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Abstract: This paper presents the Backscattering Lidar Signal Simulator (BLISS), an end-to-end
lidar simulator developed by the Centre National d’Etudes Spatiales (CNES). We computed the con-
stant multiple-scattering (MS) coefficient of BLISS with a Monte Carlo (MC) code in the framework
of CALIOP/CALIPSO observations for different homogeneous and plane-parallel stratocumulus
and cirrus cloud geophysical scenes. The MS coefficient varies from 0.46 to 0.63. Then we evalu-
ated the Level 1 products of BLISS. Above and in-cloud relative difference between the attenuated
backscattering coefficient vertical profile simulated by BLISS and by the MC code is smaller than 0.5%
under single-scattering regime and smaller than 10% (30% if optical depth of cirrus is large) under
multiple-scattering regime, thus confirming the robustness of BLISS.

Keywords: lidar; end-to-end simulator; BLISS; Monte Carlo; ATB; multiple scattering; cloud

1. Introduction

Clouds play a major role in the Earth climatic system energy balance [1]. For example,
liquid and opaque low-level clouds (i.e., stratocumulus) efficiently reflect solar radiation
back to space and contribute to cooling the Earth’s surface whereas iced and transparent
high-level clouds (cirrus) strongly absorb surface thermal radiation and re-emit it back
to the ground, leading to warming [2]. Overall, clouds contribute to cooling the Earth’s
climatic system [3,4]. In the context of climate change, it is important to know accurately
the spatio-temporal distribution of clouds [5], especially since their feedback, positive, is
always quite uncertain [6].

Spaceborne sensors are suitable tools to infer clouds properties at the global scale [7-9].
Among the remote sensing techniques, active sounding plays an important role because
it allows access to the vertical distribution of cloud properties [10]. Over the last decade,
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) [11]
have improved our understanding of the spatial distribution of microphysical and optical
properties of clouds and aerosols [12]. Future missions are planned to pursue those obser-
vations. For example, the Earth Clouds, Aerosol, and Radiation Explorer (EarthCARE) [13]
scheduled for 2023 will deploy a high spectral resolution (HSR) lidar in space [14].

Evaluating the performance of lidar systems [15,16], developing cloud products re-
trieval algorithms [17-21], or assimilating lidar observations [22-24] is generally based on
the direct simulation of the lidar signal. Such a lidar forward operator must consider all the
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technical characteristics of the lidar system, the microphysical and optical properties of the
cloudy geophysical scenes, and the multiple-scattering (MS) radiative process [25]. Monte
Carlo (MC) calculations are rather straightforward, and were widely used to investigate
the MS effects on lidar signal [25-28]. Nevertheless, MC calculation of MS lidar signals are
slow and time-consuming. Therefore, a lidar forward operator based on MS approximate
models are widely employed in the operational context. For example, in the DARDAR
(for iDAR/raDAR) cloud retrieval algorithm [19], the fast approximate model of [29] can
be referenced. In the Z (reflectivity) Model for Variational assimilation (ZmVar) of the
European Centre for Medium Range Weather Forecasts (ECMWF) the Photon Variance—
Covariance (PVC) method [30] or the “Platt approximation” [31] can be chosen [32]. The
“Platt approximation” is also used in the lidar simulator [33,34] of the Cloud Feedback
Model Intercomparison Project (CFMIP) Observation Simulator Package (COSP) [35,36]
and in the CALIOP cloud products [20,21]. The “Platt approximation” is one of the eas-
iest methods to implement [30]. Indeed, it only requires defining a multiple-scattering
coefficient to be assigned in the single-scattering lidar equation. At the same time, this
multiple-scattering coefficient is a function of the multitude of parameters (system lidar
technical characteristics, optical and geometrical properties of cloudy geophysical scenes)
and need to be carefully evaluated [28].

