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Abstract. The possibility to discriminate the contribution of the atmosphere and ice clouds by using spectral infrared mea-

surements is a fundamental step to quantify the cloud effect in the climate models. The simultaneous retrieval of clouds and

atmospheric parameters allows to take into account the possible correlations between the variables. In this paper we describe

the development of a routine able to perform the simultaneous retrieval and its application to the analysis of the spectral

measurements acquired by the REFIR-PAD (Radiation Explorer Far Infrared - Prototype for Applications and Development)5

spectroradiometer, operative from Antarctic Plateau since 2012. This routine is able to operate the retrieval with reduced com-

puting time comparable with the REFIR-PAD data acquisition time. The analysis allowed to retrieve the water vapour and

temperature profiles and the clouds optical and micro-physical properties, such as the generalised effective diameter (Dge)

and the ice water path (IWP), by exploiting the spectral band between 230−980 cm−1. To simulate the radiative transfer, the

LBLRTM (Line By Line Radiative Transfer Model) was integrated with a specific code based on the δ-Eddington two-stream10

approximation, and further the cirrus clouds single scattering properties were derived from a database for hexagonal column

habits. In order to identify the ice clouds a back-scattering and depolarisation lidar was available on the site and allowed to

infer the position and the cloud thickness used in the simulations. A climatology of the vertical profiles of water vapour and

temperature, was performed by using the daily radiosounding available at the base and it was used to build the a priori and

initial guess profiles used in the fitting routine. An optimal estimation method with a Levenberg-Marquardt approach was ap-15

plied to perform the retrieval. The comparison of results with radiosoundings demonstrates that the retrieved atmospheric state

is not disturbed by the clouds presence. Finally, the retrieved clouds parameters were compared with the statistical correla-

tion between the cloud temperature (Tc) and the optical depth measured in Antarctica at Dumond D’Urville and the effective

diameters with the ice water content (IWC) obtained in the Arctic region finding a general agreement.

1 Introduction20

Cirrus clouds have a strong effect on the Earth Radiation Budget (Kiehl and Trenberth, 1997; Harries et al., 2008; Liou, 1986),

however their radiative impact is still uncertain (Baran, 2007) since they show a very strong variability in the space extent

as well as in the crystal size/shape distribution (Baran, 2009). As reported by Baran (2009), the Earth-atmosphere radiation

balance, which manifests itself between surface warming and cooling, depends upon many different parameters characterising
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cirrus clouds, such as geometrical thickness, particles size and shape distribution (PSD) of ice crystals and most of all the

optical depth. Furthermore they cover permanently about 30% of the planet surface, reaching the 70% in tropical areas (Baran,

2007), so their climate effect is very important.

The characterisation of these clouds is still uncertain due to the very complex shapes of their particles and the difficulty to

detect very small crystals (De Leon and Haigh., 2007). The strongest effect occurs in the atmospheric window (8−12 µm)5

region and it is highly dependent on the optical thickness, but the contribution of far infrared (FIR), below 667 cm−1 (>15 µm),

is also important because in this region the spectrum is very sensitive to the variation of the effective diameter, in particular at

small particle sizes (' 20−30 µm of effective diameter). The sensitivity is increased in the FIR because the strong modulation

of the imaginary part of the refractive index (Linch et al., 2002) of ice, which has a peak at 800 cm−1 and a minimum at

400 cm−1.10

This FIR portion is also very important since represents up to the 45% percent of the entire thermal flux emitted by the

