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Abstract. Cloud-radiation interaction still drives large uncertainties in climate models and its estimation is key to make more
accurate predictions. In this context, the high-altitude cirrus clouds play a fundamental role, because 1) they have a high
occurrence frequency globally and 2) they are the only cloud that can readily cool or warm the atmosphere during daytime,
depending on their properties. This study presents a comprehensive analysis of fadibtixg optical scattering properties and direct
radiative effects of cirrus clouds based on 4 years of continuous ground-based lidar measurements with the Barcelona (Spain)
Micro Pulse Lidar. First, we introduce a novel approach of a self-consistent scattering model for cirrus clouds to determine
their ¥ddibtiig optical scattering properties at different wavelengths using only the dfféétiv¢ extinction coefficient and tid+cloud
temperature. Second, we calculate the vddiating direct radiative effects of cirrus clouds with the Discrete Ordinates Method and
we validate our results with SolRad-Net pyranometers and ZERHS$ NOAA-20 measurements. Third, we present a case study
analyzing the direct radiative effect of a cirrus cloud along its back-trajectory using data from the Chemical LAgrangian Model
of the Stratosphere with microphysics scheme for Ice clouds formation. The results show that the cirrus clouds with an average
ice water content of 4.9745.53 mg/m3, at nighttime, WAt/ the/ /tikioshere have a positive direct radiative effect at top-of-
the-atmosphere (TOA; #30MA/ +40.4 Wm~2) almost twice than at bottom-of-the-atmosphere (BOA; #2B.0 +22.1 Wm~2); at
daytime, they have generally ¢0GIAHé a negative direct radiative effect at BOA (/8/6/7 -11.5 Wm™2, 80 82% of the cases) and
always Wahid/té a positive effect at TOA (#18M +14.18 Wm™2). In these simulations, the influence of the lower layer aerosols
is negligible in the cirrus direct radiative effects, with a BIAS of A7/ -1.2%. For the case study, the net radiative effects
produced by the cirrus cloud, going at TOA from 0 to /42 +40 Wm~2 and at BOA from -51 to +20 Wm™2. This study reveals
that the complexity of the cirrus cloud direct radiative effect calculation lies in the fact that it is highly sensitive to the cirrus

scene properties.
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1 Introduction

Cloud-radiation interaction still drives large uncertainties in weather and climate models (IPCC, 2023). Its estimation is very
important in order to understand the main physical processes driving climate change, to predict long-term global warming and
to make more accurate weather predictions. (Loeb et al., 2009) estimated globally at top-of-the-atmosphere an annual cloud
shortwave radiative effect of approximately -50 Wm~2 and longwave effect of approximately +30 Wm~2. The resulting net
global mean cloud radiative effect of approximately -20 Wm™2 implies a net cooling effect of clouds on the current climate.
Owing tot he large magnitudes of the cloud radiative effects, clouds cause a significant climate feedback that depends on cloud
properties and their spatial distribution (IPCC, 2023). In this context, the high-altitude cirrus clouds play a fundamental role
in the global radiation budget (Liou, 1986; Lolli et al., 2017b), having been designated as poorly understood by (IPCC, 2023)
because of a lack of knowledge of their dynamic, microphysical and vddiatixg optical scattering properties. Indeed, cirrus cloud
critical role in the climate comes from the fact that 1) they have a high occurrence frequency globally (Holz et al., 2008) and 2)
they are the only cloud that can readily cool or warm the top-of-the-atmosphere and bottom-of-the-atmosphere, during daytime,
depending on their properties (Campbell et al., 2016). In fact, (Campbell et al., 2016) demonstrated through a one-year long
lidar dataset that positive or negative daytime cirrus cloud forcing could occur depending on the cloud optical depth (COD)

and the solar zenith angle (SZA).

Cirrus clouds are mainly composed of ice crystals and can form through different atmospheric mechanisms that determine
their initial properties and further evolution. In European field campaigns it has been observed that during a low or high pres-
sure system, cirrus clouds are typically formed by a slow updraft, while in conjunction with jet streams or gravity waves, cirrus
clouds originate as a consequence of a fast updraft. Also, liquid origin cirrus mostly related to warm conveyor belts are found
(Kramer et al., 2016). The most common parameters that are measured in cirrus clouds are temperature, relative humidity (for
ice), vertical velocity, ice water content, ice crystal number, ice nucleation particles and ice crystal size distribution. Unfortu-
nately, the measurements of ice crystal number and size as well as relative humidity have faced instrumental problems during
last decades (Korolev et al., 2011; Kramer et al., 2016). Moreover, it is a difficult task to draw conclusions about the micro-
physical processes of cirrus clouds from these observations. Nevertheless, worldwide studies on cloud and aerosol optical and
microphysical properties have increased significantly over the last years through the passive ground-based measurements made
e.g. by the European Aerosol Research Lldar NETwork, EARLINET (Pappalardo et al., 2014) now included in the Aerosols,
Clouds and Trace gases Research Infrastructure, ACTRIS (Saponaro et al., 2019), Micro Pulse Lidar NETwork, MPLNET
(Welton et al., 2001); and satellite measurements e.g. by Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations,
CALIPSO (Winker et al., 2007), AEOLUS (Ingmann and Straume, 2016), MODerate-resolution Imaging System, MODIS
(Levy et al., 2013) and in the future, Earth Cloud, Aerosol and Radiation Explorer, EarthCARE (Eisinger et al, 2017). Addi-
tionally, in-situ airborne measurement campaigns have been carried out such as the First ISCCP Project Regional Experiment,
FIRE from 1989 to 1995 (Ackerman et al., 1990; Heymsfield et al, 1990; Heymsfield and Miloshevich, 1995), the International
Cirrus Experiment, ICE campaign in 1989 (Raschke et al., 1987), EUropean Cloud Radiation EXperiment, EUCREX in 1993
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and 1994 (Sauvage et al., 1999), Field Radiation Experiment on Natural Cirrus and High-level clouds, FRENCH in 2001 (Brog-
niez et al., 2004), Tropical Composition, Cloud and Climate Coupling, TC4 campaign in 2007 (King et al., 2010; Toon et al.,
2010) and CIRRUS-HL campaign in 2021, which is the follow-up to the CIRRUS-ML campaign in 2017 (Voigt et al., 2017,
De La Torre Castro et al., 2023).

Up to the present, there are three possibilities for characterising cirrus clouds. One option is the use of in-situ airborne
measurements. A second option is to work with a microphysical cirrus cloud model like the Chemical LAgrangian Model of
the Stratosphere with microphysics scheme for Ice clouds formation (CLaMS-Ice) (Spichtinger and Gierens, 2009) or Model
for aerosol and ice dynamics (MAID) (Bunz et al., 2008; Rolf et al., 2012), that simulate the cirrus cloud development based
on the cirrus bulk model by along back-trajectories. The main advantage of this choice is that there is no need to have in-
situ airborne lidar measurements. A third option is to employ lidar measurements for the characterisation of cirrus clouds.
For that purpose, it is necessary to use a method such as the two-way transmittance method to characterize cirrus clouds op-
tically (Gil-Diaz et al., 2024) together with a scattering model to obtain f4dibtii® optical scattering retrievals. For example,
(Baran and Labonnote, 2007; Baran et al, 2009, 2011a, b, 2014) relates the cirrus ice water content (IWC) and mid-cloud tem-
perature with its extinction coefficient, single scattering albedo (SSA) and asymmetry factor (asyF). Alternatively, (Heyms-
field et al., 2014; Dolinar et al., 2022) propose to calculate the cirrus ice water content from the extinction coefficient at a
visible wavelength and the effective geometric diameter of the ice crystals, which in turn is a function of temperature. Once the
cirrus ice content and the effective geometric diameter of ice crystals are obtained, the scattering and absorption coefficients

and the asymmetry factor can be calculated with the (Fu et al., 1998, 1999; Lolli et al., 2017a) parametrizations.

The objective of this paper is to analyze the Yddiatixg optical scattering properties and fotbitigh direct radiative effects of cirrus
clouds based on 4 years of continuous ground-based lidar measurements obtained from the NASA Micropulse lidar network
(MPLNET, https://mplnet.gsfc.nasa.gov/) in Barcelona. Specifically, the faifdtit/é optical scattering properties of cirrus clouds
have been calculated with a new approach of the self-consistent scattering model for cirrus clouds (Baran and Labonnote,
2007; Baran et al, 2014; Vidot et al., 2015), using only lidar measurements and radiosounding data and their direct radiative
fotbitig effects have been calculated with the ARTDECO package. The instrumentation used is presented in Section 2. A new
approach of the self-consistent scattering model for cirrus clouds, the radiative transfer model DISORT and the CLaMS-Ice
model are presented in Section 3.1, Section 3.2 and Section 3.3, respectively. The results obtained in this paper are shown in

Section 4 and conclusions are presented in Section 5.