The main purpose of this paper is to present the Backscattering Lidar Signal Simulator
(BLISS), an end-to-end simulator developed by the Centre National d’Etudes Spatiales
(CNES), which simulates the return signal received by a backscattering airborne or space-
borne lidar and its associated retrieved products for a given geophysical scene defined by
the user. MS is based on the “Platt approximation”. Computation of the MS coefficient
of BLISS and validation of outputs of BLISS in the framework of the CALIOP/CALIPSO
framework for different cloudy (stratocumulus and cirrus) scenes were performed with the
help of the Monte Carlo Radar Lidar (McRALI) software developed at the Laboratoire de
Météorologie Physique [37,38].

The organization of this paper is as follows: The methodology, the BLISS simulator,
and conditions of simulation are presented in Section 2. The McRALI simulator is briefly
presented as well. Section 3 is devoted to the main results. In the first part, the multiple-
scattering coefficient is computed with the McRALI simulator. Then, in the second part
outputs of BLISS and McRALI simulators for identical cloudy geophysical scenes are
compared. Finally, in Section 4 we discuss the validation of the BLISS simulator and future
research directions are highlighted.

2. Materials and Methods
2.1. General Principles for Computation of Lidar Backscatterred Signal under
Multiple-Scattering Regime

The basic lidar equation under the single-scattering condition can be written as [39]:

) = S50y exp |2 [ atr)ar| W

where p is the received power on the detector from range r (in m), K is the instrument
function, « (in m™1) is the extinction, and B (in m~ ! sr71) is the backscattering coefficient
defined as B = P(7t)c; where P(7) (in sr!) is the scattering phase function in the backward
direction and o5 (in m 1) is the scattering coefficient.

We use the notations of the work by [28], the function Sq(r) characterizes lidar signals in
the single-scattering (SS) approximation (corrected for the offset and instrumental factors):

S1(r) = [Bp(r) + Bum(r)]-T*(r) ¢)

where B,(r) and B, (r) represent the backscattering coefficient of particles and atmospheric
molecules; T?(r) = Ty, (r)-T5(r) is the two-way transmittance from the lidar to the range r,

T2 (r) and Tg(r) are the molecular and the particulate transmittances, respectively.
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The term “apparent attenuated backscatter” or the term “apparent backscatter” (see,
e.g., [30,40]) is employed for lidar signals Sy;s(r) computed in multiple-scattering condi-
tions (corrected for the offset and instrumental factors). It is also called the attenuated
backscattering coefficient, hereafter also denoted as ATB. It can be written as

Sms(r) = Gus(r)- [Bp(r) + Bu(r)]- Ty (r)-T5(r) ®3)
where the multiple-scattering (MS) function Gys(r) is the ratio

Gus(r) = =10 @

employed as a factor that corrects the lidar of the SS approximation. In that case, according
to [31,41], lidar signals can be written [42] as

Sms(r) = [Bp(r) + Bu(r)]- T (r) T (r)- exp{2[1 = s ()] 7p(r) } ®)

where 1, () is the in-cloud optical depth. #7,15(r) is the multiple-scattering function that
can be rewritten [42]

Ms(r) = 1= = In[Gys(7)] 6)

2:7,(r)

The constant multiple-scattering coefficient 115 was proposed by [31] to account for
“secondary scattering or higher order processes”. In the work [41], 7p15(r) was defined
as the factor that multiplies the optical depth. It has a value less than unity and may
vary with altitude. However, a constant coefficient 775 is largely used in works where
profiles of cloud parameters are retrieved from lidar data (see e.g., [20]). Accordingly,
computation of the ATB by BLISS (see below) is based on the use of 1715 = const. Values
of #ps are estimated using computations of Gyss by McRALI as a function of cloudy
geophysical scenes.