Earth (Harries et al., 2008). For this reason, its modulation by clouds has important effect on the energetic balance. However,

below 667 cm−1 the effect of the cloud overlaps with the water vapour absorption band, hence it is difficult to disentangle

the competing effects associated with them. Wide band spectral measurements are essential to try to separate the different

component of the system.15

In this paper we describe a retrieval procedure which uses the broad band spectrum between 230−980 cm−1 to discriminate

and evaluate simultaneously both the thermal contribution of the water vapour and cirrus clouds, and also the application to

the analysis of the spectral measurements of the radiance emitted by the atmosphere, performed over the Antarctic Plateau

in very dry conditions. REFIR-PAD (Radiation Explorer in Far InfraRed - Prototype for Applications and Development)

spectroradiometer (Palchetti et al., 2005; Bianchini at al., 2006) is very suitable for this purpose since it is one of the few20

operative instruments able to detect the whole infrared atmospheric radiance between 100−1400 cm−1 (7−100 µm), covering

the entire pure rotational band of water vapour in the FIR. The instrument is installed at Dome-C, at the Italian-French station

of Concordia, on the Antarctic Plateau (75◦06′ S, 123◦20′ E) at 3233 m a.s.l., and it is acquiring data of spectral radiance from

the atmosphere almost continuously since December 2011, both in clear and cloudy sky conditions.

Simultaneous and ancillary measurements, performed by a back-scattering/depolarisation lidar (Del Guasta et al., 1993),25

daily radiosoundings and a weather station placed on the roof of the physics Shelter where REFIR-PAD is placed, were also

used in the retrieval procedure. Since the Antarctica field campaign has been going on for more than three years by now, a

very large database of spectral measurements about the Antarctic atmosphere (Palchetti et al., 2015) has been collected. The

development of a retrieval algorithm able to analyse the entire database will allow to perform reliable statistics about the

radiative contribution of the Antarctic atmosphere and ice clouds.30

The modelling of the clouds is a hard problem to solve since the exact distributions of crystals size and habits are very

unpredictable, that means clouds are very inhomogeneous in space and in the internal structure as well as in time. The strongest

assumption, which is considered sufficiently reliable, is the approximation of a single uniform layer. The developed algorithm

makes different assumptions to simplify and optimise the simulations. The δ-Eddington two-stream approximation was applied

to simulate the radiative transfer through the cloud layer. The downwelling and upwelling radiance incident at the cloud top35
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and bottom respectively are simulated at each iteration by LBLRTM as well as the downward radiance propagating from the

cloud to the observer. The retrieval code is an optimal estimation based on the Levenberg-Marquardt approach (Marquardt,

1963) in which the retrieved parameters are the effective diameters and ice water path (IWP) for the cloud and a few levels

on the vertical profiles of water vapour and temperature. The a priori information is given by the seasonal climatology build

through the daily radiosoundings and also takes into account the correlations between water vapour and temperature.5

Section 2 introduces the modelling of the atmosphere in presence of ice clouds by using the single scattering properties

derived from the database compiled by Fu (1996) for hexagonal column ice crystals. In Section 3, the procedure to retrieve the

clouds properties and the atmospheric variables is illustrated, starting from the generation of the a priori climatological profiles

and the variance-covariance matrix (VCM). Furthermore, the procedure to choice the atmospheric levels to be retrieved, is also

explained as well. Finally, in Section 4, the retrieval performance is also discussed.10

2 Modelling of the thermal radiance emitted by cirrus clouds

The modelling of the thermal spectral radiance emitted by the atmosphere in presence of cirrus clouds follows the work about

the fitting cloud parameters by using the measurements carried out during Testa Grigia field campaigns in 2007 and 2011

(Palchetti et al., 2015).

The δ-Eddington two-stream approximation of the radiative transfer equation (RTE) for a thermally inhomogeneous scatter-15

ing layer in case of zenith-looking configuration was used, as suggested by Deeter and Evans (1997):

IE(0) = e−τI(τ) +
Db

1−β (1− eτ(β−1))

+
D+

1−λ (1− eτ(λ−1))

+
D−

1 +λ
(1− e−τ(λ+1)) (1)

where IE(0) and I(τ) are the radiance at the cloud base and cloud top respectively. The coefficients D−, D+ and λ are

reported in Appendix A of Deeter and Evans (1997) and they depend on the upwelling and downwelling radiance and the

