaller than those retrieved from radiances di-
rectly simulated at the spatial resolution of 1 km. Consequently, as effective diameters
increase with the decrease of BTD, the retrieved D 43D, are larger than the mean
value D 41Dy - In addition, the retrieved optical thicknesses 73D, are smaller than
the mean optical thickness 71D .

In addition, Fig. 4 shows the effective emissivity as a function of the effective optical
thickness estimated at the spatial resolution of 100 m. The relation between effective
emissivities and effective optical thicknesses is no linear, as between brightness tem-
peratures and optical thicknesses. Because of the PPA, the average of effective emis-
sivities (£.¢) is smaller than the effective emissivity of the average of effective optical
thicknesses 4. Similarly to brightness temperatures, effective emissivities and effec-
tive optical thicknesses retrieved from radiances, first simulated at the spatial resolution
of 100 m and then averaged to the IIR spatial resolution of 1 km, are smaller than those
retrieved from radiances directly simulated at the spatial resolution of 1 km.

Figure 5 presents Ag4 (a, b and ¢) and A7 (d, e and f) as a function of the stan-
dard deviation of the optical thickness inside the 1km x 1km observation pixel (c;, )
for cirrus 1 to 5 and for the bands at 8.65 pum, 10.60 um and 12.05um respectively.
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We notice, first of all, that Aeq; and A7y are correlated with o, at more than 94 %,
except for cirrus 1 at 8.65 um where the horizontal transport smooths the slight het-
erogeneity of the radiative field. Ae.4s and A7, are negatives meaning that the 3-D
effective emissivities and effective optical thicknesses are weaker than those in 1-D. In-
deed, as explained by Fauchez et al. (2014), heterogeneity effects lead to an increase
of radiances or brightness temperatures. As radiances decrease with the cloud extinc-
tion, larger radiances lead then to smaller cloud effective emissivity and effective optical
thickness. In addition, we can see that Ae 4 and A7, depend on the wavelength. For
example, at o, =1, Aggy; is equal to —0.01 at 8.65 um, —0.03 at 10.60 pm and —0.05
at 12.05um. This is due to the increase of absorption from 8.65 um to 12.05 um which
leads to an increase of the contrast between cloud and clear sky pixels and thus to an
increase of the PPA bias. For comparison, Garnier et al. (2012) shown that the error
on the effective emissivity due to the retrieval method is of about 0.03 for the band
at 12.05um (black lines of the Fig. 5) for an uncertainty of 1K on the temperature of
the clear sky atmosphere (case above an ocean). This incertitude is smaller than the

average error due to cloud heterogeneity Ag. We can note that, at o, ~1, Agg is
equal or superior to 0.03 for bands at 10.60 pm and 12.05pm. o, ~ 1 corresponds
also to the limit where the heterogeneity effects on brightness temperatures becomes
superior to the IIR instrumental accuracy of 1 K (Fauchez et al., 2014).

Figure 6a and b represent respectively the error on the microphysical indices AMI

and AMI12/10 as a function of Ot for cirrus 1 to 5. We first notice, that the errors on
the two microphysical indices are, on average, negatives, except again for cirrus 1 for

AMI'?/8, They increase with the cirrus mean optical thickness (from cirrus 1 to 3) and
heterogeneity parameter (from cirrus 3 to 5). The correlation with o, is better for

AMI™/™0 than for AMI'2/8, Again, the strongest scattering in the band at 8.65 um tends
to smooth the radiative field heterogeneities and, therefore, to degrade the correlation

between AMI12/8 and Oty AMI12/8 is, on average, larger than AMI12/1° because the
difference of absorption and effective emissivity is significantly greater for the couple

12/8
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12.05um/8.65 pm than for 12.05um/10.60 um. As the effective diameters of ice crys-
tals are estimated from the microphysical indices using a LUT, they are, thus, also
impacted by heterogeneity effects. Retrieved effective diameters are expected to be
too large, as microphysical indices are smaller in 3-D than in 1-D.