2 Instrumentation

The radiative characterization of cirrus clouds relies on the results obtained from (Gil-Diaz et al., 2024) and the instrumentation

detailed below.
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2.1 NASA Micro-Pulse Lidar Network

A more detailed description of this instrumentation can be found in (Gil-Diaz et al., 2024). In this study, we use the Aerosol
(AER) product, ptovided/at which provides 1-min temporal resolution and at 75m vertical resolution variables like aerosol
extinction, backscatter and the column lidar ratio (Welton et al., 2000, 2002, 2018; Lolli et al., 2019). This product is used to
characterize the aerosol layer which is closest to the surface. The MPLNET AER product itldlded /9ity/ integrates solar and
lunar photometer db¥etvAtiOMS £/ iftyétt measurements, allowing the lidar signal to be inverted to obtain aerosol properties
Auiidg/ Q40 fdi [day over a 24-hour period. AlétON@]/EKINAON, /BACKELA TN /At Mié/ COWNAN MAY VALV / Aang /ERGY [t dpiériidd
Bl K/ thie INERTLINETY | ACEIR! s QrIEE (VT Lt thtl ét1édl | 120000/ 2002)1

2.2 Meteorological Service of Catalonia

The Meteorological Service of Catalonia (Meteocat) releases radiosondes are launched twice B¥ét a day (at 00:00 and 12:00
UTC) by/ the! Néteonalogiddl IS etnidé/ b CatalomTd/(MEtodcht) at a distatiée/ O location less than 1 km from the MPL site. The
radiosondes provide medgnteitiéits data of pressure, altitude, temperature, relative humidity, wind speed and direction. Only
altitude, pressure and temperature profiles are used in tMé/phogémt/Wolk this study.

2.3 Solar Radiation Network

The Solar Radiation Network (SolRad-Net, https://solrad-net.gsfc.nasa.gov/) is a fedétbtion network of ground-based sensors
providit'g that provides high-frequency solar flux measurements 1d/glvd1/véal tibhe to the scientific community in near-real time.
This program Avkls Athigléméited A5 A Hdtpanibit/ié operates in conjunction with AERONET aid , being its instrumentation ¢
collocated in the AERONET sites. Each SolRad-Net site is initially equipped with two flux sensors: a Kipp and Zonen CM-21
pyranometer (0.305-2.8 pm) fét débslting thd didl to measure the full solar spectrum and a Skye Instrument SKE-510 PAR
(photosynthetically/active radiation) Energy sensor (sp@éttal angé!0.4-0.7 pum).

I For this study, Mddstieiiétt data from the Kipp & Zonen instrument i/ éhgldgidd/with thid Level 1.0/ bdttésponding ity davd
(unscreened and without final calibration) is used for that/ 4d Mot/ hayé/ fitdal /¢ Alibtaon /4ppYied/ [diitg the period from 2018 to
2022. The Kipp & Zonen CM-21 units are ISO 9060 Secondary Standard thermopile pyranometers, equipped with fddtiititg a
receiving element hi@dnsed/beiéath enclosed by two concentric Schott K5 glass domes. Midté/tatoiitidtiéy sty Further details
on the instrument can be found at the following web link (https://www.kippzonen.com/Product/14/CMP21-Pyranometer).

2.4 Clouds and the Earth’s Radiant Energy System project

The Clouds and the Earth’s Radiant Energy System project (CERES, https://ceres.larc.nasa.gov/) provides OB$étAdfidns mea-
surements of Earth’s radiation budget using measurements from CERES instruments onboard the Terra, Aqua and Suomi
National Polar-orbiting Partnership (S-NPP) and NOAA-20 Afovitdétly/ IRSS 1L/ hiddé Y ol ke [Toitt/ Pélat/ Navedite/ Sy étébn/V
mMission) satellites (Loeb et al., 2016). The gddlé primary objectives of the CERES project are: (1) to ptt/diidé create a long-
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term, 40 integrated global climate data record £ /détébtitg that can detect decadal changes in the Earth’s radiation budget
T ohtY the BUT{ACH tY tThie OB LN /d b Bhere; (2) to ithpiérk enhance the understanding of the temporal ans spatial variability
in hi@w Earth’s radiation budget vatiéd tébhpdtby Al Hpatially and the role At of clouds and other atmospheric properties

play; (3) to support climate model evaluation and improvement through model-observation ifité/comparisons.

O Ol Matld, thlé /A AN préceddéd/ i In this study, we use the CERES instantaneous Single Scanner Footprint (SSF) product
witi/lé at Level 2/8peoiflcally, iéptodindd Alalyaed/is the bseivéd to analyze observations of the upward fluxes at top-of-the-
atmosphere nfpward flikds , the surface emissivity in longwave spectral range (5-83100 pm), the surface albedo in shortwave
spectral (0.2-5 pm), the surface temperature and the clear-sky percentage dififig for the period MWhidh/ tovets from 2018 to
2022. e Surface albedo is calculated as théMhity one minus the surface emissivity. The CERES méasvitemtyénts/até/éifher data
comes from the /AQAIA/ $btEMLTTE NBXABARK OV ét/BatENOME BigtwWe et V200 nd V300 NTTIZ) ftotty the ITERRA Kave it/ (OVer pligd
ONEL MBre 1O A/ Bttt 100 ad/ 1B/ UNTY. NOAA-20 satellite (overpassing Barcelona between 11:00 and 13:00 UTC and
between 00:00 and 02:00 UTC). This Aidvidblé dataset is provided with a surface spatial resolution of 20 km at nadir (Su et al.,
2015).

O the [ether! Hdnkd / thid /SAhopLid /TN Ml AlTdcel okés/ bld/ EAOMas ISV N/ pridivey Aith K /LY El/ Bl 14/ piodd esdd/ Y et /d
vt ot /d1beddy (AL /it ¢/ AVantié /OId ébid /4na thid Medrvdnban/ Ned /i /dt Al e/ Stivdy/ The! LAYV e Aot cinig ipt ohibed/ By A bittild
O/ IO S A4 /DKLt Af Oty | [BpcTTddlVy/ the Y AtTABIE fdhtll 2 e A thie /it fate [ATbedd/ ot Ahld /ST dbg/prbdivet, o/ 19
1AteRvardd/ bevwidéty O 2BLA [hbh /Wit /d [dadly/ té hp'dtad/ e SOMTIIYY Abld/ 4/ plrhbl/ e SOVLVd Y OF VI AP/

2.5 NASA AErosol RObotic NETwork

The NASA AErosol RObotic NETwork (AERONET, https://acronet.gsfc.nasa.gov/) is a fedétbtion global network of ground-
based sun/lunar-photometers established by NASA and LOA-PHOTONS (CNRS). For tbil thdh over two decades, té/phoyjeét
AERONET has provided long-term, continuous, Ad/ téadily/dcodssible/ pdblie/ dendbify publicly accessible database of aerosol
optical, and microphysical dfid/fadidtiAld properties for aerosol characterization teAdr¢h /4l satellite retrieval validation df
satellive etfidvals, and synergism with other databases. The network ithpds¢ enforces strict standardization of instruments,

calibration, processing and distribution.

i/ thil etk For this study, Version 3.0, d0d Level 1.5 (cloud-screened and quality-controlled) inversion products are
used for the tidé period from 2018 to 2022. IV @tdél To characterize thid aerosols in the lowest tropospheric layer Off thé
opdépéte/ in the shortwave spectrum (SW, 0.2-4 pim), variables like Aerosol Optical Depth (AOD), Single Scattering Albedo
(SSA) and Asymmetry Factor (48¥Hg) are dééd analyzed. For éthe¥ wavelengths outside thid/ thel /Wotkitig/ AbivélEngthy it
AERONET’s working range/ in the SW #4idgel spectrum, the Angstrom exponent is used (Wagner and Silva, 2008). For ex-
ample, the Angstrom exponent is calculated AUt thd using AOD values at 440 and 675 nm to ébthifi estimate thé AOD at
550 nm. Pl thid /éWavdctettziion/ of the /4etbdol/ 148y In the longwave spectrum (LW, 2-40 pm), the/ aerosol optical proper-
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ties Ménioned AboYé are extracted from the Laboratory for Information Technologies and Mathematical Simulation (LITMS)
database (Rublev et al., 1994).

2.6 The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation

Ao [détailéd descmption/of Further details on this instrumentation ¢af bé/fotd) are provided in (Gil-Diaz et al., 2024). Il
oidér To validate the pr@diiét ice water content from the Lagrangian microphysical cirrus model CLaMS-Ice (see Section 3.3),
we use the CALIPSO frodet/ tised/ is/the 'S km Cloud Layer (0SkmCLay)" product//with/té at Level 2 (L2) and Version
4.20 (V4.20), available from June 2006. This product Wa'd & 57KV WoviZohivaY bAet A g/ tESOMEIGHY Wit/ d Ml ARG OFF té 1y TaRieivd
fépdtiéd e pivéfile offers a horizontal averaging resolution of 5 km, with up to ten layers reported per profile. ld/patti¢ Ay, This
product contains geometrical, thermal and optical properties of each detected cloud layer detéétéd like layer top/base altitude
and temperature, integrated attenuated backscattering coefficient at 532 nm and 1064 nm, integrated particle depolarization
ratio &f and ice water path. The ice water content Coétfidignt/df/té/¢1OMA/TdykY is estimated ad Mhié/vdiid Métiwéen by dividing the
ice water path @i by the geometrical thickness of the cloud layer.