Planck functionsB0 andB1 at the cloud top and bottom. They also depend on the single scattering properties such as the single20

scattering albedo ω, the asymmetry factor g and the optical depth (OPD) τ . The β coefficient is the slope of the exponential

approximation as a function of τ (Fu, 1991; Fu and Liou, 1993) used for the form of the Planck function:

B1 =B0e
βτ (2)

Different works have been performed to parametrise the single scattering properties for the large variety of ice crystal habits

as a function of the micro-physics (Yang et al., 2001; Yang at al., 2005; Wiser and Yang, 1998). In this work an homogeneous25

distribution of crystal shapes represented by hexagonal columns was assumed and the approximation of single uniform layer

for clouds was considered.
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The single scattering coefficients depending on the micro-physical properties (Dge, IWP) are given by Fu et al. (1998):

τ = IWP(a0 + a1/Dge + a2/D
2
ge),

τa =
IWP
Dge

(b0 + b1Dge + b2D
2
ge + b3D

3
ge),

g = c0 + c1Dge + c2D
2
ge + c3D

3
ge (3)

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

Dge =

∫ Lmax

Lmin
D2Ln(L)dL

∫ Lmax

Lmin
(DL+

√
3

4 D
2)n(L)dL

(4)

D, L and n(L) in Eq. (4) are the width, the maximum dimension and the size distribution of the ice crystals respectively.5

The coefficients ai, bj and ck in Eq. (3) are tabulated in a specific database (Fu et al., 1998) between 3−100 µm, and τa denotes

the absorption optical depth. The single scattering albedo is obtained from the following relation:

ω = 1− τa/τ (5)

The optical parameters are scaled according to (Baran, 2005):

τ ′ = (1−ωg2)τ

g′ = g/(1 + g)

ω′ = (1− g2)ω/(1−ωg2) (6)10

and plotted in Fig. 1 as function of frequency for different values ofDge.The figure shows that in the FIR the sensitivity of the

scattering to the diameter variations for different effective diameters (15,30,60 and 100 µm) is higher than in the atmospheric

window between 800−980 cm−1. The maximum of extinction occurs around at 700−800 cm−1, mainly due to the absorption

effect.

Following ((Baran, 2007) and (Rathke and Fisher, 2000)), the final parameters to be used in the radiative transfer model15

described in the following sections, are further scaled to take into account the gas contribution in the cloud layer yielding:

τt = τ + τg

ω′′ = ω′
τ ′

τ ′t

g′′ = g′
τ ′

τ ′t
(7)

where τg represents the extinction optical depth of the gases calculated by LBLRTM (Clough at al., 2005).
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3 Retrieval algorithm

In the approximation of single uniform layer, the spectral contribution of cirrus clouds is completely determined by the vector

of parameters (Dge, IWP). The retrieved atmospheric variables are the values of the volume mixing ratio (VMR) of the water

vapour and temperature at a few levels of the vertical profiles. The other levels of the profiles are linearly interpolated and the

main unfitted molecular specie considered in the analysis is the carbon dioxide.5

The atmosphere was modelled by using a grid of 52 levels with a very high resolution of 2,7,8,10,20 m in the very first layers

above the instrument, reaching a very low resolution of 1 km in the upper part, close to the tropopause. The initial guesses of

the water vapour and temperature as well as the a priori information are represented by the seasonal climatology performed in

this work, and the carbon dioxide profile by the climatology performed by Remedios et al. (2007). The retrieval was limited in

the spectral region between 230−980 cm−1 to include the pure rotational band of water vapour placed below 667 cm−1 and the10

vibro-rotational band of carbon dioxide taking into account the atmospheric window between 820−980 cm−1 and neglecting

the ozone band above 1000 cm−1.