2.2. Presentation of BLISS

BLISS is an end-to-end simulator developed by CNES. We talk about end-to-end
simulation because it allows the simulation of the measurements (i.e., Level 0 and Level
1 products) and the retrieval (i.e., Level 2) with dedicated data management systems.
An end-to-end simulator can build a virtual observing system. It is also able to retrieve
geophysical properties from its synthetic observations or from real observations. Such an
end-to-end simulator leads to test the processor chain from Level 0 to Level 2, to assess the
performance of the measurement system with respect to random and systematic error, to
perform sensitivity studies to optimize instrumentation setting and retrieval algorithms
and, more generally, to validate measurements of the scientific mission. BLISS simulates
the backscattered signal received by a backscattering airborne or spaceborne lidar and the
associated retrieved products for a given geophysical scene defined by the user. It enables
quick assessment of expected performances of future spaceborne lidar missions. The
instrument radiometric noise is modeled with a normal law. Simple backscattering lidars,
polarization measurements, and high spectral resolution lidars (HSRL) can be modeled. The
software outputs consist of Level 1 products (attenuated backscatter or ATB and scattering
ratio profiles) and Level 2 products (extinction and backscattering profiles, depolarization,
and lidar ratio depending on the modeled lidar system).

BLISS consists of five different and interconnected modules: the lidar parameters,
the scene, the signal, the processing L1 and the processing L2 modules. Figure 1 shows
their connections. The lidar parameters module allows defining transmitter, receiver, and
detector characteristics, as well as mission specificities (altitude, line of sight and so on).
The Scene module allows defining the scene observed by the lidar (atmosphere, aerosols,
clouds, and surface characteristics). Aerosols and clouds properties can either be defined
by the user or chosen in an internal database based on the Optical Properties of Aerosols
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and Clouds (OPAC) database as described in [43]. Some oceanic properties can also be
defined [44]. The signal module computes and bins optical powers backscattered towards
the detector using the lidar equations described in [39]. In a simple backscatter lidar
configuration, the power p(r) simulated at range r by the BLISS simulator is provided by:

) = 25 Bt + Bpus)] exp{ =2 [/ [t (1) + exagunlir} - @

where K is the instrument function (depending on the laser energy, the receiver telescope
surface or the instrumental transmission for instance), B, is the molecular backscattering
coefficient, Byt is the particle backscattering coefficient, a,,,; is the molecular extinction,
®part is the particulate extinction and ¢ is the multiple-scattering coefficient for particles. In
the version of BLISS used for this paper, this coefficient is constant over the range considered
for a given view. Then, p(r) is converted into the number of photoelectrons measured
by the detector, depending on the lidar optical transmission and detector efficiency. This
module also allows to compute the solar background and radiometric noises (though these
quantities were not used in this study and are therefore not be further developed here).
The processing L1 module computes Level 1 products, which are the direct measurements
corrected for the instrument characteristics, from the powers computed in the signal
module. Depending on the lidar type, these can be the ATB or the Attenuated Molecular
Backscatters (AMBs) and the Attenuated Particular Backscatter (APB). They can also depend
on the polarization. These products are all described in [39]. The formula for the ATB is
provided hereafter:

72

ATB(T’) = p(}’) K(T) = [,Bmol(r) + ,Bpurt(r)] eXp{—z /Or [amol(r) tex “part(r)]dr} 8

5 Modules Connections

- Processing L2

e P ] Processing L1

SIMULATION OF SIGNAL SCENE’S PROPERTIES RETRIEVED
RECEIVED BY THE DETECTOR FROM PREVIOUS SIMULATION

Figure 1. Schematic presentation of BLISS simulator (see the text for more details).

This module also computes the value of AMB using theoretical values of B,,,(7). In
the BLISS simulator, this calculation can be performed either by using the same molecular
profile, which has been used in the scene module, or by using a different profile for the
inversion. Finally, the processing L2 module computes the Level 2 products depending
on the lidar type selected (simple backscattering lidar or HSR lidar). These products
can be scattering and depolarizing ratios, optical depths and backscattering, extinction
and depolarization coefficient profiles. For the simple backscattering lidar, the retrieval
algorithm is based on Klett approach as described in [39]. In this case, it is necessary to
provide the vertical profile of lidar ratio as an input characteristic. The BLISS version used
in this document is the V2.8.
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2.3. Presentation of McRALI