3 Methodology

The tad¥dtiAé optical scattering properties of cirrus scenes are determined through the use of a self-consistent scattering model
for cirrus clouds (Baran and Labonnote, 2007; Baran et al, 2014; Vidot et al., 2015) and their direct radiative foildidgl effects
are calculated with the ARTDECO package, which implements a variety of optical properties into state of the art radiative

transfer models (see below).
3.1 The self-consistent scattering model for cirrus clouds

The self-consistent scattering model for cirrus clouds consists of an ensemble of six ice crystal MOMBK types. /MMeH The
simplest form is a 1¢é/¢ts bk Lot ésMtéd by hexagonal ice columng with an unity aspect ratio, while ¢f hity/ Atld/thé more
complex ice crystals are formed by Athittatily/ iid randomly oriittéd attaching btlét additional hexagonal elements, until creat-
ing a chain-like structure 1¢¢/¢tpistl i/fdttned. IThe otsIexity/ Ol 1¢ €/ ChSvaVs ket A&/ (o TAL AL e/ Wit Al Et g gl S1ze/did As ice
crystals grow in size, their complexity increases, and they generally become more spatially extended, with the hexagonal com-
ponents BedeMitg /MoK EYdtvdatéd elongating over time (Heymsfield and Miloshevich, 2003). The Zébth@tviddl /dotfigitati o
CoMsi4ts/ 10/ ik ensemble consists of six distinct members, starting with the/ fitst/ OF MMi¢l A6 the hexagonal ice column/Aheé
$ebdnd/té and followed by a six-branched bullet rosette.{/Héteaf, Subsequent crystals are formed by attaching hexagonal
monomers At /AfBALTALTTY/ MttACHED fvd/ébW/ D¢t/ /44/ A together in function of their maximum dimension, féttaing/Mhtéed /e
1én-RleM Nt hiedxbig oAl dd /dgidié ffavdd/ resulting in aggregates containing three to ten hexagonal elements. This ensemble f¥igd
1o pibdettidé/ ety 0f is designed to represent the various ice crystal types observed in cirrus clouds Obgéttdd/id during dif-
ferent measurement campaigns (Heymsfield and Miloshevich, 2003; Lawson et al., 2003; Connolly et al., 2005). For &amffl¢
instance, bullet-rosettes are included il thi¢/énSe bl A Mdse b Idobitidhly they are frequently observed in mid-latitude and
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Arctic regions (Lawson et al., 2006; Schmitt et al., 2006) Alld/1t¥ with their geometry i§ described in (Macke et al., 1996). /Thd
Each ensemble members/at# is constructed ¢&/AY/MOY M /¢bi{din to avoid intersecting planes, and the crystals are Attadlhed
$0dh arranged so that multiple reflections between them are negligible, which was @éféttningd verified experimentally using
ray-tracing calculations. The first léifidnt member represents the smaller Aiz€4/éf ice crystals in the particle size distribution
(PSD), whilst the hexagonal ice aggregates represent the process of ice crystal aggregation A thulé/fépitldént , corresponding
to the larger $iZé& O 1k crystals in the PSD. The six members Hf/ the/ isbitBlé are evenly distributed dtd/ 1%/ cibl/ intetA/dls
of across the PSD. The PSD assumed PSD A&/th&/ ([FTiéLA Hf G/ 200Y7) follows the moment estimation parametrization of Ahe
PSID[ ireféttéd ko bY 0T ibdW/félatés (Field et al., 2003, 2007). The self-consistent scattering model for cirrus cloud database
consists of more than 20000 PSDs of tropical and mid-latitude cirrus at temperatures between -60 and 0°C. This database
provides for each PSD the simulated optical scattering properties (scattering, absorption coefficient and asymmetry factor) in
function of the decimal logarithm of ice water content (LIWC) and the cloud temperature (T) by nonlinear least squares fitting
(Vidot et al., 2015). This parametrization excludes ice crystals smaller than 100 um due to shattering issues on closed-path
instruments (Korolev et al., 2011), assuming instead an exponential PSD fit. For crystals larger than 100 pm, measured PSDs
were filtered to reduce the likelihood of of including shattered crystal artifacts.

O EATALNE[ptbp ity ($Calteiing | ABSOMBLIdHY COTHAL AN Ay bhihetiry A Lot)/ Vi A/ARpOAMOMITAY £TY A6/ the/ TALMH temipétatiire
(MY W 10h/4/$pidivdl deépendencd Hs A& shdw tv ity the FONOWild 8/ b4t eARTNMAL

VORI A KRN 77 194 KA1 114 1 R I R 194 Bt R SO D 190 i T KR ) 11 010 50 10 ATV I T A1)
HEH N T R AW KR 11) (1)

BRI 17 1M 119 2 TR 9D e s HAE IV G ) 2)

WHELE M/ boéfiiciénty [depending /o] thie / Aigtédl ()] bdd/ AWy LM gAYy (N ki | ettt/ £0l i/ BifEovent/ tdidtiive/ eftedls
O HITE G KIS TLAS NS 17 FI T4 EARtELTNG | B AOMBLIGHY CBEfTieTdnts/ Ald/ Ay Wbty adiot] ied peietinely! IThid /abitd/ OF khe VatiAbled
4T TR ALTXNICY [ AP N A i L/ 4/ T0A/T PV THE [ Akt iAo té P étived by Ly 4] B 148 e/t MO0/t Tk Atlé A épheits
Off thid /P13 / Ob'vaidéd At / tdpitrdY /dne didATA TN Q! /e TaL/ At/ tEthpidt AOitdd fberAnbiely LOOPC [ Abid/ X ITL TG IFOYT Pl idéttiZa1 O
1g0(é1 6a A1 il AT EDne L /Of/ 1d 6/ ehySTAY ISV Ve s/ TRakl /1 D/ it e/ tdY Thel [sY OV /o 1d €/ ekl stdl ISAttéting /dty the itlVet /ot
CLONEALD AR/ TAAE OIS/ (K AL EL 18t i1 1] ROV L) ITMERE Tt e, ot WRERE ik /et sl Siakis | IFOVT 446 0hmied bt/ ek ORENtIAL it/ A0/ tbid
PSID [CGtNEr e, k] ERisvall Kokl /gt éatbt thiad/ 100/ (il ] RIveviid s/ WS Hpplicd 1o ihid idéasitéd PRIDY 0 iiddiidd/ Mhe/ Tikelihaod ot
SIalteird/ 1¢ 6/ Ehyvdl il dts /oeitig /dcInded At the fsatbid v tian.

In this study, we present a new methodology for thie/¢aleiiVdiis/ OF calculating the rAdiltild optical scattering properties of
cirrus clouds a¥ across different wavelengths W fép@dééd, as shown in Fig. 1. First, we calculate the YWIZ ice water content of
the cirrus cloud by Eq. 1, which is independent of wavelength, by introducing in Eq. 3 by (Vidot et al., 2015) the extinction
coefficient for a cloud temperature in each vertical layer of the model. To align these calculations with the model vertical reso-

lution, we previously degrade the vertical resolution of the cloud extinction and temperature profiles through vertical averaging.
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That/Wad Mo/ $pidtvdl Aepententd (K Calodlated by it cing il IRG /4 The! e ine /¢ it/ ekt iy O bt [d Al e alveld A ol
TR R ALY/ Y AnSid Yk &/ et rd /at B /3B/L/ (il /(i / Ok &/ e E1étg i/ O ke INLRLYY,/ £k & brAbeYoivd fieidpevatite ./ Bel /4/14
AR NS S OhY LAY /4] RUKELE b1 I 142 1 LI AL | RSTASS0AAE A S TTMUR/ &/4idd phé/ i dky ] Gl ALY Ahiel ANV (Mot /ety é ity vy O Tkt
Abd/ 4/ CLOMAY tétbip Lt MAY bidéh AtYpléthotidd b/ ASSMIng /il é/ Abidé ivde/ bf/ Abdotpiibi] WIkIEh AY Sty HdASOnats e beddve
Th&/ WAV ETE NI Db d/ DA K Ahid V1161 e/ spladtral irdniyed (| Bt Iatidl B Wikl | [V DA}/

TIREHE MBI 98X 109 TET ROV FE N NSRBI T R34 16 TR R 11 £ttty PR 1)
HIWiGhait) = Ndﬂ;W/;’&ﬁ;@/i’A Hm

Ok = YOt/ TT4 41X AR 1 19 B4 10 PSR 2 TTRERD) 11 00 Ml 1y TTT A1)

