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Abstract. The possibility separating the contributions of the
atmospheric state and ice clouds by using spectral infrared
measurements is a fundamental step to quantifying the cloud
effect in climate models. A simultaneous retrieval of cloud
and atmospheric parameters from infrared wideband spectra
will allow the disentanglement of the spectral interference
between these variables. In this paper, we describe the de-
velopment of a code for the simultaneous retrieval of atmo-
spheric state and ice cloud parameters, and its application
to the analysis of the spectral measurements acquired by the
Radiation Explorer in the Far Infrared — Prototype for Ap-
plications and Development (REFIR-PAD) spectroradiome-
ter, which has been in operation at Concordia Station on
the Antarctic Plateau since 2012. The code performs the re-
trieval with a computational time that is comparable with the
instrument acquisition time. Water vapour and temperature
profiles and the cloud optical and microphysical properties,
such as the generalised effective diameter and the ice water
path, are retrieved by exploiting the 230-980 cm™! spectral
band. To simulate atmospheric radiative transfer, the Line-
By-Line Radiative Transfer Model (LBLRTM) has been inte-
grated with a specifically developed subroutine based on the
5-Eddington two-stream approximation, whereas the single-
scattering properties of cirrus clouds have been derived from
a database for hexagonal column habits. In order to detect ice
clouds, a backscattering and depolarisation lidar, co-located
with REFIR-PAD has been used, allowing us to infer the po-
sition and the cloud thickness to be used in the retrieval. A
climatology of the vertical profiles of water vapour and tem-
perature has been performed by using the daily radiosound-
ing available at the station at 12:00 UTC. The climatology
has been used to build an a priori profile correlation to con-

strain the fitting procedure. An optimal estimation method
with the Levenberg—Marquardt approach has been used to
perform the retrieval. In most cases, the retrieved humidity
and temperature profiles show a good agreement with the ra-
diosoundings, demonstrating that the simultaneous retrieval
of the atmospheric state is not biased by the presence of cir-
rus clouds. Finally, the retrieved cloud parameters allow us
to study the relationships between cloud temperature and op-
tical depth and between effective particle diameter and ice
water content. These relationships are similar to the statisti-
cal correlations measured on the Antarctic coast at Dumont
d’Urville and in the Arctic region.

1 Introduction

Cirrus clouds have a strong effect on the Earth radiation bud-
get (Cox et al., 2010; Harries et al., 2008; Kiehl and Tren-
berth, 1997; Liou, 1986; Lubin et al., 1998) and on the deter-
mination of the overall climate sensitivity (Baran et al., 2014;
Hardiman et al., 2015; Cox et al., 2015). However, their ra-
diative impact is still uncertain (Maestri et al., 2005; Baran,
2007; Stoker et al., 2013) since they show a very strong vari-
ability in coverage extent and altitude (Mahesh et al., 2005)
as well as in the crystal size/shape distribution (Sassen et
al., 2008; Baum et al., 2005a, b; De Leon and Haigh, 2007).
As reported by Baran (2009), the Earth—atmosphere radiation
balance depends upon many different parameters character-
ising cirrus clouds, such as geometrical thickness, particle
size and shape distribution (PSD) of ice crystals and most of
all the optical depth. Furthermore their coverage is still not
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well characterised and spans from about 30 % of the planet
surface at any given time to 70 % in tropical areas (Wylie and
Menzel, 1999), so their climate effect could be very impor-
tant.

The strongest radiative effect of cirrus occurs in the atmo-
spheric window region (8—12um) and is highly dependent
on the cloud optical thickness. The contribution of the far in-
frared region (FIR) below 667 cm™~! (wavelength > 15 pum) is
also very important (Maestri et al., 2014) because in this re-
gion the emitted spectrum is extremely sensitive to the cloud
particle effective diameter, in particular for small particle
sizes (=~20-30 um). The sensitivity to the effective diame-
ter is enhanced in the FIR because of the strong modulation
of the imaginary part of the refractive index of ice (Lynch et
al., 2002; Baran, 2007), which has a peak at 800 cm ! and a
minimum at 400 cm~!.

The FIR region is also very important since it represents
up to 45 % percent of the entire thermal flux emitted by the
Earth (Harries et al., 2008), thus the flux modulation induced
by clouds has an important effect on the energy balance.
However, in the FIR the effect of cloud overlaps with the
water vapour rotational absorption band; hence it is difficult
to disentangle the two competing effects (Maestri and Holtz,
2009). Wideband spectral measurements are essential for try-
ing to separate the atmospheric state and cloud components
of the climate system (Huang et al., 2010).