In order to retrieve the atmospheric variables, we need to invert the equation:

y = F(x) + ε (8)

where F is the forward model, y and ε are the vectors of the measurement and its uncertainty respectively and x is the state15

vector of the system composed of the atmosphere and the cloud. An optimal estimation approach is used for the retrieval of x

by means of the minimisation of the cost function:

χ2 = (y−F(x))TS−1
ε (y−F(x)) + (x−xa)TS−1

a (x−xa) (9)

where x = (Dge, IWP,U,T) is the state vector with U and T vectors of selected levels on water vapour and temperature

profiles and xa the vector of the a priori information that we assumed coincident with the initial guess; Sε and Sa represent the20

VCM of the measurements and the a priori respectively calculated as follow (Ceccherini and Ridolfi, 2010):

(Sε)ij = 〈εεT 〉= δij(NESR2
j + (σF )2j ) + εi · εj (10)

for the measurement, where the symbol 〈· · · 〉 denotes the expectation value, δij is the identity matrix, NESR is the noise

equivalent spectral radiance (Palchetti and Lastrucci, 2001), σF the error on the unfitted species and ε is the calibration error.

On the right side of the equation, the term composed of NESR and σF denotes the statistical noise, whereas the term of products25
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εi · εj represents the systematic error given by the calibration uncertainty with correlation 1 as derived from the Planck law. On

the other hand the VCM of a priori profiles was obtained as a block matrix:

Sa =


 Scld 0

0 Satm


 (11)

where Scld is the diagonal VCM for cloud parameters expressed as:

Scld =


 σ2

Dge
0

0 σ2
IWP


 (12)5

The Satm matrix is the VCM of the atmosphere in which the off diagonal elements are not null and take into account the

correlations between each atmospheric level and also between temperature and water vapour. We can note that the a priori

correlation between atmosphere and cloud is set to be 0. The σF in Eq. (10) is obtained by means of the standard deviation

σCO2 of the CO2 profile (Remedios et al., 2007) and the derivative of the forward model with respect to the CO2 volume

mixing ratio. The standard deviations of Dge and IWP in the 2x2 diagonal matrix in Eq. (12) were set to be large enough to10

not be serious constraints Turner (2005). If x = (U,T) represents the vector of the atmospheric radiosounding of water vapour

(U) and temperature (T) then the Satm can be calculated from the expectation value:

(Satm)ij = 〈σaσTa 〉=
1

N − 1

N∑

k=1

[(xik − x̄i)(xjk − x̄j)] (13)

where i, j = 1, · · · ,104, σa denotes the error of a priori and xik represents the value of the k-th water vapour profile at the

i-th level if i≤ 52, or the k-th temperature profile at the (i−52)-th level if 52< i≤ 104. The x̄i denotes the average at the i-th15

level of water vapour or (i− 52)-th level of temperature calculated averaging a set of N ' 90 radiosoundings. From Eq. (13)

derives that for the same index i= j we find the corresponding variance.

The iterative formula (Marquardt, 1963; Palchetti et al., 2008; Bianchini at al., 2007), was implemented by using a Levenberg-

Marquardt approach:

xi+1 = xi + [KT
i S−1

ε Ki + γDi + S−1
a ]−1×

{KT
i S−1

ε (y−F(xi))−S−1
a [xi−xa]} (14)20

where xi is the vector state at the i-th iteration, γ is the regularization factor and Di is the diagonal matrix (Gavin, 2015):

Di = diag(KT
i S−1

ε Ki) (15)
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and the matrix Ki is the Jacobian at the i-th iteration given by:

Kijl =
∂Fj(xi)
∂xl

(16)

The form of matrix Ki at the i-th iteration is determined for i = 0 and in case of increasing χ2 by means of the finite

difference calculation and in case of decreasing χ2 and in every 2n iterations (with n number of parameters) by using the

Broyden rank1 update formula (Broyden, 1965) for the quasi-Newton methods:5

Ki+1 = Ki + [(F(xi+1)−F(xi)−Ki∆xi)∆xi]/(∆xTi ·∆xi) (17)

with ∆xi = xi+1−xi.

The VCM of the state vector x was provided by the the optimal estimation as follow (Rodgers, 2000):

Sx = (KTS−1
ε K + S−1

a )−1 (18)

The upwelling and downwelling radiance incoming at the cloud bottom and top respectively were simulated at each iteration10

and they were used for the calculation of the coefficients λ,D− andD+ in Eq. (1) and, for the upwelling radiance coming from

the ground, the emissivity of the surface was set to be 1 and the ground temperature was given by the Vaisala station placed on

the roof of the physics Shelter.