Using the SWT, we are also able to simulate the impact of cirrus heterogeneities on
the retrieved effective diameters of ice crystals. In Fig. 7, we plot the error on the effec-
tive diameter ADggm, due to heterogeneities, as a function of o, _ for cirrus 1 to 5.
We see that ADy4 ., are positive and increase, on average, with the cirrus mean opti-
cal thickness 7, (from cirrus 1 to 3) and the heterogeneity parameter o, (from cirrus 3
to 5). Indeed, in average, Ot increases with 7, and p,, as expected.

Figure 8 is the same as Fig. 5 for different effective diameters: D4 = 9.95um (cir-
rus 3), Dy = 20.09 pm (cirrus 6) and Dy = 40.58 um (cirrus 7). The figure shows that
Aeg and A7y decrease with the increase in Dy (except at 8.65 um where @, in-
creases between D4 = 9.95 pm and 20.09 um). Indeed, @, increases with Dy (ex-
cept at 8.65 um) and leads to a decrease of the absorption and, thus, of the PPA.
The impact of the effective diameter on Ae .z and A7y is particularly marked for the
band at 12.05 pm where the absorption of ice crystals decreases strongly between
Dgg = 9.95um (cirrus 3) and Dy = 40.58 um (cirrus 7).

In addition, we estimated the heterogeneity effects on the retrieved ice crystal effec-
tive diameters (ADgg1m) for the three Dy4. On average, ADgg1m ~ +3 um for cirrus 3
(Dgir = 9.95 pm) and 6 (D = 20.09 pm). Thus, there is no a significant increase of het-
erogeneity effects on retrieved effective diameters between these two effective sizes.
For cirrus 7 (D¢ = 40.58 um), there is no real tendency (ADg1m ~ £0 pm) due to the
saturation of the SWT. Indeed, as notice above, effective diameters close to 40 um lead
to weak brightness temperature differences. This is illustrated in Fig. 2 where the am-
plitude of arches, and thus the sensitivity, decreases with the increase of the effective
diameter.
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3.2 Heterogeneity effects due to optical and microphysical property variabilities

As presented in Sect. 2.2, we use the parametrization developed by Baran et al. (2009);
Baran (2012); Baran et al. (2013) to simulate a three-dimensional heterogeneous cloud
optical property field from the 3-D distribution of the (IWC; temperature) couple. During
the CIRCLE-2 campaign, values of IWC were measured and can be used, by combina-
tion with a mid-latitude summer temperature profile, to generate a realistic 3-D optical
property field for the simulation of the cirrus (Cll-1 and CII-2 cirrus). In addition, to com-
pare with the previous cirrus, the cirrus ClI-3 was generated from the cloudy field of the
CIRCLE-2 cirrus but with the same optical properties than cirrus 8.

Figure 9 presents the impact of cirrus heterogeneities on the retrieved effective emis-
sivity Agg and on the effective optical thickness A7y as a function of the standard
deviation of the optical thickness o, _for cirrus ClI-1, Cll-2 and CII-3. Agqy and ATy
are very close for the three cirrus, but we can see some slight differences as a function
of the band. Indeed, at 8.65 um, Ae 4 and A1 are smaller for the ClI-3 cirrus than for
the two others cirrus. At 10.60 um, this difference is close to zero. At 12.05 pm, Ae 4
and A1 are larger for the CII-3 cirrus than for ClI-1 and CII-2 cirrus. This effect is due
to the variability of optical properties for cirrus Cll-1 and cirrus ClI-2. Indeed, cirrus ClI-
3 contains only aggregate crystals of effective diameter Dz = 9.95 pm resulting from
the model of Yang et al. (2001, 2005) while cirrus Cll-1 and CII-2 contain crystal of
various sizes. For CII-3 cirrus, small crystals have a single scattering albedo maximum
at 8.65 um, leading to a lower PPA bias. At 12.05 pum, as small particles are more ab-
sorbent in this band, the PPA is larger. Concerning the CII-1 cirrus, corresponding to
the cirrus observed during the CIRCLE-2 campaign, the average error on the effective
emissivity is in the limit of the method sensibility (Garnier et al., 2012) of about 0.03 in
absolute value.