3
—(C,+F, T(=, T FE.T(z10))?2+4E,0(z,
LIWC (s, 1) = (G B TED) + \/(022 2T HAEOEY ) 1038,0.7] um
O(z,t) =log,oTextn, (2,1) — As — Bs T(2,t) — D, T?(2,1) 4)

The working wavelength of the lidar system is defined as A, and in this study it is 0.532 pm. thé/éktitidtidny/téttiéxed/ by thd
Yidat/$yktentl 18/ dbidotéd g The extinction coefficient, oegy,z, , is retrieved by the two-way transmittance method (Gil-Diaz et al.,
2024). T(z,t) denotes the cloud temperature, while A to Fy are the parametrization coefficients as defined in (Vidot et al.,
2015). This formulation provides a unique physical solution and simplifies the IWC calculation based on extinction coefficient
and cloud temperature, assuming no absorption, which is entirely reasonable because the working wavelength lies within the
visible spectral range (Sun and Shine, 1994). Once, the IWC is obtained, this variable is introduced into Eqgs. 2-4 (Vidot et al.,
2015) to calculate the absorption, scattering and asymmetry factor coefficients for each wavelength. From these variables, the
extinction and single scattering albedo are also subsequently derived. (hidé//fé/ INQ /O the [éivinds/ B MK dAléared/ /i
vfiaBlé/ 14/t ddeRd/ Tty B/ A 5 a1 g Ehel [ABNaY pridh ] Nadtierin s Hndl A yihitidtry/ FAROY Id b CAEtIYS [Hdt / L/ W AN EIE i 1A/
Bid i/ Ihese Matiabled,/ the BXIMekion And Kit(glé/ scatetitig /ATbeddy At s /d Al Elaved/ for! sadi/ WaNEYEng i/ /TN Mvetod A& A
Tt/ Atly /Vikddt /W otk g/ W NI gt /WAL Ch BELOH g4/ 1o/ TR MKibIE Kpeotttid/
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Figure 1. Scheme of the new model approach of the self-consistent scattering model for cirrus clouds.

The main advantage of this model is that it is not necessary to calculate the ice particle shapes and their size distributions
in order to calculate their ¥ddiatix® optical scattering properties. These variables can be obtained easily with only elastic lidar
systems and radiosondes or meteorological models. An example of the application of this method is shown in Fig. 2, for a

cirrus cloud layer of 08/12/2018 at 12 UTC, measured in Barcelona.

_————— —
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Figure 2. Spectral dependence of rddilftifll optical scattering properties obtained by the self-consistent scattering model for cirrus clouds:
scattering, absorption, extinction coefficients, single scattering albedo and asymmetry factor (from top to bottom) for a cirrus cloud of

08/12/2018 at 12 UTC, measured in Barcelona. The colours indicate the shortwave range (blue; 0.2-4 m) and longwave range (red; 4-50
pm).

Fig. 2 shows the spectral dependence of MAdiatiyé optical scattering properties obtained by the self-consistent scattering
model for cirrus clouds, which reflects the characteristic #adi4tiyé optical scattering properties of ice crystals. For example, it
shows an absorption phenomenon negligible in the spectral range between 0.2 and 2 pm and consequently, the single scattering
albedo is approximately the unity. As expected, the scattering phenomenon dominates the whole spectrum with respect to
absorption except in the regions around 12 pum and for wavelengths higher than 30 um (Yang et al., 2005, 2013). It is also

noteworthy to mention that the single scattering albedo varies generally between 0.1 and 1 and at the working wavelength used

10



245

250

255

260

265

270

275

in the model (0.532 pm) it has a value of 0.99 (Sun and Shine, 1994). This fact supports the hypothesis made previously that the
absorption phenomenon is negligible. The asymmetry factor presents much less variation as observed in the literature (Fu et al.,
1998; Yang et al., 2005, 2013): it increases between 0.2 and 10 pum (in the range 0.75 - 0.95) and decreases afterwards (in the
range 0.95 - 0.40).

3.2 The ARTDECO package

The Atmospheric Radiative Transfer Database for Earth and Climate Observation package (ARTDECO; https://www.icare.
univ-lille.fr/artdeco/) is a numerical tool that gathers models and data for the 1D simulation of Earth atmosphere radiances and
fluxes from the ultraviolet to thermal infrared range (0.2-50 pum). It is developed and maintained at the Laboratoire d’Optique
Atmosphérique (LOA) and distributed by the data and services center AERIS/ICARE (University of Lille), and funded by the
TOSCA program of the French space agency (CNES). In ARTDECO, users can either access a library for the scene or use
their own description through ASCII input files. Optical properties for aerosols and clouds can be computed. Then, the user
can choose among available models to solve the radiative transfer equation and to compute radiative quantities corresponding
to the scene. ARTDECO is thus a flexible tool for remote sensing or radiative forcing applications, such as sensitivity studies,

development and optimization of retrieval algorithms, evaluation of the future instruments performances, etc.

In this study, DISORT model is employed to solve the radiative transfer equation by discretising it (Stamnes et al., 2000). The
ARTDECO environment allows us to solve the radiative transfer equation in two ways: 1) by introducing our own phase matrix
as a function of wavelength; 2) by using the Henyey-Greenstein function (Henyey and Greenstein, 1941), given extinction,
single scattering albedo and asymmetry factor values over the whole spectral range in which the simulation will be done. Due
to the lack of knowledge of the phase matrix of cirrus clouds with the observational measurements with which we work, the
second option is chosen even though the Henyey-Greenstein function does not represent a good approximation to the real
phase function, especially for ice crystals. Upward and downward radiative fluxes are calculated at different vertical Levels:
31 layers (0-20 km) in the shortwave (SW, 0.2-4 pm) and 40 layers (0-100 km) in the longwave (LW, 4-50 pm) spectra. These
spectral/vertical ranges are adjustable, together with their spectral/vertical resolution. Cirrus féféitidé direct radiative effects at

the bottom-of-the-atmosphere (BOA) and top-of-the-atmosphere (TOA) have been calculated as:
BOADRKHE = (F.|—-F.1)—(F,] —F,7) at BOA (®))
TOADRHE = (F.| —F.1)— (Fol —Fo 1) =—(Fc.1-F, 1) at TOA (6)

Where F. and F, are the radiative fluxes with and without the cirrus cloud, respectively. The | and 1 arrows indicate whether
the fluxes are downward or upward, respectively. The simplification of Eq. 6 implies the assumption that the amount of the
incoming solar radiation at the TOA is equal for both cases with and without aerosols. With this convention, a negative sign of
DREE implies a cirrus cooling effect independently of whether it occurs at the BOA or at the TOA. In this study, four types of

simulations are carried out: with gases only (G), with gases and aerosols in the layer closest to the surface (GA), with gases
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and a cirrus cloud (GC) and finally, with everything (GAC). In Section 4.3, the direct radiative féftitigs effects of cirrus clouds
in the full atmosphere and in the whole spectral range considering aerosols (GAC-GA) or no aerosols (GC-G) are compared.
Besides aerosol optical properties, the radiative transfer model (RTM) DISORT is sensitive to atmospheric parameters such as
the relative humidity and the air temperature profiles, the surface emissivity and temperature or the aerosol vertical distribution

(Sicard et al., 2014).

The cirrus clouds are parameterized in the RTM model geometrically and optically, with the results obtained (Gil-Diaz et al.,
2024) and tadidfiiély/ With the retrievals obtained with the self-consistent scattering model for cirrus clouds (see Section 3.1).
At the same time, the planetary boundary layer is characterized in the DISORT model geometrically and optically with the
MPLNET AER product and radiatively, on one hand, in the SW with the AERONET products and, on the other hand, in the
LW with the LITMS database.