The determination of cloud infrared spectral properties is
even more important in polar regions since, due to lower tem-
peratures, more of the radiation exchange happens in the FIR
region, and cloud contribution to the modulation of the out-
going emission, which drives the polar climate, is stronger
(Barton et al., 2014; Choi et al., 2010; Lubin et al., 2015;
Pithan et al., 2014; Scott and Lubin, 2015). Unfortunately,
the lack of measurements caused by the challenging environ-
mental conditions, especially in Antarctica, have prevented
the achievement of a reliable characterisation of the cloud
radiative impact (Bromwich et al., 2012). The retrieval of
cloud microphysical properties from infrared spectral mea-
surements is therefore of great interest because it would al-
low us to directly relate the cloud microphysics to radiative
properties (Cox et al., 2014; Turner, 2005; Mahesh et al.,
2001a, b).

In this paper we describe a retrieval process that uses the
atmospheric emission in the spectral region between 230-
980cm™~! to simultaneously discriminate and evaluate both
the thermal contributions of water vapour and cirrus clouds.
The process is then used for the analysis of the spectrally re-
solved measurements of the atmospheric radiance performed
over the Antarctic Plateau in very dry conditions. The Ra-
diation Explorer in the Far InfraRed — Prototype for Ap-
plications and Development (REFIR-PAD) spectroradiome-
ter (Palchetti et al., 2005; Bianchini et al., 2006) is very
suitable for this purpose since it is one of the few oper-
ative instruments able to detect the whole infrared atmo-
spheric radiance between 100—1400 ecm™! (7-100 um), cov-
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ering the entire pure rotational band of water vapour in the
FIR (Palchetti et al., 2008; Bianchini et al., 2008). The instru-
ment is installed at Dome C, at the Italian—French station of
Concordia, on the Antarctic Plateau (75°06’ S, 123°20'E) at
3233 ma.s.l,, and it has been acquiring atmospheric-emitted
radiance spectra almost continuously since December 2011,
both in clear- and cloudy-sky conditions. Simultaneous mea-
surements performed by a backscattering and depolarisation
lidar (Del Guasta et al., 1993), daily radiosoundings and data
from a weather station located on the roof of the physics shel-
ter, where REFIR-PAD is installed, have been also used in the
retrieval procedure.

Since the REFIR-PAD field campaign in Antarctica has
been going on for more than 4 years, a very large database
of spectral measurements (Palchetti et al., 2015) has been
collected. The development of a retrieval algorithm able to
analyse the entire database will allow us to perform reliable
statistics about the radiative contribution of the Antarctic at-
mosphere and ice clouds.

The modelling of clouds is a hard problem to solve since
the exact distributions of crystals size and habits are highly
variable, which means clouds are very inhomogeneous in
space and in internal structure as well as in time. The assump-
tion of a single uniform layer is typically used to describe
the radiative effect of ice cirrus clouds since these clouds
are optically thin (Mahesh et al., 2001b) and the internal
stratification shows a small effect on the radiative transfer;
see also e.g. Turner et al. (2003) and Turner (2005) where
the same approximation is used. Furthermore, this assump-
tion has been verified in our specific cases, where the optical
depth of cirrus clouds is generally less than 1.2, finding that
the effect of considering the stratification produces a differ-
ence that is negligible with respect to the measurement noise.

Currently there is very little information about the statisti-
cal distribution of shapes of ice particles in polar regions, e.g.
Mabhesh et al. (2001b) for Antarctica and Turner et al. (2003)
for the Arctic show the predominance of column particles. In
particular, Turner et al. (2003) showed that the typical polar
habits are essentially composed of hexagonal columns with
a minor fraction of droxtal for small particles. Furthermore,
the available single-scattering models are very few (Fu and
Liou, 1993; Fu et al., 1998; Yang et al., 2005) and not val-
idated over the whole spectral range because of the lack of
measurements in the FIR. The model developed by Fu et
al. (1998) has been chosen in this analysis because it effec-
tively describes clouds composed of a mixture of hexagonal
columns where the shape approximates the droxtal for small-
sized particles with an aspect ratio near to 1.

The algorithm described in this work makes other as-
sumptions to simplify and optimise the simulations. The
5-Eddington two-stream approximation has been applied
to simulate the radiative transfer through the cloud layer,
as considered appropriate for single layer clouds (Turner,
2005). The downwelling and upwelling radiances incident at
the cloud top and bottom respectively, as well as the down-
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ward radiance propagating from the cloud to the observer,
are simulated by the Line-By-Line Radiative Transfer Model
(LBLRTM) (Clough et al., 2005). The retrieval code is an
optimal estimation based on the Levenberg—Marquardt ap-
proach (Marquardt, 1963) in which the retrieved parame-
ters are effective particle diameter and ice water path IWP)
for the cloud and some selected points of the vertical pro-
files of water vapour and temperature. The a priori informa-
tion is given by the seasonal climatology compiled using the
12:00 UTC daily radiosoundings, and also takes into account
the statistical correlations between water vapour and temper-
ature.