3.1 Selected measurements and climatology

The measurements of the atmospheric radiance were performed by REFIR-PAD (Palchetti et al., 2015) with a time frequency15

of 12 minutes and a spectral resolution of 0.4 cm−1. For the evaluation of the performance of the developed retrieval algorithm,

a set of 15 spectra were selected in the year 2014 in coincidence as close as possible with the radiosounding performed at 12

UTC and in presence of ice clouds, identified by exploiting the logarithmic range corrected signal (RCS) and the depolarisation

signal provided by the back-scattering lidar.

The lidar have 2 frequencies channels at 532 and 1064 nm respectively and allows to acquire data with a time resolution20

of 10 minutes, very close to the REFIR-PAD acquisition frequency. In Fig. 2 the colour maps of the RCS and depolarisation

signals detected by the lidar for four selected days of the analysed spectra, one for each season, are shown. The red solid lines

in the panels indicate when the acquisition of the spectrum was performed by REFIR-PAD. The first upper panel shows the

passage of an ice cloud at 1.8 km of height with a geometrical thickness of about 1.4 km and the acquisition was made at

13:47 UTC on 12 February 2014. The ice cloud in the right upper panel occurred on 2 April 2014 at about 0.6 km of height25

with 1.4 km of thickness and the acquisition was performed at 11:36 UTC. The last two panels show the passage of ice clouds

respectively on 10 August 2014 at 1 km with 2 km of thickness passed at 10:49 UTC and a cloud at 1.6 km with 0.7 km of

thickness on 1 October 2014 at 11:59 UTC. The depolarisation signal ensures the presence of ice in the clouds as shown in
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Fig. 3 and allows to exclude for example the cases of mixed-phase clouds, often occurring in the polar atmospheres (Turner,

2005; Turner et al., 2003).

The four climatological profiles of water vapour and temperature for the year 2014 are plotted in Fig. 4. In the right panel

we can note the strong temperature inversion which occurs at around 500 m above the ground in Winter and Autumn and it is

a peculiarity of the Antarctic atmosphere due to the very low temperatures, below -60 ◦C, reached at the ground level during5

these seasons. The water vapour VMR profiles also manifests a strong inversion in Winter and Autumn as shown in the left

panel. The standard deviation σ of climatological profiles allowed to fix the limits of the retrieval domain and they were set to

be 3-σ in order to take into account almost the totality of cases. Only for the ground level a larger limit was chosen since the

variability of the very first layer, corresponding to the internal ambient of the physical shelter, and completely isolated from the

external one. These limits represent the real physical domain in which the atmospheric variables can be varied by the retrieval10

routine.

3.2 Optimisation of the retrieved state vector

In order to determine how many degrees of freedom which better represent the atmospheric states and setting the retrieval

levels, a study of the matrix K̃ given by:

K̃ = S−
1
2

y KS
1
2
a (19)15

was performed by means of the singular value decomposition:

K̃ = UΣVT (20)

The analysis was performed by using the four seasonal climatological profiles, as shown in Fig. 4, composed of 52 levels

interpolated on a grid with vertical resolution of 100 m to calculate the Jacobians with respect to the atmospheric variables in

clear sky conditions.20

The columns of V represent the eigenvectors of matrix K̃K̃T in the state space transformed by S−
1
2

a and to come back to

the original state space we can transform the vectors by means of S
1
2
a (Rodgers, 2000), such that:

S
1
2
a ṽi = vi−xa (21)

where ṽi are the columns of matrix V. As shown by (Rodgers, 2000) the singular values of K̃ perfectly represent the

signal to noise ratio and the number of singular values, which are greater than about unity represents the effective rank of the25

system. The singular values greater than unity correspond to the states which carry information about the parameters to be

retrieved, indeed the lower ones don’t bring information but only noise. The singular values also give the sensitivity to measure

a singular vector Rodgers (2000). To avoid the oscillation in the retrieval, due to the strong variability in the lowest layers, only
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the singular vectors which can be measured with a sensitivity greater than about 10% of the maximum value were took into

account. These corresponds to the first two eigenvectors for water vapour and the first three for temperature for the all seasons

as shown in Fig. 5. This means that only two levels of water vapour and three levels of temperature can be accurately retrieved.