3.2.1 Atmospheric profiles

The RTM DISORT model is run with atmospheric profiles (pressure, temperature, water vapor mixing ratio) obtained from
radiosondes launched in Barcelona at 00 and 12 UTC. The profiles of ozone concentration are obtained from Copernicus
Atmosphere Monitoring Service (CAMS) global reanalysis (EAC4) (Inness et al., 2019). EAC4 (ECMWF Atmospheric Com-
position Reanalysis 4) is the fourth generation ECMWF global reanalysis of atmospheric composition. Reanalysis combines
model data with observations from across the world into a globally complete and consistent dataset using a model of the
atmosphere based on the laws of physics and chemistry. The dataset is globally distributed with a horizontal resolution of
0.75°x0.75° and a vertical extension of 60 modes (from 1000 to 1 hPa). In exceptional cases, when no radiosondes or CAMS
data are available and for heights not covered by the radiosondes (generally above 30 km), the atmospheric profiles are taken

from the 1976 standard atmosphere (COESA et al., 1976).
3.2.2 Surface properties

In this study, a Lambertian surface is considered. On one hand, the corresponding surface albedo over the Barcelona region is
obtained for the SW range from AERONET and for the LW spectrum from CFRES NOAA-20 measurements. On the other
hand, the surface temperature is also taken from H&/ SSF/CQERES ftddiot NOAA-20 observations. In the parametrization of
cirrus scenes, fhe/ SITdce/ BIDEAG MK iNer A d/ sedotldlly /And thid /[t fae hepeivatit é/ taoiihly] /di fidt éntiatinig Mbetin e/ vallids/dt
Ay i é/Anvd id ghvAme/ it TAY (e étiod Kohid/20'V R (oY D2/ Britfhe /AYbEd o/ Wad et /Y ettig A K ASoMally/ Gllé/1o/1K Svdothidy
{éDhpBLAN/ Vbt O /¢ Oitip bbld /1d/{dtapdrdtnte)/ egnting /[Svffidient/ A v ailability the surface emissivity in the longwave spec-
trum, the surface albedo in the shortwave spectrum and the surface temperature measured by the NOAA-20 satellite have been
incorporated as instantaneous values. In contrast, the surface albedo measured by AERONET has been averaged seasonally

due to its smoother temporal variation and its small influence on the simulations in that spectrum.
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3.2.3 Cloud/aerosol stratification

The vertical stratification of cloud/aerosols is reproduced according to the vertical profiles of MPLNET products. On one hand,
the base and top of the cirrus clouds are obtained from (Gil-Diaz et al., 2024). On the other hand, the vertical distribution of
the aerosols in the planetary boundary layer (PBL) is provided by MPLNET AER product. When this product is not available
for that specific time period, it is assumed that aerosols are uniformly distributed throughout the aerosol layer, which extends

up to 1.5 km, being the mean PBL height obtained in Barcelona over a 3-year period (Sicard et al., 20006).
3.3 The CLaMS-Ice Lagrangian microphysical cirrus model

CLaMS-Ice is a Lagrangian model for cirrus microphysics (Luebke et al., 2016; Baumgartner et al., 2022), intended to com-
pute the evolution of ice microphysics along air parcel trajectories. The Chemical Lagrangian Model of the Stratosphere
(CLaMS) (McKenna et al., 2002a, b; Konopka et al., 2004) performs the analysis of air mass back trajectories starting at ar-
bitrary location in the atmosphere. The trajectories are derived from ECMWF windfields and are selectable over an arbitrary
time frame. Small scale temperature fluctuations not considered in the ECMWF wind fields are accounted for by superimposing
temperature fluctuations according to (Podglajen et al., 2016). Next, the CLaMS-Ice model is run in the trajectories forward
direction by using the two moment box-model developed by (Spichtinger and Gierens, 2009) to simulate cirrus cloud devel-
opment. The two-moment scheme includes homogeneous as well as heterogeneous nucleation of ice, depositional growth of
ice crystals, their evaporation, aggregation, and sedimentation (sedimentation parametrization after (Spichtinger and Cziczo,
2010); the sedimentation parameter is set to 0.97). Heterogeneous freezing starts at a critical supersaturation of 120%. The
initial concentration of ice nucleating particles is prescribed in the model (mean value: 0.01 cm-3). As ice particles evaporate,
ice nucleating particles are released back into the air parcel. The model predicts the ice number concentration and the ice water
content. If/idé/13/alYeAay/ podetW iny the ETIVIWVIF dlatel faf Kbl / sttt 0L/ The/ ki bj vty | ICUINIS/UcE/ tYd aks/ this/ AN pivd fekiisttvg /idé!
TGO Mt /dhly /¢0Ma1A6S fdé/ it 4] eehbivies /TAAL/ eld/ At/ TT/ K TLBB KL [ fd /plaletd OF Idé/ tt &7 ECtonty / exised/ st/ T/ H [2BR /KL
hofdté/Etbddid s/ Tt the! LBIder cittnl eflvitohiiént,/ et thid Ao atd AoV 18 Atk A Zed MARKY Ve kit Atk ohid A i e pRAE
CLOMAK/ T ot EA6ML AL Akl TIVACK it/ i/ tie/ EOMMWE [datal IOV VS /Ye ¢/ prioécad s/ with/pre-eXixstng fidd /s With/ Moy Hdttnéed
cithol LloMAS. The two-moment scheme only considers the trajectories that end at T < 238 K. If a part of the trajectory existed
at T > 238 K before crossing into the colder cirrus environment, then the forward model is initialized with pre-existing ice from
mixed-phase clouds, if present in the IWCs found in the ECMWF data. The IWC of the pre-existing ice is converted to ice

number concentration using a reparametrization (Costa, 2017), then CLaMS-Ice proceeds as for newly formed cirrus clouds.

4 Five years of cirrus retrievals

This study analyzes the tAl¥ative optical scattering properties of cirrus clouds that were previously characterized geometrically,
thermally and optically in (Gil-Diaz et al., 2024). In the latter paper, 203 cases were analyzed. Here, atmospheric scenes with

only one cirrus cloud in the vertical profile are studied. 125 single-cirrus cloud scenes are found, that constitute 61% of all
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Mid-level cloud detection was performed through visual analysis during the application of the two-way transmittance method

(Gil-Diaz et al., 2024). This selection ensures the simulated cirrus scenes accurately represent reality (see Section 4.2).

4.1 Cirrus HdiatiVé optical scattering properties

After having carried out the identification of 125 high-altitude cirrus scenes with only a cirrus cloud in the vertical profile
(being the 39% of cirrus clouds measured at daytime), the self-consistent scattering model for cirrus clouds is applied to obtain
their fAHARE optical scattering properties (see Section 3.1). In this section the fAditiAd optical scattering properties of cirrus
clouds are presented and discussed. For this purpose, probability distributions of the following vertical averages of ratiatiie
optical scattering properties for each cirrus scene: ice water content, single scattering albedo and asymmetry factor, calculated
at 0.55 pm are shown in Fig. 3. Fot/ adl casd/ Ahvd IW L/ atvd /i é/ A AR [ phIL A/ £ Llterti/d PO ettics/ off the! Lttt Kldnas Maie
hodty Otained el kid/iébid/cIoUd/idtipaydtitt) A d/ the Beetive/ Extinid By CoEThrdient/of /e coimit! B dchl iddeY Mertidal
Yyt ikl IWhACH [l e/ ENOMAY A&/ et/ TTIA/ il dkion [N faétEonibidd) by/ edt aikig/ thel Y éttidal/ pa e it /el Llord X et ol
co et /ol Ml Mhie /[Yolid /M Td kild 56/ At/ ¢ etlitrd df i Abid id Ak e/dkd Lo/ BT/ /Y AU [ presentatinel O the itive [dtinds/

100
IWC = SSA = al=
S 80 4.97+5.53 0.99+0.05 0.7640.00
(=]
S 60
o
G 40
o
]
Q. 20
0 | |
0 51015202530 04 06 08 107 0.75 0.8

IWC (mg m™) SSA g

Figure 3. Probability distribution of averages of (left) ice water content (IWC), (center) single scattering albedo (SSA) and (right) asymmetry

factor (68YH g) for each cirrus scenes at 0.55 pum, for cirrus clouds measured from 2018 to 2022 in Barcelona. W& M/ XK O e/ 1é£1 Hisid ghbitd
T/ ih/ VS itk ic /9 ¢ g,

In Fig. 3 one observes that cirrus clouds have an IWC between 0.03 and 30 mg/m3, being characteristic of mid-latitude cirrus
clouds (Korolev et al., 2001; Field et al., 2005, 2006; Schiller et al., 2008; Baran et al, 2011b; Sourdeval, 2012; Kramer et al.,
2016, 2020). Where the average of IWC is ~5 mg/m?, being a value close to 3 mg/m?, which is the central value of the mid-
latitude ice cloud distributions obtained by (Sourdeval, 2012) and the mean value of IWC for temperatures between 210 and
235K found in (Kramer et al., 2016). A slightly higher measured IWC value of 7 mg m~? was found by (Korolev et al., 2001)

for cirrus clouds whose temperature ranged from 233 to 243K. The single scattering albedo of most cirrus clouds (97%) has a
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value between 0.95 and 1, as expected at 0.55 um (Hess and Wiegner, 1994; Sun and Shine, 1994; Yang et al., 2013; Hemmer,
2018). Although there are 3 cases of cirrus clouds whose SSA < 0.9. These cases correspond to sub-visible cirrus clouds with
an IWC less than 1 mg/m®. These 3 cases have in common that the cirrus cloud extends in two vertical layers of the model
and in one of the layers, the eIt g/ Maldé/ o bhid/étféetive Hdlnkid extinction coefficient is less than 1 Mm™1. In this layer,
a low value of SSA is obtained, associated to its low value of the extinction coefficient and consequently, when averaging the
TAAAE optical scattering properties in the two layers for each cirrus scene, the values of SSA < 0.9 observed in Fig. 3 are
obtained. Therefore, the self-consistent scattering model for cirrus clouds might associate the low éfféétive/ caldmhl extinction
values to super-cooled liquid water content in the cirrus clouds. The asymmetry factor of cirrus clouds varies between 0.7
and 0.8, with an average of 0.76, as expected at 0.55 um (Hess and Wiegner, 1994; Sun and Shine, 1994; Yang et al., 2013;
Hemmer, 2018).