The modelling of the atmosphere in the presence of ice
clouds by using the single-scattering properties derived from
the database compiled by Fu et al. (1998) for an ice crys-
tal mixture of hexagonal columns is described in detail in
Sect. 2. The procedure to retrieve the cloud properties and the
atmospheric variables is delineated in Sect. 3, starting from
the generation of the a priori climatological profiles and the
variance-covariance matrix (VCM). The procedure to choose
the atmospheric levels to be retrieved is also explained in
Sect. 4. Finally, in Sect. 5, the retrieval performance is dis-
cussed.

2 Modelling of the thermal radiance emitted by cirrus
clouds

The modelling of the infrared spectral radiance emitted by
the atmosphere in the presence of cirrus clouds has been per-
formed with the same approach used to fit cloud parame-
ters during Testa Grigia field campaigns in 2007 and 2011
(Palchetti et al., 2016).

The 5-Eddington two-stream approximation of the radia-
tive transfer equation (RTE) for a thermally inhomogeneous
scattering layer in case of zenith-looking configuration has
been used, as suggested by Deeter and Evans (1998):

Dy (l_er(ﬂfl))
1-8
Dy
1— T(A—l))
+ X ( e

D_
i (1me ), (1)

1) =e "I(T) +

where /g (0) and I (t) are the radiances at the cloud top and
bottom respectively. The coefficients D_, D4 and A are re-
ported in Appendix A of Deeter and Evans (1998) and de-
pend on the upwelling and downwelling radiances and the
single-scattering properties of the ice particles, i.e. the single-
scattering albedo w, the asymmetry factor g and the optical
depth 7. The B coefficient is given, according to Fu (1991)
and Fu and Liou (1993), by

1. B
f=_lnil @)

T By’
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where By and B; are the Planck functions calculated at the
temperatures of the cloud top and bottom respectively.

Different works were performed to parameterise the
single-scattering properties for the large variety of ice crystal
habits as a function of the cloud microphysics (Yang et al.,
2001, 2005; Wiser and Yang, 1998). In this work we assume
a homogeneous distribution of crystal shapes of the hexago-
nal column type and the approximation of a single uniform
layer for the cloud vertical structure.

The single-scattering coefficients that depend on the mi-
crophysical properties (Dge, IWP) are given by Fu et al.
(1998):

WP( ap+ L 4 2
T= ao ,
Dge Dée

IWP
ta= —— (bo+ b1 Dge + b2 D% + b3D3, ).
ge
g =co+c1Dge+czD§e+C3D§e, 3

where Dy, is the generalised effective diameter defined as Fu
(1996):

[ LD?n(L)dL

Dge =

. 4
JEmes (DL n %502) n(L)dL @
D, L and n(L) in Eq. (4) are the width, the maximum dimen-
sion and the size distribution of the ice crystals respectively.
The coefficients a;, b; and ¢, in Eq. (3) are tabulated between
3-100 um in (Fu et al., 1998), and 1, denotes the absorption
optical depth. The single-scattering albedo is obtained from
the following relation:

w=1-—1,/7. ®))

The optical parameters are scaled to take into account the
strong forward peak of the scattering according to Joseph and
Wiscombe (1976) as

T = (l—a)gz)r
.8
~(+g)

o = (1-¢%) (1_‘“—ng) ©6)

8

The wave number dependence of these parameters is
shown in Fig. 1 for different values of Dge. As expected, due
to the wavelength dependence of the imaginary part of the re-
fractive index of ice (Lynch et al., 2002), the particle scatter-
ing is more sensitive to the variation of the effective diameter
in the FIR spectral range than in the atmospheric window be-
tween 800-980cm™! (see also Baran, 2007 and Palchetti et
al., 2016). On the contrary, the maximum of extinction oc-
curs around 700-800 cm ™!, mainly due to the effect of ice
absorption.
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Figure 1. Scaled optical parameters for different values of Dge. The

optical depth 7 is calculated for IWP=2g m~2.

Following Baran (2007) and Rathke and Fisher (2000), the
final parameters to be used in the radiative transfer model
described in the following sections, are further scaled to take
into account the gas contribution in the cloud layer yielding
the following:

T =T+T1g
/
/! /T
w =C()—/
Tt
/
T
1 /
g =g, (7
T

where 1, represents the optical depth of the gases calculated
using LBLRTM.