To study heterogeneity effects on the retrieved ice crystals effective diameters for
Cll-1 and CII-2 cirrus, we compare effective diameters Dg43Dy,,, and Deff1D,, re-
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trieved from BT3D,,, and BT1D,,, respectively. D43Dy,,, and 7,43D, represents
the cloud optical properties resulting of a 3-D radiative transfer through a heteroge-
neous atmosphere (BT3D; ). The differences ADg1xm = Deft3D11m — Pet1D1km and
ATt 11m = Tei3D1km — Tert 1D1km COrrespond, therefore, to the heterogeneity effects on
the retrieval of D3D,,, and 7.4 1km. For these two cirrus, the optical properties
are heterogeneneous. Therefore, we represent in Fig. 10a ADg44,y a@s a function of
De#3Dy\m @nd in Fig. 10b A7y ¢ a@s a function of 7,43Dy,,,,. We see that AD 1 m
and AT 4y iNcrease, in absolute value, with Dg43D, ., and 743D, respectively.
The Table 2, summarizes the optical properties retrieved by IIR during CIRCLE-2
and those retrieved from our simulations as well as the estimated heterogeneity ef-
fects. First of all, for cirrus CII-1, possessing the characteristics of the cirrus observed
during the CIRCLE-2 campaign, the average value of the retrieved effective diame-
ter Dg3Dy ., ~ 38.9 pm and the mean effective optical thickness 743D, ~ 0.40 at
12.05 um are close to those retrieved from the IIR measurements along the track of
CALIOP / CALIPSO (without underlying liquid water cloud) of Dy, g = 44.2 um and
Tyr = 0.41. There is, thus, a good agreement between optical properties retrieved by
the IIR operational algorithm during the CIRCLE-2 campaign and those retrieved with
our simulations. The mean error due to heterogeneity effects is approximately 5.1 pm
(13 %) on the retrieved effective diameter and approximately —0.02, (5 %) on the effec-
tive optical thickness. In average, these relative errors due to heterogeneity effects are,
thus, weak comparing to the incertitude estimate by Dubuisson et al. (2008) for the IIR
retrieval (10 % t0 25 % on Dgg1m @and 10 % on 74, ). However, at the scale of the ob-
servation pixel, some values can reach more than 40 % on the effective diameter and
15 % on the effective optical thickness, which is quite significant. Furthermore, errors
due to cloud heterogeneities increase with the IWC or the cirrus mean optical thick-

ness, as for cirrus ClI-2, having an IWC twice as big as cirrus Cll-1, ADg 1 m ~ 9.7 pm,
(20 % in relative) and ATeff1 o ~ —0.05 (7 % in relative).
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3.3 Influence of the vertical variability of optical properties

To know the influence of the vertical variability of cirrus optical properties (o,, wy and
g) in the retrieval errors, we compare, for the ClI-2 cirrus, cloud products retrieved
from BT1D,, With vertically heterogeneous columns with those retrieved for vertically
homogeneous columns obtained after a vertical averaging of the IWC.