4.2 Validation of radiative fluxes

The validation of the ARTDECO package is performed by comparing the simulated radiative fluxes with observed ones. For
that purpose, the radiative fluxes from ARTDECO were recalculated in the range 0.305-2.8 pum corresponding to the spectral
range of the SolRad-Net pyranometer (BOA), and in the range 5-100 pm corresponding to the spectral range of ZERES NOAA -
20 (TOA). The scatter plot of the simulated vs. observed SW downward radiative fluxes of cirrus clouds classified according
to their cloud optical depth (Sassen and Cho, 1992), at the surface and the LW upward radiative fluxes at TOA are shown in
Fig. 4.
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Figure 4. Comparison of (left) simulated shortwave downward (SW DW) radiative fluxes at the bottom-of-the-atmosphere and SolRad-Net
observations; (right) simulated longwave upward (LW UP) radiative fluxes at top-of-the-atmosphere and ZHRES NOAA-20 observations.
The black dashed line is the curve with the slope unity and the black solid line is the linear fitting of the fluxes (y=ax+b, being a the slope
and R? its determination coefficient). The cirrus clouds have been classified according to (Sassen and Cho, 1992) criteria: sub-visible (SVC;

COD < 0.03), visible (VC; 0.03 < COD < 0.3) and opaque clouds (Opaque; COD > 0.3).

The validation of the SW downward radiative fluxes is performed with 59% of the cirrus clouds measured at daytime and
the validation of the LW upward radiative fluxes with 81% of all cirrus clouds considered in this study. The cases of cirrus
clouds that could not be validated are due to the lack of observations. In addition, to reduce the effect of cloud movement
on the radiation measurement with the pyranometer, the observed radiation fluxes are averaged over 30 minutes. In Fig. 4
(left) it can be seen that most downward radiative fluxes calculated with the DISORT model overestimate the SolRad-Net
observations: the mean and standard deviation of the simulated fluxes are 694 + 247 Wm™2, while it is 621 + 283 Wm?2
for the observations. This translates into a systematic BIAS of +11.6% with a steep slope of the linear regression (a = 0.71 +
0.20). The overestimation may be related to the error associated with variables obtained by the self-consistent scattering model
for cirrus clouds, as cirrus clouds govern the radiation interactions in these simulations, because of their cloud optical depth.
The ensemble scattering model for cirrus clouds has a large error for small ice crystals (less than 100 pm), corresponding to
cirrus clouds with low IWC values (Liou et al., 2008). In particular, the model tends to underestimate the IWC for mid-latitude
cirrus clouds (Baran and Labonnote, 2007). Therefore, when the IWC is lower, the extinction of cirrus clouds is smaller as
demonstrated in (Fu, 1996; Heymsfield et al., 2014) and, consequently, allows more radiation to pass into the atmosphere than

actually does.

A For validation in the longwave spectrum, GBERES NOAA-20 measurements have been selected based on their gé0/gtapihical
puditionh geographical proximity to the Barcelona lidar station. $pécifi¢ally/ The measurements closest to e/ BAttelona Mddr
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this station WaVé/beén Seléctéd were chosen, dedpité/ thid At/ thal/ Aivd /honit/ O hid/ A ineitd it Aok MOY béttéspiond/ (e the
et MOMY /éf even though the measurement times do not exactly match the atmospheric scene. THé/Woitly/ GiffEHMEL biétwéen
STANGAOM /A0 ISHSEYY AT DM AL/ WOtV AW T/ Mé/ SR gty O thel LW/ t Aot/ fIllxed, On average, the time difference between
observations and simulations is 1 hour, with a maximum difference of 3 hours. However, this discrepancy is not significant
for the validation of longwave radiation fluxes, since it is almost constant during daytime hours (Sicard et al., 2014). In Fig. 4
(right) a large horizontal dispersion can be observed. In addition, a general overestimation of the CFRES NOAA-20 observa-
tions with the ARTDECO simulations is produced, being for simulated fluxes A374#46/310+43 Wm~?2 and for the observations
2AFH32 23232 Wm—2. In our case, the large BIAS = +3//6233.6 % obtained could be due to the spatial resolution of the ob-
served measurements taken, which 11é/étY &/ 0.2X0.27 ghiid v/ thel B atodYota statiom/4and may cover part of the Mediterranean
Sea. In addition, the cloud mask associated with each observation indicates that in 14% of the cases it has more than 90% of
clear-sky footprint area. As demonstrated by &4 Métit it (Gil-Diaz et al., 2024) most of the cirrus clouds are visible and there-
fore their horizontal expansion is smaller than the cirrus clouds that form at higher altitudes (well-known as sub-visible cirrus
clouds) (Kramer et al., 2020). /#%hitt This makes them more Hiffi¢tIt/id/¢éé challenging to detect from top-of-the-atmosphere.
Hence, the comparison of simulated radiative fluxes and CERES NOAA-20 observations is not as trivial and conclusive as with
SolRad-Net observations, since the OFRES NOAA-20 satellite can observe a slightly different atmospheric situation, as men-
tioned above. Not to mention the limitations of the 1-D radiative transfer model DISORT to represent an irregular composition

of broken and/or overlapping clouds that the ZERBE$ NOAA-20 satellite could observe.
4.3 Study of the influence of aerosols on radiative simulations of cirrus clouds

The cloud direct radiative féftiffg effect is often calculated as the difference between radiative fluxes under cloudy and cloudy-
free conditions, without considering the aerosols found in the layer of the atmosphere closest to the surface (Ramanathan et al.,
1989; Hartmann et al., 2001; Barja and Antufia, 2007; Yang et al., 2007; Lee et al., 2009; Campbell et al., 2016; Lolli et al.,
2017b). In this way, simpler simulations are carried out, as it is only necessary to characterize the cloud. It is known that
radiation does not interfere linearly with the components of the atmosphere: clouds, aerosols and gases. Therefore, in this
subsection we analyze whether or not the insertion of aerosols in the lowest atmospheric layer in cirrus cloud scenes modifies
the calculation of cirrus direct radiative foding effects. For this purpose, the net direct radiative effect fotbitlg (NET; SW+LW)
in the atmosphere (ATM; TOA-BOA) of cirrus clouds calculated with simulations in which aerosols have been considered or

not is compared, as shown in Fig. 5.
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Figure 5. Comparison of net direct radiative fét¢itvg effects in the full atmosphere (NET ATM DRF) between simulations made with (X-axis)
and without (Y-axis) aerosols. The black dashed line is the curve with the slope unity and the black solid line is the linear fitting of the direct
radiative fétéitig effects (y = ax+b, being a the slope). The cirrus clouds have been classified according to (Sassen and Cho, 1992) criteria:
sub-visible (SVC; COD < 0.03), visible (VC; 0.03 < COD < 0.3) and opaque clouds (Opaque; COD > 0.3).

Fig. 5 shows that the NET ATM direct radiative fidféing effects calculated with and without aerosols fit well, with the most
of the points lying slightly above on the curve with the slope unity. As a consequence, its linear fitting rounding to the tenth has
also a unity slope, with a R? value of 1.00. In addition, the mean and standard deviations of simulations reflect that there is an
negligible underestimation of the forcings when not considering aerosols, with values for the simulation with aerosols (X-axis)
of H2TAIH2BH4 +21.2420.3 Wm~2 and without aerosols (Y-axis) of +27/004/2386 +20.9+20.3 Wm™2. Furthermore, the
BIAS is -f¥7111.2%, being a low value, possibly due to the distance between the aerosol layer and the cirrus cloud (being on
average 6.76+2.24 km). With these results where the aerosol layer was well distinguished vertically from the cirrus clouds, the
simplification of the atmospheric scenes can be made without considering aerosols, but to be more rigorous, in the following
results, only the forcings in which aerosols are present will be considered. In the other case where the aerosols are vertically
closer to the clouds (lower than 1 km, being the minimum distance found between the cirrus cloud and the aerosol layer),
the simplification of not considering aerosols in the calculation of cloud forcings may not be valid, leading to a significant

underestimation of cloud foditgy direct radiative effects.
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4.4 Direct radiative fo¥¢ing effects of cirrus clouds depending on COD