A sensitivity study has been performed to compare the
different responses of radiance to atmospheric state and cir-
rus cloud parameter variations. We have considered a typical
case simulated using climatological water vapour and tem-
perature profiles (see Sect. 4 for more details about the used
climatological profiles) and a cirrus cloud of 1 km with the
bottom at 1800 m above ground and v = 1. Figure 2 shows
that a variation of 10 % in the water vapour volume mixing
ratio (Q) has the same effect as a 10 um variation in De in
the FIR, but above 500 cm™' the behaviour is the opposite.
Therefore the effects of these two parameters can be discrim-
inated in spectral measurements including both spectral re-
gions. Moreover Fig. 2 also shows that the effect of a varia-
tion in the cloud 7 and D, can be discriminated by using the
FIR spectral range. Finally we note that the temperature vari-
ation mainly affects the CO, spectral band, with the smaller
effect outside this band due to the indirect temperature vari-
ation that is assigned to the cloud.
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Figure 2. Radiance sensitivity to parameter variation for a sum-
mer atmospheric state and a cirrus cloud of 1 km with the bottom at
1800 m above ground, T =1 and D¢ = 40 pm.

3 Retrieval algorithm

The simulation of the downwelling spectral radiance at the
instrument level is performed by dividing the atmosphere
into 52 levels with irregular vertical resolution. The verti-
cal resolution varies from 2m in the first layer above the
instrument, where the values and variations of the main at-
mospheric variables are very large, up to 1 km in the upper
part of the profile, around 11 km and close to the tropopause,
where the atmosphere is almost transparent. The cloud tem-
perature is calculated from the atmospheric profile as the av-
erage between the values at the top and the bottom of the
cloud, which are supplied by the lidar measurements.

The retrieved variables are Dg. and the IWP for the cloud
and the volume mixing ratio (VMR) of water vapour (Q)
and the temperature (7") at selected levels of the vertical pro-
files as described later in Sect. 4. The remaining levels of the
vertical profiles are interpolated. The molecular species, for
which the VMR is not fitted, are supplied by climatological
profiles after Remedios et al. (2007). The initial guesses for
the water vapour and temperature profiles, as well as the a
priori information, are obtained by the seasonal climatology
as described in Sect. 4. The retrieval is limited to the spectral
region between 230-980cm™! where the sensitivity to the
selected fitting variables is maximum (see Fig. 2).

The retrieval requires the inversion of the following equa-
tion:

y=F(x)+e, ()

where F is the forward model, y and € are the vectors of
the measurement and its uncertainty respectively, and x =
(Dge, IWP, O, T) is the state vector of the system composed
by the cloud and the atmospheric contribution for the se-
lected levels of the vertical profiles.
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An optimal estimation approach is used for the retrieval of
x by means of the minimisation of the cost function:

x> =y —Fx)'S;! (y —F(x))
+(x—x)"S; (x —xy), )

where x, is the vector of the a priori information that we
assumed coincident with the initial guess, and S¢ and S, rep-
resent the measurement and the a priori VCMs respectively.

The measurement VCM is calculated as follows (Cec-
cherini and Ridolfi, 2010):

Sy = lee”) =8y (NESR? + 0r)3) +&i-¢j,  (10)

where the symbol () denotes the expectation value, §;; is
the identity matrix, NESR is the noise equivalent spectral
radiance, and € is the calibration error of the measurement
(Bianchini and Palchetti, 2008). o is the forward model er-
ror due to the uncertainties in the non-fitted species and the
assumption in the description of the cloud properties. The
term with the NESR and of denotes the uncorrelated statis-
tical error, whereas the term of products ¢; - € ; represents the
correlated error component given by the calibration uncer-
tainty with a correlation equal to 1, as derived from Planck’s
law of emission. The forward model error of is dominated
by the uncertainty on the CO, climatological profile, which
is obtained by means of the standard deviation oco, of the
CO, profile (Remedios et al., 2007) and the derivative of the
forward model with respect to the CO, volume mixing ra-
tio. The other non-fitted atmospheric species, the single layer
approximation and the choice of hexagonal columns for the
cloud description have a negligible effect on the VCM com-
pared to the measurement noise.

On the other hand, the a priori VCM has been obtained as
a block matrix:

_f Saa O
Sa— ( 0 Satm)’ (11)

where Sciq is the diagonal VCM for cloud parameters ex-
pressed as

2
o 0
sc]d=( Dee ) (12)
0 owp

The Sym matrix is the VCM of the atmospheric profiles in
which the off-diagonal elements are not null and take into ac-
count the correlations between each fitted atmospheric level
and also between temperature and water vapour profiles.