Figures 11 show the effects of the vertical heterogeneity of the optical properties on
the effective emissivity (a, b and c) and on the effective optical thickness (d, e and f)
with e.41Dy, and 7.41D,,¢ the effective emissivity and the effective optical thickness,
respectively, estimated from vertically heterogeneous cloudy columns and €.41D and
T 1D from vertically homogeneous cloudy columns as a function of the standard de-
viation of the optical thickness Or, for the three IIR channels. Differences between
retrieved products estimated from vertically heterogeneous and homogeneous cloudy
columns are significantly weaker than those due to 3-D heterogeneities (horizontal
and vertical heterogeneities). Furthermore, contrary to 3-D heterogeneity effects Ae g4
and A1, the differences (€441Dpe — €05 1D) and (741D, — 7o 1D) are positives. These
effects are particular to our simulations, where vertical heterogeneities tend thus to
smooth the heterogeneity effects. These observations can be explained with Fig. 12
representing the vertical profiles of the optical properties of cirrus ClI-2 in the vertically
heterogeneous case (red curves) an the vertically homogeneous case (black lines) af-
ter vertical averaging of the couple (IWC; Temperature) using the parametrization of
Baran et al. (2009); Baran (2012); Baran et al. (2013). By this way, values of the ver-
tically homogeneous case are different to the average of the optical coefficients of the
vertically heterogeneous case: w, of the vertically homogeneous case is larger than
the vertical averaging of the heterogeneous case for bands at 10.60 um and 12.05 pm.
In addition, g of the vertically homogeneous case is larger than the average of the
vertically heterogeneous case in the three bands. Consequently, the cirrus is less ab-
sorbent in the vertically homogeneous case and thus the effective emissivities and
effective optical thicknesses are weaker. This vertical variability of optical properties,
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for the cirrus ClI-2, impact the retrieval of the effective diameter of, on average, 4 um
(figure not presented here).

4 Other sources of uncertainty

We show in the previous sections that heterogeneity effects can be an important source
of errors on the retrieved optical properties. To compare its importance on the retrieved
cloud parameters with regard to other sources of possible errors for IR measurements,
we test the impact of an incertitude of 1 K on the surface temperature and on the atmo-
spheric temperature profile measurements. This error corresponds to that estimated
by Garnier et al. (2012). Figure 13a shows the error on the retrieved effective diame-
ter ADeff1D and Fig. 13b the error on the retrieved effective optical thickness A7.41D
according to 7.41D for cirrus with a top altitude of 6 km, 8 km, 10km and 12km. The
retrieval of the effective diameter and optical thickness is performed using the SWT
for 1-D radiative transfer simulations. We can see that ADeff1D are less than 2.5 uym
(25%) and A7.41D less than 0.16 (5%). By comparison, these errors are in the IIR re-
trieval uncertainty of 10-25 % for D4 and about 10% for 74 (Dubuisson et al., 2008).
In addition, they are significantly weaker than those being able to be reached by cloud
heterogeneity effects (more than 50 % for Dy and 10% to 15 % for 7.4). In Fig. 13a, we
see that the more the optical thickness of the cirrus and/or its top altitude increases,
the less the error of 1K on the temperature of surface affects the effective diameters.
In Fig. 13b, the error on the atmospheric temperature profile increases with the optical
thickness of the cirrus because its emissivity increases and therefore the impact of the
temperature.

Fauchez et al. (2014) show that the cloud top altitude and geometrical thickness sig-
nificantly influence the heterogeneity effects because the brightness temperature con-
trast between the surface and the cloud top increases with the cloud top altitude and de-
creases with the vertical extension for a constant cloud top (as the cloud base is closer
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to the surface). For retrieved cloud products, the effective emissivity is independent of
the cloud altitude and geometrical thickness, their impacts on the retrieval is weak.

5 Summary and conclusions

In this paper, we discussed on the impact of cirrus heterogeneity effects on the retrieval
of cloud parameters from thermal infrared radiometric measurements from space. We
have been focused on the IIR radiometer for which the operational algorithm estimates
the cirrus effective emissivity, the effective optical thickness and the ice crystal effective
diameter of the observation pixel. We show that errors due to the cirrus heterogeneity
effects on the effective emissivity and the effective optical thickness are well correlated
to the sub-pixel optical thickness standard deviation Oty and increase, in average, with
the optical thickness 74,,. These errors are greater than the precision of the retrieval
method (Agg4 ~ 0.03) for o, ~1, corresponding also to the value from which, het-
erogeneity effects on brightness temperatures become larger than the IIR instrumental
accuracy of 1K (Fauchez et al., 2014).