The retrieval levels were set by selecting the back transformed eigenvectors which satisfy the above conditions and by

studying where the overlap of maximums occurred. In Fig. 6 the back-transformed singular vector of K̃ for singular values5

greater than about unity of water vapour and temperature by using the winter climatology are shown. The retrieval levels above

the ground are also reported in black-dashed line. The second level of temperature was set at about 10 meters above the ground

to take into account the strong gradient in the very first layers. The grid levels of water vapour and temperature profiles were

linearly interpolated between the fitted levels and the portion of the profile above the last level was simply scaled.

4 Results10

Figure 7 shows the fitting results for the selected cases of Fig. 2. The measurements (black line) are compared with the synthetic

spectra (red line) obtained by the fit, and the residuals are reported in the lower panels (green line). The first panel shows the

atmospheric spectrum with an ice cloud composed of large particle sizes, the retrieval provided 47 µm of Dge, and optical

depth of 0.4. The following panels contain spectra with ice clouds with smaller diameters, precisely 34, 21 and 23 µm, and

optical depths of 0.5, 1.1 and 0.6 respectively. The good fitting results, with a residual difference within the uncertainty of the15

measurement, shows that the simultaneous retrieval including the FIR portion of the spectrum allows to reduce the residual

difference between model and measurement in comparison with techniques which use only the mid-infrared (MIR) Maestri et

al. (2014). The comparison between the retrieved water vapour and temperature profiles with the radiosounding are reported

in Fig. 8 for the same cases of Fig. 2. As we can see the retrieved profiles are generally in very good agreement with the

radiosoundings. The differences in the first layers are mainly due to:20

1. the strong variability occurring in the boundary layer.

2. the radiosonde launched not exactly close to the shelter, in which REFIR-PAD is placed.

3. the presence of a very strong gradient in the very first layers between the instrument, inside the shelter, and the external

ambient.

The fitting results for the cirrus cloud optical and micro-physical properties are shown in Fig. 9 in which the time evolution25

of the clouds parameters is plotted. The retrieved effective particle diameters mostly variates between 20 and 50 µm, the tem-

perature between -30 and -60 ◦C and the OPD between 0.05 and 1.1. The largest diameters occur in Summer when temperature

is higher whereas the optical depths are generally lower than about 1, hence cirrus clouds are generally optically thin.

The retrieved cloud parameters were compared with two statistical correlations available for polar regions, where the cloud

temperature is related to the optical depth and the ice water content to the effective diameter. The first relationship is represented30
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by an exponential function obtained from data acquired at Dumont D’Urville in 1993 (Del Guasta et al., 1993) for cirrus clouds

with temperature lower than -30 ◦C, and is given by:

τ = exp(a ·Tc + b) (22)

with a= 0.0284 and b= 0.2110.

The second law correlates the effective diameter De with the ice water content (IWC) through a logarithmic relation given5

by (Liou, 2008):

De = exp(a+ b · ln(IWC) + c · (ln(IWC))2) (23)

with a = 4.8510, b =0.33159 and c = 0.026189 are coefficients that are found for the Arctic region. The values of IWC are

calculated from the retrieved IWP data reminding the assumption of single uniform layer as follow:

IWC =
IWP

∆z
(24)10

where ∆z is the geometrical thickness of the cloud. The comparison between the retrieved parameters and statistical cor-

relation laws shows a very good agreement, Fig. 10. The relationships of Eq. (22) and (23) were used to fit the retrieved

data through the coefficient a,b,c, obtaining for the Tc− τ case, a= 0.0200 and b= 0.0002, and for the IWC−De case,

a= 4.3114,b= 0.39111, and c= 0.052090. The retrieval results again shows that the retrieved cloud parameters are in good

agreement with the available statistics for polar regions.15

5 Conclusions

In this work an efficient routine to operate the simultaneous retrieval of the atmospheric water vapour and temperature profiles

and the cloud parameters, was developed and applied to the analysis of measurements performed over the Antarctic Plateau

by using the spectral measurements in the far infrared carried out in 2014 by the REFIR-PAD Fourier spectroradiometer. The

procedure exploited the whole spectral range between 230−980 cm−1 and allowed to retrieve simultaneously the atmospheric20

variables and the cloud optical and micro-physical properties such as the generalised effective diameters and the ice water path.

The region below 667 cm−1 is very important because the modulation of the spectrum due to the clouds effect is very strong

showing high sensitivity to the ice particles size.

The modelling of the atmosphere was performed by integrating the LBLRTM with a specific code based on the δ-Eddington

two-stream approximation of the radiative transfer to take into account the effect of the clouds. A preliminary optimisation of25

the retrieved state vector was performed by means of the Jacobian matrix to set the best grid of levels on the water vapour and

temperature profiles to be used in the retrieval procedure. A climatology was also performed by using daily radiosoundings

available at the base to make a good a priori information.
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A good agreement was found between the atmospheric retrieved profiles of water vapour and temperature and the available

simultaneous radiosoundings, and between retrieved cloud data and the statistical correlations available for polar regions.

Clouds and ice detection was provided by the back-scattering/depolarisation lidar placed close to REFIR-PAD. A very good

agreement of the residuals with the model was found and the retrieved cloud data were compared with the statistics performed

at Dumont D’Urville correlating the optical depth to the temperature and the ice water content to the effective diameter.5

This work has shown the capability to perform a simultaneous retrieval of the atmospheric state and the cloud parameters

taking into account the possible correlations between the clouds and the atmosphere. The residual difference between models

and measurements is within the measurement errors over the whole relevant spectral range of the emission including the FIR.

This better characterisation of the ice cloud radiative properties should allow to improve the understanding of their role in the

Earth radiation budget and in climate.10
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Figure 1. Scaled optical parameters for different values of Dge, 15,30, 60 and 100 µm respectively. The optical depth τ is calculated for

IWP=2 gm−2.
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(a) (b)

(d)(c)

Figure 2. Colour maps of RCS and depolarisation signals performed by the lidar at Dome-C for different days and seasons. The panels show

the passage 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 3. Logarithmic RCS and depolarisation signal corresponding to the four selected days. The first one is in arbitrary unit as a function

of the height in km above ground and depolarisation.
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Figure 4. Plotting of the four seasonal climatological profiles of water vapour VMR (left panel) and temperature (right panel) used as initial

guesses in the fitting procedure.
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Figure 5. In the upper panel the trend of the ratios between the the singular values and the maximum for water vapour (circles) as well as the

temperature (triangles) are reported in percentage for every season (different colours). Furthermore the threshold of the singular independent

states represented by the black-dashed line, identifies the limit value above which the states are neglected. In the lower panel the absolute

values of the singular values are also shown and the black-dashed line is the threshold below which the values corresponding to the states

contribute only as the noise.
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Figure 6. First back-transformed singular vectors of K̃ of water vapour and temperature for the singular values greater than about unity

calculated by using the winter climatology.
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Figure 7. Results of fitting. The comparisons of the synthetic spectra (red) provided by the retrieval with the measurements (black) are shown.

The days are the same as in Fig. 2. The lower panels show the comparisons of the residuals (green) with the measurement uncertainty.
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Figure 8. Retrieved profiles of water vapour VMR and temperature (red) for the selected days of Fig. 7. This figures show the comparison

with radiosounding profiles in blue colour and the initial guess (dashed black line). The brown lines indicates the physical limits, set to be

3-σ of the climatology, used to constrain the retrieval.
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