Since only a few measurements of cirrus cloud parameters
in the Antarctic plateau are available to perform a rigorous
statistical analysis of the correlation between D, and IWP
and between these parameters and the atmospheric state, we
have chosen not to constrain the retrieval with these a priori
correlations. Therefore the off-diagonal elements of S; and
Scia are set to be equal to 0. In this way, the results of the
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simultaneous fitting of the cloud parameters and the atmo-
spheric state will highlight the existing correlation between
these variables.

The standard deviations of Dge and IWP in the 2 x 2 diag-
onal matrix of Eq. (12) have been set to be large enough not
to be serious constraints (Turner, 2005). If x = (Q, T) rep-
resents the vector of the atmospheric radiosounding of water
vapour (Q) and temperature (7') then Sy, can be calculated
from the expectation value:

1
(Saum)ij =m;[(xik—fi>(xjk—fj)], (13)
where i, j are the forward model level indexes and k rep-
resents the radiosounding index. The X denotes the average
profile obtained from N radiosoundings. We note that the
terms of Eq. (13) with the same index i = j correspond to
the measured variance values.

The following iterative formula (Marquardt, 1963) has
been implemented by using a Levenberg—Marquardt ap-
proach:

-1
Xiy1 =X; + (KiTSE_IKi +yD; +Sa_1)

[KiTs;I(y—F(xi))—Sgl(xi —xa)], (14)

where x; is the vector state at the ith iteration, y is the regu-
larisation factor and D; is the diagonal matrix (Gavin, 2015):

D; = diag (Kfs;lKl-). (15)
The matrix K; is the Jacobian at the ith iteration given by
oF; (x;)
Kijj = ——". (16)
0x;]

In the case of an increasing x 2, the values of the K; matrix
is determined by means of a finite difference calculation for
i =0 and every 2n iterations (with n number of parameters),
while in the case of a decreasing x2, by using the Broyden
rank-1 update formula (Broyden, 1965) for the quasi-Newton
method:

[(F(xit1) —F(x;) — KiAx;) Ax;]

K1 =K
i+1 i+ (AxlT ] Ax,-)

, a7

with Ax; =x;+1 —x;.
The VCM of the state vector x is provided by the optimal
estimation as follows (Rodgers, 2000):

S = (KTSQIK—i-S;l)_l. (18)

The upwelling and downwelling radiances incoming at the
cloud bottom and top respectively are simulated at each iter-
ation. The obtained values are used for the calculation of the
A, D_ and D coefficients in Eq. (1). For the simulation of
the upwelling radiance, the emissivity of the surface is set to
be equal to 1 and the ground temperature is equal to the value
measured by a Vaisala VXT520 weather station placed on the
roof of the same shelter where REFIR-PAD is installed.
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4 Climatology and optimisation of the retrieved state
vector

A study of the climatology of water vapour and temperature
profiles has been performed using the entire radiosoundings
dataset available for the year 2014 to calculate seasonal aver-
ages, shown in Fig. 3, and standard errors. In the right panel
of Fig. 3 we can note the strong temperature inversion, a pe-
culiar characteristic of the Antarctic atmosphere that occurs
at about 500 m above ground during winter and autumn. Un-
der these conditions the ground mean temperature can reach
values below —60 °C. The water vapour VMR profiles also
manifests a strong inversion in winter and autumn as shown
in the left panel.

The standard deviation o of the climatological profiles is
used to calculate the a priori VCM. The range of the retrieved
values is limited to £30 in order to take into account the
profile variability. Only for the ground level are larger ranges
used, between 200 and 300K for the temperature and be-
tween 1 and 3000 ppmv for the VMR. This choice allows us
to take into account the much larger variability of the first
layer that corresponds to the path inside the physics shelter.
These ranges represent the real physical domain in which the
atmospheric variables can be varied by the retrieval routine.

In order to determine how many degrees of freedom repre-
sent the atmospheric states and to choose the retrieval levels,
a study of the matrix K is defined as follows:

~ _1 1
K=S§,’KS;, (19)

which has been performed by means of the singular value
decomposition (SVD):

K= 03V, (20)

Four seasonal climatological profiles, shown in Fig. 3,
have been used to calculate the Jacobian with a vertical res-
olution of 100 m in clear sky conditions. X is a diagonal
matrix of the singular values A; and V is a matrix with the
columns ; that represent the eigenvectors of KK’ in the

1

state space transformed by S, >. To come back to the vector
v; in the original state space, we transform v; by means of

1
S2 (Rodgers, 2000) according to

1

v; =S§Ei+xa. 21

As shown by Rodgers (2000), the singular values of K rep-
resent the signal to noise ratio and the number of singular
values, which are about or greater than one, represents the
effective rank of the system. The singular values greater than
one correspond to the states that carry information about the
parameters to be retrieved; the lower ones don’t bring infor-
mation but only noise. The analysis shows that our measure-
ment has about three degrees for water vapour and six for
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Figure 3. The four seasonal climatological profiles of water vapour
VMR (left panel) and temperature (right panel) used as initial
guesses in the fitting procedure.