Our results are summarized in Table 3. Heterogeneity effects for three effective di-
ameters are compared with the retrieval errors due to the vertical inhomogeneity of
optical properties and with the impact of an error of 1 K, corresponding to the IIR accu-
racy, on the atmospheric temperature profile and on the surface temperature. Results
are shown for pixels with o, =1 (medium heterogeneity) and 2 (large heterogene-
ity). The most important errors on the cloud optical property retrieval concern those
due to the sub-pixel heterogeneity of the optical thickness, in particular for the small-
est crystals (ADg¢ 1 km = 2.5 UM (~ 25%) and ATg 1m = —0.20 (~ 12%) for Oty = 1).
Indeed, the absorption is larger for small crystals and, thus, the PPA bias greater. For
D« = 40.58 um, the crystal optical properties in the three channels converge to similar
values leading to a slight brightness temperature differences between channels and,
thus, to a decrease of the retrieval accuracy. Other possible sources of errors discussed
in this paper are the vertical inhomogeneity of the optical properties, an error of 1K on
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the surface temperature or atmospheric temperature profile. They are all smaller than
the IIR retrieval errors (Dubuisson et al., 2008). The influence of these parameters ap-
pears, thus, negligible regarding those relating to optical thickness heterogeneity and
to the IIR retrieval incertitude.

The impact of cirrus heterogeneities on the retrieved cloud parameters studied in this
paper are for a 1km x 1 km spatial resolution. These biases could decrease with the
increase of the spatial resolution of the spatial radiometer. However, photon transport
effects increase with the spatial resolution. Fauchez et al. (2014) estimate that a spa-
tial infrared radiometer with a resolution of 250 m x 250 m could significantly reduced
the PPA bias while photon transport effects remain weak. Heterogeneity effects on the
retrieved cloud products should be estimated for this configuration. This study gives
also ways to potentially correct the heterogeneity errors using the subpixel measure-
ments to estimate o,,, . Furthermore, differences between heterogeneity effects in the
visible/near-infrared and thermal infrared ranges for different spatial resolutions could
be investigated to estimate their impact on cloud products retrieved using a combina-
tion of the VNIR/SWIR and IR retrieval methods as that proposed by Cooper et al.
(2007).
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Table 1. Mean cloud properties of the cirrus generated by 3DCLOUD. “CTA” corresponds to
the Cirrus Top Altitude, “OP” corresponds to the optical properties parametrization, with “Yal”
representing the model of ice crystals developed by Yang et al. (2001, 2005) for aggregates ice
crystals and “Bal” represents the parametrization of ice crystals optical properties developed by
Baran et al. (2009, 2013) and Baran (2012), 7 is the cloud mean optical thickness, o, the cloud
standard deviation of the optical thickness estimated from the optical thickness of the subpixels
at the scale of 100m x 100 m, o, the cloud heterogeneity parameter define as the ratio of o, by
7, and D the ice crystal effective diameter.

Cirrus CTA (km) 1, o; 0 D¢ (um) OoP
1 7.97 045 032 07 9.95 Yal
2 7.97 0.90 063 0.7 9.95 Yal
3 7.97 1.80 1.26 0.7 9.95 Yal
4 7.97 1.80 198 11 9.95 Yal
5 7.97 1.80 270 15 9.95 Yal
6 7.97 180 126 0.7 20.09 Yal
7 7.97 1.80 1.26 0.7 40.58 Yal
8 11.06 0.90 063 0.7 9.95 Yal

CIRCLE 11 1 11.06 0.41 0.32 0.77 Heterogeneous Bal
CIRCLE 1l 2 11.06 0.81 0.62 0.77 Heterogeneous Bal
CIRCLE 11 3 11.06 0.90 0.63 0.70 9.95 Yal
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Table 2. D¢  and T,r. averaged effective diameter and optical thickness, respectively, retrieved
by IIR, on the 25 May 2007 during the CIRCLE-2 campaign; D 43D, and 73D, ,,,: averaged
effective diameter and optical thickness, respectively, retrieved for Cll-1 and CII-2 cirrus and

AD 43Dy, and A73D,,,: averaged errors on the effective diameter and optical thickness,
respectively, due to cloud heterogeneities in absolute value and in percentage.