We briefly recall the functional characteristics of McRALI. The lidar signals Sys(r)
and Si(r) are computed with the McRALI software developed at the Laboratoire de
Météorologie Physique [37,38]. The software employs a forward MC approach along with
the locate estimate method to simulate propagation of radiation (see, e.g., [45]). McRALI is
based on the 3BDMCPOL model [46]. The polarization state of the radiation is computed
using Stokes vectors and scattering matrices of atmospheric compounds. It takes into
account molecular scattering. McRALI is a fully 3D software. Values of the extinction
coefficients, the single-scattering albedos, and the scattering matrices are assigned in 3D-
space. The position of a lidar can be anywhere within or outside of the atmosphere, that is
spaceborne-, airborne-, and ground-based measurement conditions can be simulated [28].
A user can assign a lidar beam direction, a receiver field-of-view (FOV), a Stokes vector,
and a divergence for the emitted light.

2.4. Conditions of Simulations

In order to simulate the ATB as measured by CALIOP/CALIPSO, the lidar altitude,
the full FOV, and the full laser divergence are assigned in the McRALI to 705 km, 130 prad,
and 100 prad, respectively. The lidar beam direction is nadir-viewing. The vertical spatial
resolution is 20 m, which is close to the smallest vertical resolution (30 m) of the CALIOP
Level 1 data product [47].

Vertical molecular extinction &, is computed on the base of the work by [48] and is pro-
vided by a,(z) = [t (z) — Tm(z + Az)]/ Az where z is the altitude, Az the vertical spatial
resolution and T, is the molecular optical depth provided by 7,,0;(z) = T,01(0)P(2z)/P(0)
where P(z) is the vertical profile of pressure. Optical depth at z = 0 is provided by
Tuot (0) = ¢1(1.04 c2/A% + c3/A*) /A* where ¢; = 0.008569, c; = 0.0113 and ¢z = 0.00013.
A is the wavelength in pm. The vertical profile of pressure is provided by P(z) = P(0) exp(—z/8)
where P(0) = 1013.25 hPa.

Simulations of this work were performed for four types of particles, namely two
types of warm and liquid cloud (stratocumulus) and two types of cold and iced cloud
(cirrus) with different effective radius (R.fs) and extinction coefficient. Because Monte
Carlo methods are very time consuming, our study was restricted to the case of the plane-
parallel homogenous layer placed within the altitude range of 1.0-1.3 km for stratocumulus
cloud and 8.0-11.0 km for the cirrus cloud.

Optical properties of particles (phase function, extinction, single-scattering albedo)
were computed at the wavelength 0.532 um. Stratocumulus phase functions were computed
according to the Mie theory for water spheres having gamma size distributions with
Reff = 3.0 pm and R,rr = 9.0 pm (the standard deviation is 0.3 pm). Cirrus optical
properties are those used in the work of [28]. They were computed using the Improved
Geometric Optics Method [49], assuming that cirrus have gamma size distribution; the
particles are assumed to be hexagonal ice crystals having deeply rough surface of the
facets, representative of a jet-stream cirrus with R,y = 28.4 um (the standard deviation is
10.05 pm) and of a cirrus cloud with R,y = 40.0 um (the standard deviation is 12.25 um).
Figure 2 shows the four phase functions used in this study. Their different behaviours at
forward and backward angles can be seen in the insets.

Simulations were performed for four values of the extinction (1, 3, 5, and 10 km’l) for
stratocumulus and three values of the extinction (0.05, 0.2, 1.0 km 1) for cirrus clouds.
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Figure 2. Normalized phase function: stratocumulus (R,f; = 3 um—red line; R,¢r = 9 um—>blue
line) and cirrus (R, =284 um—black line; R, ff = 40 pm—green line).