1008
10f------ e GROOEEEEREE
S

MA

Water vapour
r Temperature b
0,1 Spring 4
F — Summer 3
— Autumn ~—
— Winter

! ! ! ! ! ! ! !
0’011 2 3 4 5 6 7 8 9 10

Singular value index

Figure 4. Trend of the ratios between the singular values A; and
its maximum for water vapour (circles) and the temperature (trian-
gles). The threshold used to select the singular independent states is
represented by the black line.

temperature. The singular values also provide the sensitiv-
ity to measure a singular vector (Rodgers, 2000). To avoid
the oscillation in the retrieval due to the strong variability
in the lowest layers, only the singular vectors, which can be
measured with a sensitivity greater than about 10 % of the
maximum value have been taken into account in our anal-
ysis. These correspond to the first two eigenvectors for wa-
ter vapour and the first three for temperature for all the sea-
sons as shown in Fig. 4. Figure 5 shows, for example, the
first three back-transformed singular vectors of K for water
vapour and temperature obtained by using the winter clima-
tology.

The retrieval has been set up by choosing the first retrieved
level at the ground in order to correctly take into account the
effect of the very first atmospheric layers that are affected
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Figure 5. Back-transformed singular vectors of K of water vapour
and temperature for the first three singular values calculated by us-
ing the winter climatology.

by the presence of the shelter and the instrument itself. For
the temperature, two other fitted levels are at about 10 and
300 m, whereas for water vapour, only one level at 200 m has
been considered, which is sufficient to correctly rescale the
humidity profile in the atmosphere above the first layer. The
grid levels are then interpolated (linearly for temperature and
logarithmically for water vapour) between the fitted levels,
while the portion of the profile above the upmost fitted level
is scaled according to the upmost value.

5 Data selection and results

The measurements of the downwelling spectral radiance
used in this work were performed from the Antarctic sta-
tion of Concordia using the REFIR-PAD spectroradiome-
ter (Palchetti et al., 2015), which covers the 100-1400 cm™!
spectral range with a 0.4 cm™! resolution. Each spectrum is
on average 5 min of atmospheric observations. The measure-
ment is repeated every 12 min due to the instrument calibra-
tion cycle. The instrument operates with a duty cycle of about
5h out of 6.5 to allow for preanalysis and data transfer to
Italy.

To evaluate the performances of the retrieval algorithm, we
have selected exclusively measurements performed in pres-
ence of ice clouds and in a coincidence as close as possi-
ble with the radiosoundings routinely performed from Con-
cordia at 12:00 UTC using Vaisala RS92 radiosondes. The
cloud phase has been identified by analysing the logarithmic
range-corrected signal (RCS) and the depolarisation compo-
nent provided by the lidar every 10 min. We have identified
15 cases in which the above-mentioned requirements were
all fulfilled in 2014. For each of these cases, we have se-
lected the three spectra that were in better temporal coinci-
dence with the 12:00 UTC radiosounding.
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In Fig. 6 colour maps of the RCS and depolarisation sig-
nals detected by the lidar in coincidence with four of the se-
lected REFIR-PAD measurements, one for each season, are
shown. The red solid lines in the panels indicate the time of
the REFIR-PAD acquisitions. Panel (a) shows the passage
on 12 February 2014 of an ice cloud at 1.8 km of height with
a geometrical thickness of about 1.4km. The ice cloud in
panel (b) occurred on 2 April 2014 at about 0.6 km of height
with 1.4 km of thickness. Panel (c) shows the passage of an
ice cloud on 10 August 2014 at 1km with 2km of thick-
ness. Finally panel (d) shows a cloud at 1.6 km with 0.7 km
of thickness on 1 October 2014. The vertical profiles of the
RCS and depolarisation signals, shown in Fig. 7 for the mea-
surements nearest to 12:00 UTC, allow us to infer the pres-
ence of a single ice phase and to exclude the cases of mixed-
phase clouds that often occur in polar atmospheres (Turner,
2005; Turner et al., 2003; Pithan et al., 2014; Scott and Lu-
bin, 2015).