Cirrus  Dggy,. (MM)  DeBDyym (M) ADgi8Dyy (MM)  Tyg  78Dyym AT3D;ym

ClI-1 44.2 38.9 5.1 (13%) 0.41 040 -0.02 (-5%)
Cll-2 - 48.7 9.7 (20 %) - 074 -0.05(-7%)
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Table 3. Averaged errors on the retrieved cirrus optical properties due to: the 3-D cloud hetero-
geneity for three ice crystal effective diameters (columns 3, 4 and 5); due to the vertical het-
erogeneity of optical properties (Vert. hetero., column 6) with 1D, and 1D, representing the
1-D radiative transfer with vertically heterogeneous and homogeneous columns respectively;
due to an incertitude of 1K on the surface temperature (column 7) and on the temperature
atmospheric profile (column 8) and due to the incertitude of the IIR retrieval (Dubuisson et al.,

2008, column 9). AD;  and |[ADyq | correspond to the absolute error in micrometers and to
the relative error in percent, respectively, on the retrieval of the effective diameter; At,,,, and

|AT, | correspond to the absolute and relative error in percent, respectively, on the retrieval of
the optical thickness.

Horizontal heterogeneity Others uncertainties
effects as a function Vert. hetero. Surface  Atmosphere IIR
of Dy (1Dvhe — 1Dvho) 1K 1K uncertainty
Or,,  Derr (HM) 40.58 20.09 9.95 48.7 9.95 9.95 -
1 ADgs (um) -0.5 2.0 25 2 1 0.2 -
|ADgy,, | (%) ~1 ~10  ~25 ~4 ~10 ~2 ~10t0 ~ 25
ATett 1 ym -0.02 -0.10 -0.20 0.03 0.04 0.08 -
[ATett 1yml (%) ~1 ~6 ~12 ~4 ~2 ~4 ~10
2 ADgg, (Hm) 1 3 3 2 - - -
|ADgs,, | (%) ~8  ~15  ~40 ~4 - - ~10to ~25
ATett 11m -0.10 -0.20 -0.50 0.10 - - -
|ATeg 1km| (%) ~6 ~12 ~ 28 ~12 - - ~10
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Figure 1. Top figures: cirrus generated from realistic meteorological conditions (Starr and Cox,
1986; Hogan and Kew, 2005) with (a) the 10 km x 10 km optical thickness field simulated at
12.05 pm with a horizontal spatial resolution of 100 m and (b) the x—z view of the cirrus IWC with
a vertical spatial resolution of 58 m. Bottom figures: ClI cirrus generated from measurements
of the cirrus observed during the CIRCLE-2 campaign the 25 may 2007: (c) the 20 km x 20 km
optical thickness field at 12.05 um with a horizontal spatial resolution of 100 m and with a mean
optical thickness 7. = 0.41 observed by IIR at 12.05 pm and (d) represents the x—z view of the
cirrus IWC with a vertical resolution of 58 m.
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Figure 2. Brightness Temperatures Differences (BTD) as a function of the 12.05 pm BT (BT;,)
for eight effective diameters D and different optical thickness between 0 to 50 at 12.05 pm.
(a) BTD4(_1» between 10.60 um — 12.05 pum channels, (b) BTDg_;, between 8.65um - 12.05 ym
channels, (¢) BTDg_4, between 8.65pum — 10.60 pm channels.
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Figure 3. Top panel: Brightness Temperature Differences between 8.65 pum and 12.05 pm
(BTD4,_g) as a function of the Brightness Temperature at 12.05 um (BT,,). The red arrow
shows an example of effective diameter D 41D, ,, and optical thickness 71Dy, retrieved in
1-D without heterogeneity effects and the blue arrow shows the corresponding effective diame-
ter D 43Dy, and optical thickness 73Dy, retrieved with heterogeneity effects. Heterogeneity
effects AD.z and A7 lead to an overestimation of the effective diameter and to an underesti-
maton of the optical thickness respectively. At each point of the arches correspond an optical
thickness represented in the bottom pannel, with 7,5 45,m the optical thickness at 12.05 pm.
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Figure 4. Variation of the effective emissivity as a function of the effective optical thickness