In this section, only direct radiative fdféing effects of cirrus clouds calculated with simulations in which aerosols are present,
DRFEG ac—ca, will be considered and will be denoted as DRFE. Special attention will be paid to net direct radiative féféing
effects of cirrus clouds at daytime because they are the only clouds that can readily cool or warm the top and bottom of
atmosphere, during daytime, depending on their properties (Campbell et al., 2016). In order to quantify this phenomenon,
cirrus clouds at daytime and nighttime have been distinguished. The net direct radiative fdféing effects of cirrus clouds at

nighttime and daytime, at BOA and TOA are shown in Fig. 6.
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Figure 6. Distribution of direct radiative fétéitig effects of cirrus clouds at (left) nighttime and (right) daytime, at (bottom) bottom-of-the-
atmosphere (BOA) and (top) top-of-the-atmosphere (TOA), in function of their cloud optical depth (COD). Shortwave (SW), longwave (LW)
and net (NET = SW + LW) components of direct radiative fféing effects have been distinguished. For COD < 0.3 a logarithmic scale has
been considered in order to discern more clearly sub-visible and visible cirrus clouds (Sassen and Cho, 1992). The solid line corresponds
to the polynomial fitting performed on the data set. The shaded area represents the region with a 95% probability of containing the points,

adjusted by the mean absolute value of the differences between the actual and fitted values.
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In Fig. 6 one observes a positive trend between the net direct radiative forditgy effects with the COD, where the thicker
cirrus clouds contribute more to the overall foiéihg direct radiative effect budget, as has been observed in other studies
(Barja and Antuiia, 2007; Lee et al., 2009; Campbell et al., 2016; Lolli et al., 2017b). Some COD gaps are also found, be-
cause the cirrus observations considered do not have a homogeneous and equidistant distribution of COD. At nighttime, the
net cirrus fdéing direct radiative effect at TOA is approximately twice that at BOA, being always positive as expected. Cirrus
clouds at nighttime act as a cover in the atmosphere, they do not let through all the infrared radiation emitted by the Earth as
it cools, inducing a warming of the atmosphere. This warming in function of COD is fdétét more pronounced at TOA than
at BOA because the atmosphere at BOA is strongly influenced by the surface, which acts as a black body emitting infrared
radiation at nighttime. Consequently, the hé4ting positive direct radiative effect at BOA is milder than at TOA.

At daytime, at TOA, the net direct radiative fOildidg effect remains positive for all cirrus clouds, dominating the positive
longwave component. This effect has been observed in (Campbell et al., 2016) for COD up to approximately 0.6. For higher
COD values, (Campbell et al., 2016) reports a negative NET TOA DRE. In this study, a decreasing trend in NET TOA DRE is
observed from COD values of 0.5, although no negative values are obtained. Additionally, the LW NET TOA DRE component
grows faster than the one reported by (Campbell et al., 2016), suggesting that negative values of NET TOA DRE could occur
for cirrus clouds with higher COD than those found in (Campbell et al., 2016). This discrepancy may be due to the higher
surface emissivity and temperature values considered in the present work. Further measurements of NET TOA DRE for cirrus
clouds with higher COD are needed to confirm the decreasing trend. In contrast, at BOA, the net direct radiative fdréing effect
is almost always negative (only 2018% of the cases show a positive net fd¢éing direct radiative effect, whose value is close
to 0), being the outgoing shortwave radiation in the presence of cirrus clouds larger than in cirrus cloud free conditions. The
albedo effect overcomes the greenhouse effects in the SW range because of low absorption capacity of the small crystals, as
shown in Fig. 2. These changes of sign which occur b5t/ for thin cirrus clouds {6796 OF The/ taldé i) MaNe /e Ay bl /ehserved
like in other studies Atf¢l 49 (Campbell et al., 2016; Lolli et al., 2017b; Kramer et al., 2020), where the dominant factor in the
change of sign of forcing is unclear. Multiple factors are involved, from the optical 4td fddiativé properties of the cirrus, to the

solar zenith angle or the surface temperature and surface albedo (Wolf et al., 2023).

In order to complete this analysis, the net direct radiative fétéifig effects in the full atmosphere are analyzed for cirrus clouds

at nighttime and daytime, as shown in Fig. 7.
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Figure 7. Distribution of net direct radiative fo¥éing effects of cirrus clouds in the full atmosphere at (left) nighttime and (right) daytime,
in function of their cloud optical depth (COD). For COD < 0.3 a logarithmic scale has been considered in order to discern more clearly
sub-visible and visible cirrus clouds (Sassen and Cho, 1992). The solid line corresponds to the polynomial fitting performed on the data set.
The shaded area represents the region with a 95% probability of containing the points, adjusted by the mean absolute value of the differences

between the real and fitted values.

Fig. 7 shows a net warming of the atmosphere (always positive fér¢ifig direct radiative effect) for cirrus clouds at nighttime
and daytime, being radiation escape lower in the presence of cirrus clouds in the full atmosphere. This phenomenon could have
been perceived in the previous figure (Fig. 6) as the fovéihg direct radiative effect at TOA was always higher than at BOA. It
also results that the atmosphere warms faster in function of the COD during the daytime than at nighttime (see their regression
slopes), as expected due to the contribution of solar radiation to the net f¥éing direct radiative effect. The net foididg/ direct
radiative effect in the full atmosphere fits very well with the polynomial regressions for both time periods, being at nighttime
R? = 0/990.96 and at daytime R? = @/%70.95, although some instances outside the shaded area are observed. These strong
variations of the direct radiative fdtéifnig effect for cirrus clouds with very similar COD are due to the consideration in the simu-
lations of different vddibtixd optical scattering properties of the cirrus clouds, thermodynamic profiles, surface temperature and

surface albedo values for each cirrus scene.

Then, the direct radiative fofbitig effects for cirrus clouds at nighttime and daytime, which are classified according to

(Sassen and Cho, 1992) criteria, are quantified, as shown in Table 1.
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Type Nighttime Daytime
COD BOA TOA ATM COD BOA TOA ATM
Sub-visible | 0.0240.01 3.943.9 7.54+7.1 3.61+3.3 0.0240.01 -0.7+1.2 2.6+1.3 3.3+1.8
Visible 0.15+0.08 11.1+5.6 2224104 11.1+52 0.11£0.08 -4.4+7.4 11.3+9.1 15.6+13.1
Opaque 0.7640.47 42.2420.3 74.8431.5 32.6+£154 0.7540.39 -28.2423.8 2544174 53.6421.6
Total 0.374£0.43 22.1420.8 40.4+34.5 18.4+15.3 0.2840.37 -11.54+18.7 142+14.0 25.7425.9

Table 1. Average and standard deviation of direct radiative fétéitig effects of cirrus clouds (Wm™2) at bottom-of-the-atmosphere (BOA),
top-of-the-atmosphere (TOA) and in the full atmosphere (ATM), at nighttime and daytime, classified with (Sassen and Cho, 1992) criteria in
Barcelona. Cloud optical depth values are obtained from (Gil-Diaz et al., 2024).

In Table 1 it is discernible that thicker cirrus clouds produce a higher féf¢ifid direct radiative effect than thinner clouds, as ob-
served above. At nighttime, cirrus clouds produce an average net warming in the full atmosphere of A42/7 0422/ B9I+40.4+34.5
Wm~2, with opaque cirrus clouds being the main source. At daytime, cirrus clouds produce generally ¢l hié a negative
direct radiative effect at BOA and MY the a positive effect at TOA, resulting in a warming of the full atmosphere. The direct
radiative f@réing effect at BOA ranges between LA8/4d/4# -73 and +3 Wm™2 for all cirrus. In particular, for thin cirrus clouds
the direct radiative foéig effect is in a range from -8031 to +3 Wm~2, being a similar range to (Lee et al., 2009), covering
from -20 to 0 Wm™~2. Therefore, shortwave negative fétéitg direct radiative effect generally dominates at the BOA, with an
average of/BABAGAS -3.6+6.7 Wm~2 for thin cirrus clouds, being slightly lower than -1.35 Wm~2 (Lee et al., 2009). The
direct radiative fétéitg effect at TOA ranges between +1 and #67 +54 Wm 2 for all cirrus, being a wider interval than (Camp-
bell et al., 2016; Lolli et al., 2017b; Kramer et al., 2020; Kienast-Sjogren et al., 2016). In particular, for thin cirrus clouds the
direct radiative fétéhhg effect is in a range from +1 to 436 +32 Wm~2, being the maximum value considerably higher than the
value of +5.71 Wm~2 (Campbell et al., 2016) or +10 Wm~2 (Kramer et al., 2020). The average of the direct radiative féréing
effect for thin cirrus clouds is A44/V FOHTIDAF +9.4+8.8 Wm™2, being a close value compared to them obtained in (Kienast-
Sjogren et al., 2016), that cover in average from 6.2 to 11 Wm™2, although they are also significantly higher than the value
of +1 Wm~2 (Lee et al., 2009). Despite the differences found, the values are in agreement in magnitude with other studies
such as (Ackerman et al., 1988; Jensen et al., 1994; Lee et al., 2009; Berry and Mace, 2014; Campbell et al., 2016; Kienast-
Sjogren et al., 2016; Kramer et al., 2020). The average net warming in the full atmosphere is a little higher at daytime, with
an average value of #27/31H26.63 +25.74+25.9 Wm~2. This difference is apparently not related with the fraction of opaque

cirrus, as the percentage of opaque cirrus is lower during nighttime (28%) than at daytime (38%).
4.5 Direct radiative fo¥¢ing effects of cirrus clouds depending on solar zenith angle

In this section, only net direct radiative foitfidg effects of cirrus clouds at daytime, will be considered. The distinction between
the shortwave and longwave spectral ranges will not be made because direct radiative fové¢ing effect does not depend on the
solar zenith angle in the longwave spectrum (Lee et al., 2009; Wolf et al., 2023). The net direct radiative fdféing effect of cirrus
clouds during daytime at the BOA and TOA, together with the results of a brief sensitivity study, in which all parameters of

the simulations except the solar zenith angle are kept constant, are shown in Fig. 8.