Figure 8 shows the fitting results for the four selected
cases of Fig. 6, taking only the measurements closer to the
12:00 UTC radiosounding. The measurements (black line)
are compared with the synthetic spectra (red line) obtained
by the fit. The fitting residuals are shown as a green line in the
bottom of the plots. Panel (a) shows the atmospheric spec-
trum with an ice cloud composed of large-sized particles, the
retrieval provided 47 um of Dg. with an optical depth of 0.4.
Panels (b) to (d) correspond to ice clouds with smaller diam-
eters respectively 34, 21 and 23 pm and optical depths of 0.5,
1.1 and 0.6.

The comparison between the retrieved water vapour and
temperature profiles with the radiosounding, in the four se-
lected cases of Fig. 6, are presented in Fig. 9. As we can see
the retrieved profiles generally agree with the radiosoundings
measurements. Due to the low vertical resolution of the re-
trieval procedure, as also shown by the SVD analysis, it is
not possible to capture the fine vertical structures visible in
the radiosounding, e.g. the sharp variations occurring around
1000 m on 1 October 2014. Moreover, the lowermost fitted
temperature point is not shown in the figure for the tempera-
ture due to several biases affecting its value:

1. the strong atmospheric variability occurring in the
boundary layer,

2. the fact that the radiosonde is launched at about 500 m
from the shelter where REFIR-PAD is located,

3. the presence of a very strong gradient in the first 3m
of the measurement path that includes the transition be-
tween the shelter and the external environment.

On the other side, above 5000 m, near the tropopause level,
the downwelling spectral radiance has a negligible sensitivity
to atmospheric water vapour and temperature, as shown by
the SVD analysis (see Fig. 5).

In order to have an indication of the quality of the re-
sults for all the analysed cases, in Fig. 10 the retrieved pre-
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of an ice cloud in summer on 12 February 2014 (a), in autumn on 2 April 2014 (b), in winter on 10 August 2014 (c) and in spring on
1 October 2014 (d). The red lines indicate the times at which the analysed spectra were acquired.
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Figure 7. Logarithmic RCS and depolarisation signal correspond-
ing to the 4 selected days in coincidence with the measurements
nearest to 12:00 UTC.

cipitable water vapour (PWV) and the temperature of the
inversion layer are compared with the corresponding val-
ues given by the radiosonde profiles in the top and middle
panels respectively. The temperature of the inversion layer
T13m, corresponding to the fitted level at 13 m above ground,
is compared with the average temperature of the first S0 m

Atmos. Meas. Tech., 10, 825-837, 2017

above ground obtained by the radiosondes in order to take
into account that the forward model used in the fitting pro-
cess has a finite vertical resolution. The bottom panel shows
the time difference between the retrieved measurements and
the closed radiosonde profile. Figure 10 shows a generally
good agreement between the retrieved and the radiosounding
values, with the largest differences occurring when the mea-
surements are in a less strict coincidence with the radiosonde
launch and there is significant atmospheric variability, as in
January, when the delay between REFIR-PAD measurements
and radiosounding is about 2h and the atmospheric state
varies significantly (the three corresponding results are very
different). Another condition in which we can expect greater
differences is in wintertime, when the strong thermal inver-
sion near ground affects the retrieval performance.

The fitting results for the cirrus cloud optical and micro-
physical properties are plotted as a function of time in Fig. 11
together with the cloud geometrical parameters inferred from
the lidar measurements. The retrieved effective particle di-
ameters D, vary between 10 and 100 um with an error lower
than 20 %. The higher uncertainties occur for lower clouds
with a thickness of about 300-500 m. The optical depths 7,
calculated from the retrieved IWP by means of Eq. (3), are
between 0.05 and 1.5. The errors, obtained through propaga-
tion from the retrieval error of the IWP, are less than 20 %.
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Figure 8. Comparisons of the synthetic spectra (red) provided by the retrieval with the measurements (black) nearest to 12:00 UTC for the

same days shown in Fig. 6. The lower panels show the comparisons of the residuals (green) with the measurement uncertainty (black).
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est spectra. The bottom panel shows the time difference between the
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The cloud temperature T¢, corresponding to the mean tem-
perature between cloud top and bottom, is between —30 and
—60°C. T, is obtained from the retrieved atmospheric pro-
file using the cloud bottom height zp and the thickness Az
provided by the lidar. We can see that the largest particle di-
ameters occur in summer when temperatures are higher, as
expected from the ice particle formation process, and the op-
tical depths are generally lower than 1; hence the analysed
cirrus clouds are optically thin (Mahesh et al., 2001b; Kahn
et al., 2014). The retrieved cloud temperature is in most cases
lower than —40 °C, which is consistent with the single phase
of particles as detected by the lidar.