at 12.05 pum estimated in 1-D at the spatial resolution of 100 m for the three IIR channels and
for cloudy pixels belonging to cirrus 1 to 5. 7.4 represents the effective optical thickness corre-
sponding to the averaged effective emissivity €4, T4 represents the averaged effective optical
thickness and ¢ its correspondent effective emissivity. The mathematical formulation of the
PPA due to the Jensen inequality is expressed by: €4 < €44(Tef)-
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standard deviation o, for cirrus 1 (7, =0.45, p, =0.7), 2 (1, = 0.90, p, =0.7), 3 (7, = 1.8_0, - — o
p,=0.7),4 (1,=1.80, p, =1.1) and 5 (7, = 1.80, p, = 1.5) with D4 = 9.95 um for the five cir-
rus. The black lines correspond to the IIR operational algorithm uncertainty on the effective O Full Screen / Esc
emissivity. §
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Figure 6. Microphysical index differences AM|'?/8 (a) and AM|'?/10 (b) as a function of the
standard deviation of the optical thickness o, for cirrus 1 (7, = 0.45, p, = 0.7), 2 (7, = 0.90,
0,=0.7),3(1,=1.80, p,=0.7), 4 (1,=1.80, p, =1.1) and 5 (7, = 1.80, o, = 1.5) with Dy =
9.95 um for the five cirrus.
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Figure 7. Error on the retrieved effective diameter AD 4, as a function of the standard de-
viation of the optical thickness o, for cirrus 1 (7, = 0.45, p, = 0.7), 2 (7, = 0.90, p, =0.7), 3
(1.,=1.80, p,=0.7), 4 (1, =1.80, p, =1.1) and 5 (7, = 1.80, o, = 1.5) with D4 = 9.95 um for
the five cirrus. Effective diameters are estimated using the Split Window Technique.
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Figure 8. Error on the effective emissivity Ae.4 (a—c) and on the effective optical thickness A7
(d—f) at 8.65 um, 10.60 um and 12.05 um respectively, as a function of the optical thickness
standard deviation o, for three indentical cirrus fields but for different ice crystal effective
diameters: cirrus 3 (Dg¢ = 9.95 pm), cirrus 6 (D4 = 20.09 pm) et cirrus 7 (D¢ = 40.58 um) with
7. = 1.80 and p, = 0.7 for the three cirrus.
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Figure 9. Error on the effective emissivity Ae.; (a—¢) and on the effective optical thickness A7
(d—f) at 8.65 um, 10.60 um and 12.05 um respectively, as a function of the optical thickness
standard deviation Oy, for cirrus ClI-1, ClI-2 and CII-3.
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Figure 11. Effective emissivity differences (a—c) between ¢.41D,,, and £.41D and effective opti-
cal thickness differences (d—f) between 7.41D,,, and 741D retrieved from radiances calculated
in the case of vertically heterogeneous and vertically homogeneous cloudy columns respec-
tively as a function of the standard deviation of the optical thickness o, for cirrus ClI-2 for
bands at 8.65 um, 10.60 um and 12.05 um respectively.
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Figure 12. (a—c): Vertical variation of the mean extinction coefficient o,; (d—f): vertical variation 5
of the mean single scattering albedo @,; (g—i): vertical variation of the assymetry factor g for  ® _ —
the three IIR channels at 8.65 um, 10.60 pm and 12.05 pm for cirrus CII-2. Vertical black lines
correspond to the mean value of the optical coefficient obtained after vertical averaging of the
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Figure 13. Errors on the (a) retrieved effective diameter AD 1D and (b) on the effctive optical
thickness A7.41D as a function of 7,41D due to an error of +1K on the surface temperature
(Teurs + 1) and +1 K on the atmospheric temperature profile (7, + 1) for cirrus with top altitudes
of 6km, 8km, 10 km and 12 km.
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