3. Results
3.1. Estimation of the BLISS Multiple-Scattering Coefficient with McRALI

Computation of the ATB by BLISS is based on the use of #);5(d) (see Equation (6))
where d is the in-cloud distance from the top of clouds. Figure 3 shows #)5(d) estimated
by McRALI for all the geophysical scenes. Concerning stratocumulus fields, #,s varies
from 0.45 to 0.65. 77,5 is approximately 0.1 smaller for an effective radius of 3 um than
for an effective radius of 9 um meaning that multiple scattering is more important for
small particles. #,1s decreases (increases) slightly by about 0.05 with 4 if extinction is larger
(smaller) than about 3 to 5 km™1. Concerning cirrus fields, 175 varies from 0.3 to 0.65. 175
is slightly smaller by about 0.05 for effective radius of 40.0 um than for an effective radius
of 28.4 um. 775 increases with d but no larger than 0.2. One can note that values of 775 (d)
computed in this work are consistent with those found in [28].

The multiple-scattering coefficient #7)5(d) is a function of the in-cloud distance d (see
Figure 3a,b). However, the multiple-scattering coefficient value is assumed to be constant
in BLISS. To define the multiple-scattering coefficient to be used in BLISS, we define the
error function f(#) between ATB simulated by BLISS and McRALI as follows:

|, ATBguiss(n,di)
fon) = E{ ! ATBpicraL1(di) ®

where the in-cloud distance d; = i-Ah with the step Ah = 20 m for stratocumulus and
Ah =100 m for cirrusand i = 1,..., N with i = 1 the first layer and i = N the last layer.
The value 7y that minimizes Equation (9) is the (constant) multiple-scattering coefficient
value used in BLISS. The values of 7y are shown in Table 1.
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Figure 3. Multiple-scattering coefficient #15(d) as a function of the in-cloud distance d from the
top of clouds. (a) Stratocumulus cloud with R,¢; = 3 pm (full curves) and R,¢r = 9 pm (dotted
curves); stratocumulus extinction is 1 km~! (red), 3 km™~! (blue), 5 km~! (green), and 10 km~! (black).
(b) Cirrus cloud with R,y = 28.4 um (full curves) and R,¢r = 40 um (dotted curves); cirrus extinction
is 0.05 km~! (blue), 0.2 km™~! (red), and 1.0 km~! (black).

Table 1. Multiple-scattering coefficient 79 used in BLISS for stratocumulus and cirrus clouds.

Stratocumulus Cloud Cirrus Cloud
Extinction  Optical 7o o Extinction Optical 7o 7o
(km—1) Depth (Reff =3 um) (Rer=9 um) (km—1) Depth (Reﬁc =28.4 um) (Rejf =40.0 um)
1 0.3 0.56 0.63 0.05 0.15 0.57 0.52
3 0.9 0.54 0.61 0.2 0.6 0.55 0.53
5 1.5 0.51 0.56 1.0 3.0 0.53 0.48
10 3.0 0.46 0.53

For stratocumulus, the values of 7 are between 0.46 and 0.63 and increase about 0.06
with effective radius from 3 pm to 9 pm. For cirrus, the values of 7y are between 0.48 and
0.57 but decrease about 0.04 with effective radius increasing from 28.4 um to 40 pm. Both
cirrus and stratocumulus 7y decreases with the cloud vertical optical depth.

3.2. Comparison of ATB Simulated by BLISS and McRALI in Multiple-Scattering Regime

Vertical profiles of ATB computed by BLISS and by McRALI in the SS and MS regimes
for stratocumulus (R.;y = 9 um) and cirrus clouds (R, = 28.4 pm) are shown in
Figures 4 and 5, respectively. The vertical profiles of the ATB relative error, defined
as (ATBwyicrarr — ATBgrrss)/ ATBpp1ss between ATB computed by BLISS and McRALI in
SS and MS regimes for all geophysical scenes are shown in Figure 6. We note that for BLISS
simulations in SS regime, 7y value is always set to 1, whereas in MS regime # values are
set according to values presented in Table 1.
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Figure 4. Vertical profiles of ATB computed by BLISS (red curves) and McRALI (blue curves) for
stratocumulus clouds with R, ff =9 pmin single (dotted curves) and multiple (full curves) scattering
regimes. Stratocumulus extinction ap,,+ and BLISS multiple-scattering coefficient 77g are (a) 1 km™1!
and 0.63, (b) 3km~! and 0.61, (c¢) 5 km~! and 0.56, and (d) 10 km~! and 0.53.
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Figure 5. Vertical profiles of ATB computed by BLISS (red curves) and McRALI (blue curves) for cirrus
clouds in single (dotted curves) and multiple (full curves) scattering regimes with R,¢r = 28.4 pm.