In order to have a first qualitative evaluation of the re-
trieval performance for the cloud parameters, we have also
compared the retrieved distributions with the corresponding
statistical distributions measured on the Antarctic coast at
sea level at the Dumont d’Urville Station and in the Arctic.
Specifically, the retrieved cloud parameters have been com-
pared with two statistical correlations where t is related to
T. and D, to the ice water content (IWC). The first relation-
ship is represented by an exponential function obtained from
the data acquired at Dumont d’Urville in 1993 (Del Guasta
et al., 1993) for cirrus clouds with a temperature lower than
—30°C and is given by

t=exp(a-T.+Db), (22)

where a = 0.0284 and » = 0.2110.

The second relation correlates the effective diameter D
with the IWC through a logarithmic relation given by (Liou
et al., 2008):

De = exp (a +b-In(IWC) +¢- (ln(IWC))z) , 23)
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Figure 12. Retrieved data (blue) and fit (red) of optical depth as
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(DDU) statistics (black) in the upper panel and with the Arctic
D —IWC distribution (Liou et al., 2008) (green) in the lower panel.

where a =4.8510, b =0.33159 and ¢ =0.026189 are the

coefficients obtained for the Arctic region. In our case, the

values of IWC are calculated from the retrieved IWP, reflect-

ing the assumption of a single uniform layer, as follows:
WP

IWC=——, 24)
Az

where Az is the geometrical thickness of the cloud.

The relationships of Egs. (22) and (23) were used to fit
the retrieved data varying the a, b and c coefficients, ob-
taining a = 0.0212 and b = 0.0267 for the 7. — t case, and
a=4.129, b =0.3046, and ¢ = 0.04591 for the IWC — D,
case.
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The results of Fig. 12 show that the retrieval accuracy al-
lows us to infer distribution laws for the retrieved cloud pa-
rameters that are compatible with analogous statistical dis-
tributions. A multi-year analysis over the full dataset of our
measurements is under study in order to better quantify these
distribution laws.

6 Conclusions

In this work an efficient code has been developed to perform
the simultaneous retrieval of the atmospheric water vapour
and temperature profiles and the cloud parameters, such as
the generalised effective diameters and the ice water path.
The code has been applied to the analysis of the measure-
ments performed over the Antarctic Plateau in 2014 by the
REFIR-PAD Fourier transform spectroradiometer. Acquired
spectra have been analysed in the 230-980cm™! spectral
range. In particular, the region below 667 cm™! appears to be
very important to characterise the ice particle size because in
this region the spectrum modulation is strongly dependent on
the particle size.

The modelling of the atmosphere has been performed by
integrating the LBLRTM atmospheric forward model with a
specifically developed code based on the §-Eddington two-
stream approximation of the radiative transfer to take into
account the effect of clouds. A preliminary optimisation of
the retrieved state vector has been performed by means of
the Jacobian matrix to set the best retrieval grid for the wa-
ter vapour and temperature profiles. A climatology study has
also been performed by using daily radiosoundings avail-
able at Concordia station to provide good a priori infor-
mation on the atmospheric variable correlation. Cloud po-
sition and phase detection are provided by the backscatter-
ing/depolarisation lidar installed near the REFIR-PAD in-
strument.

The fitting procedure allows to obtain a good agreement
between measurements and simulations, with the residual
differences generally falling within measurement noise over
the whole relevant spectral range, including the FIR. The
agreement is very good in the atmospheric window, where
the radiative contribution depends exclusively on the opti-
cal and microphysical properties of the cloud and its tem-
perature, whereas some differences occur in the FIR band
because of the strong absorption due to water vapour and
the extreme variability of its concentration. These conditions
prevent achieving a high vertical resolution in the retrieval.

The retrieved atmospheric state and cloud parameters are
also in generally good agreement with the supporting data
available for the atmosphere. In particular, the atmospheric
profiles of water vapour and temperature follow the avail-
able simultaneous radiosoundings, whereas the retrieved cir-
rus cloud parameters follow analogous statistical distribu-
tions available for polar regions.
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This work has shown the capability to perform a simulta-
neous retrieval of the atmospheric state and cloud parameters
from spectral measurements of the DLR over the Antarctic
Plateau. By taking into account the whole spectral range in
which the cloud infrared emission is relevant, it is able to dis-
entangle the spectral interference between the variables. This
process results in a better characterisation of the ice cloud
radiative properties and will enable us to improve our under-
standing of their role in the Earth radiation budget.

7 Data availability

The dataset archive containing the emission spectra, the
weather parameters, and the radiosoundings is being made
publicly available at the REFIR website http://refir.fi.ino.it.
Near-real-time acquisitions are shown every day online at
http://refir.fi.ino.it/rtDomeC

The Supplement related to this article is available online
at doi:10.5194/amt-10-825-2017-supplement.
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