Cirrus extinction a,,+ and BLISS multiple-scattering coefficient 7 are (a) 0.05 km~! and 0.57,
(b) 0.2 km~! and 0.55 and, (c) 1 km~! and 0.53.
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Figure 6. Vertical profiles of the relative error (in %) between the ATB computed by BLISS and
McRALI in the single (grey curves) and multiple-scattering regime. (a) Stratocumulus clouds with
Reff =3 um (full curves) and R, =9 um (dotted curves). Stratocumulus extinction &g is 1 km~1
(blue), 3km ™! (red), 5 km ™! (black), and 10 km ™! (green). (b) Cirrus cloud with R,f¢ = 28.4 um (full
curves) and R, ff =40 pm (dotted curves). Cirrus extinction &pgy is 0.05 km~1 (blue), 0.2 km™~! (red)
and 1 km™1.

In SS regime, vertical profiles of ATB computed by BLISS and by McRALI are very
close for all geophysical scenes, although BLISS and McRALI use fundamentally different
computation methods. ATB relative error is smaller than 0.5% above and within the cloud,
and smaller than 3% under the cloud.In MS regime and for stratocumulus cloud, vertical
profiles of ATB computed by BLISS and by McRALI are very close above and within
the cloud. ATB relative error is smaller than 3%. Below the cloud, larger ATB relative
errors are visible leading to relative errors up to 100% for the largest extinction coefficient.
For cirrus cloud, ATB maximal relative error is 10% for extinction smaller than 0.2 km™!
(i.e., optical depth smaller than 0.6) and 30 % for the large extinction (optical depth around
3). As shown in Section 3.1, 7)ys varies within a range of 0.05 and 0.2 with the in-cloud
distance for stratocumulus and cirrus, respectively. This is consistent with the fact that
the ATB relative error is larger for cirrus clouds than for stratocumulus clouds. Under the
cirrus clouds, ATB relative error can greatly exceed 100% and is not shown in the figure.

4. Discussion

We investigated the performance of BLISS to simulate, in multiple-scattering regime,
the vertical profile of the ATB in the framework of CALIOP/CALIPSO observations. The
simulation experiments were carried out with a homogeneous plane-parallel cloud. Because
MC computations are very time-consuming, we restricted our study to stratocumulus and
cirrus with a typical thickness of 300 m and 3 km but with optical properties (optical depth,
effective radius, and phase function) varying sufficiently so that they are representative of
wide range of clouds.

In the first step, the multiple-scattering coefficient 7755 were computed with the help
of the McRALI lidar code. As expected, 75 is the function of the in-cloud depth and of the
effective radius [28,34]. s varies from 0.45 to 0.65 and from 0.3 to 0.65 for stratocumulus
and cirrus, respectively. In the version V2.8 of BLISS, the multiple-scattering coefficient is
assumed to be constant. We defined the constant multiple-scattering coefficient 79 in such
a way that the in-cloud vertically integrated relative difference between the ATB computed
by BLISS and McRALI is minimal. We found that 7y varies from 0.46 to 0.63 and from
0.48 to 0.57 for stratocumulus and cirrus, respectively, and that 77y decreases with vertical
optical depth for both. 7y increases (decreases) by about 0.05 with effective radius for
stratocumulus (cirrus) varying from 3 to 9 pm (to 28.4 to 40 um).
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In the second step, we analyzed the vertical profiles of the relative difference between
ATB computed by BLISS with the new multiple-scattering coefficient and by McRALI. First,
we confirmed the robustness of the BLISS simulator in SS regime. Indeed, for all cloudy
geophysical scenes, maximal ATB relative error is smaller than 0.5% above and within the
cloud, and smaller than 3% under the cloud. Afterward, we highlighted that, in MS regime,
BLISS simulator is very efficient. Indeed, the maximal in-cloud ATB relative error is smaller
than 3% for stratocumulus and 10% for cirrus (30% if optical depth of cirrus is very large,
around 3). At the same time, it should be noted that ATB relative error under clouds can be
very large.

Several studies have already indicated values for the constant multiple-scattering
coefficient # to be used for cirrus cloud in the framework of CALIOP observations. Based
on Monte Carlo analysis, the value of # is suggested to be between 0.6 and 0.8 in the
work [42]. COSP simulator is based on the lidar simulator ActSim, for which the works [50]
and [51] proposed # = 0.5. In COSP1 and COSP2 [35,36], 7 is assigned to 0.7 [33] but [34]
showed that a value of 17 between 0.5 and 0.6 is better. Based on infrared sounder and
CALIPSO data, the work [52] proposed # between 0.35 and 0.55 depending on cloud
emissivity. From combined radar and CALIOP data, the work [53] found # values around
0.61. In CALIOP cloud products up to version 3, 7 is set to 0.6, whereas for version 4 a
temperature-dependent coefficient is used, as suggested by [54], which varied in between
0.46 and 0.78 [20,21,55]. Based on the PVC approximation to account for MS, [32] also
estimated that # increases with temperature, from 0.55 at 220 K to 0.75 at 290 K. For
warm liquid cloud, [34] showed that a value of 77 between 0.4 and 0.6 is a good candidate,
depending of optical depth and effective radius. Based on detailed and accurate Monte
Carlo analysis, [28] provided an estimation of the multiple-scattering coefficient that varies
from 0.25 to 0.75 as a function of in-cloud depth.

Although all these studies indicate that the multiple-scattering coefficient can vary
in a wide range, the constant multiple-scattering coefficient 7y estimated in our work is
rather consistent with previous published values. According to [21,32] it should be better
to parametrize g as a function of temperature. In order to make the BLISS lidar forward
operator more accurate, the multiple-scattering coefficient should also be function of the
in-cloud depth d, of optical depth, and effective radius. Such parametrization is difficult to
obtain. It would be easier to implement the expression of multiple-scattering coefficient
ms(d) provided in [28]. This aspect will be studied in future work with the version V2.12
of BLISS, which is planned to take into account the variation in the multiple-scattering
coefficient with the in-cloud depth.

Another point must also be addressed: as noted in this study the ATB relative error
under clouds can be larger than 100%. As it can impact the signal in case of multi-layer
clouds, it is important to evaluate the MS effects on lidar signal in these cases. Finally, as
noted in the Section 2.2, BLISS can deal with some application for inferring cloud properties
(i.e., Level 2 products). This topic will be the purpose of another paper.

5. Conclusions

This paper presents BLISS, an end-to-end simulator developed by the CNES which
simulates the return signal received by a backscattering airborne or spaceborne lidar and
its associated retrieved products for a given geophysical scene defined by the user. The
software outputs consist of Level 1 products (attenuated backscatter or ATB and scattering
ratio profiles) and Level 2 products (extinction and backscattering profiles, depolarization,
and lidar ratio depending on the modeled lidar system).

According to several simulations for different cloudy geophysical scenes, the MC code
MCcRALI is used to set up the MS coefficient of the BLISS lidar forward model. The MS
coefficient varies from 0.46 to 0.63. Above and in-cloud relative difference between the
ATB vertical profile simulated by BLISS and by the MC code is smaller than 0.5% under
SS regime and smaller than 10% (30% if optical depth of cirrus is large) under MS, thus
confirming the robustness of BLISS.
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