22



510

515

& 50 . . : ; , , --—=5VC
L e e e VC
g o e oP
=~ 30F —— Sensitivity study
% ——Real cases
)]
<
0
'_
r—
M|
Z-
PI"‘-\\
E
3
w
L 100} - —
S-150
R20F T ]
Z -250 ' ' : :
20 26 30 35 4 45 50 55 60 65
SZA(")

Figure 8. Distribution of the net direct radiative #o7éing effects of cirrus clouds at daytime at (top) top-of-the-atmosphere (TOA) and (bottom)
bottom-of-the-atmosphere (BOA) in function of their solar zenith angle (SZA) resulting from the (dashed curves correspond to for each cirrus
cloud type according to the (Sassen and Cho, 1992) criteria and green curve correspond to the mean values for all daytime cirrus clouds)

sensitivity study and (black curve) the real cases.

In the sensitivity study, three cloud types have been considered, according to the (Sassen and Cho, 1992) criteria, where
the cloud optical depth is shown in Table 1 for the daytime cirrus clouds. The geometrical, thermal and optical properties
correspond to the mean values of the cirrus clouds measured at Barcelona lidar station (Gil-Diaz et al., 2024) and the fAQiAtiAE
optical scattering properties are obtained from the mean values resulting from the statistic. The longwave surface albedo con-
sidered is 0.0157 and the surface temperature is 28°C. The thermodynamic profiles have been selected from the 1976 standard
atmosphere (COESA et al., 1976). By keeping constant all other properties of cirrus clouds scenes, the results are expected to
be exclusively due to the variation in the value of the solar zenith angle. On the other hand, in the real cases that have been
analyzed in Section 4.4 and Section 4.5 as a function of cloud optical depth, the net direct radiative foikifig effect values for

the three cloud types have been averaged, with a SZA resolution of 5°.

In Fig. 8 one observes a higher variability of net direct radiative fd¢éing effect for the real cases than for the sensitivity study.
This variability could be explained by other parameters that are considered in the simulations, such as cloud optical depth,

cirrus vddiAtive optical scattering properties, surface albedo and temperature (Sicard et al., 2014; Wolf et al., 2023). While
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a detailed sensitivity analysis is needed to assess the contribution of each variable, cloud optical depth appears to have the
most significant impact, as the difference in mean CODs for each averaged SZA value is substantial. In addition, a generally
higher mean net direct radiative fottitlg effect is discerned for the real cases than for the sensitivity study results, especially at
BOA despite having taken the average properties resulting from the statistics. At TOA, a slight downward tendency of the net
direct radiative foftiflg effect is obtained as the SZA increases, as found in (Wolf et al., 2023). As SZA increases, cloud solar
extinction is enhanced regarding thermal effects (Campbell et al., 2016). All mean net direct radiative fbibiflg effect values
for the real cases are positive, but there is a large fluctuation in certain values of SZA. Moreover, there is no crossover where
the mean net direct radiative ffféing effect shifts from positive to negative values between SZA of 20 to 65°. On contrary, for
the results from the sensitivity study, a change of sign is observed at 58°, fixing well with results from (Campbell et al., 2016;
Lolli et al., 2017b). At BOA, most net direct radiative foéitg effect values are negative, presenting a slight increasing trend
unlike the TOA. Since the angle of incidence of the incoming solar radiation increases, the incident solar radiation is lower and
the scattering produced by the ice crystals increases because optical path is larger (Lee et al., 2009; Wolf et al., 2023). This
enhancement of the extinction of incident solar radiation, which is lower, results in a reduction of the net Wattitig positive
direct radiative effect at TOA and the net ¢0@litY negative effect of the atmosphere at BOA. The change from positive to
negative values of the mean net direct radiative féféityg effect is only observed for the real cases, being SZA crossover of 25°,

a considerably lower value than that observed for the results of the TOA sensitivity study.
4.6 Case study of direct radiative fébdifdf effects of an evolving cirrus cloud

In this section the role of time is added to the analysis and the direct radiative fétéif/g effect produced by a cirrus cloud is studied
along its back-trajectory. The final objective of this case is to simultaneously analyze the evolution of different physical agents
such as the surface albedo, the solar zenith angle, the cloud optical depth or the ice water content in the quantification of the
cirrus cloud direct radiative foi¢ing effect. The case of study corresponds to the back-trajectory of a cirrus cloud measured at
Barcelona lidar station on 11/02/2019 at 02:03 UTC (Gil-Diaz et al., 2024), where simultaneous measurements of the MPL and
CALIPSO were performed. To simulate the evolution of the cirrus cloud as realistic as possible, its microphysical properties
along its back-trajectory are calculated with the CLaMS-Ice model. This model provides apart from the basic back-trajectory
variables such as temperature, altitude, geographic coordinates and time, microphysical properties like ice water content, ice
crystal number concentration or ice nuclei concentration. Considering the temperature provided by the model as the mid-cloud
temperature and together with the ice water content, the vddiatixg optical scattering properties of cirrus clouds are specifically
calculated with B4/A/dnd/F(d//3 the self-consistent scattering model for cirrus clouds. Assuming the cirrus cloud geometric
thickness decreases linearly, using the CALIPSO measurements of 1 km on 10/02/2019 14 UTC and 1.74 km on 11/02/2019 2
UTC, and considering that the geometrical thickness is 0 km when the IWC is null, the COD is estimated as the product of the
extinction coefficient and the geometric thickness. The back-trajectory of the cirrus cloud and the properties: ice water content,

mid-cloud temperature, mid-cloud altitude, cloud geometrical thickness and cloud optical depth are shown in Fig. 9.
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Figure 9. (Left) Hourly back-trajectory of the cirrus cloud for the last 16 hours before arrival in Barcelona. (Right) Evolution of cirrus cloud
properties along its back-trajectory: ice water content (IWC), mid-cloud temperature (T,,:q), mid-cloud altitude (CH), cloud geometrical
thickness (CT) and cloud optical depth (COD) (from top to bottom). Colours indicate the type of surface where the cloud is over, black
crosses mark the non-existence of cirrus cloud during those hours and the red star points to the case measured by the MPL and CALIPSO in

(Gil-Diaz et al., 2024).

In Fig. 9 one observes that the cirrus cloud comes from the Atlantic Ocean, passing through part of France and Barcelona to
reach the Mediterranean Sea. The selected points of the trajectory are spaced 1 hour apart backward from 11 February 2019 at
02 UTC. During this journey, the air mass which corresponds to the cloud undergoes a rise in height, reaching a minimum in
temperature and a COD of 0.6. After this initial cirrus cloud fast growth, the cloud gradually fades away until 20 UTC, where
the CLaMS-Ice model gives a null ice water content. Afterwards, a new cirrus begins to form over land surface and to grow

until 00 UTC and remains relatively stable.

Taking advantage of the overlap between the back-trajectory of this cirrus cloud and the CALIPSO satellite, a brief evaluation
of the ice water content is carried out on 11/02/2019 02:03:20 UTC. The difference in IWC between the CLaMS-Ice output
and the CALIPSO measurement is 0.88 mg/m?, resulting in a relative deviation of 29% for the CLaMS-Ice output. This
difference obtained by CLaMS-Ice and CALIPSO, well within a factor of two, is considered reasonable given the different

parameterizations involved in the calculation of the IWC and their respective uncertainties. To fully characterize the cirrus
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cloud scenes along its back-trajectory, it is considered that the height from the CLaMS-Ice model is the mid-cloud height.
Abld/ the! ISt TALE [ATBEAY 14 LEhstaidt /oMY /& Ao/ O kive It é&/ [did ik et/ sintiaidd/ typid sl /IMe/ b s/ off the | Aliitid/ O Cban bidd/ the
565 Midditéttatidat B4 fave /e stiidAted WAk [data/ fEdkty thid /OERES SdteVike/ ity Aive /SN /dtvd /iidé/ 1atid/albeddy 18/ AaSnherd /va /be/ Ay [df
Biételand. The surface albedo and surface temperature considered are from the NOAA-20 satellite. With all these assumptions,
radiative simulations are calculated with the ARTDECO package and the radiltisd filiés direct radiative effects at TOA, BOA

and the full atmosphere are shown in Fig. 10.
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Figure 10. Distribution of direct radiative fdtéing effects of the cirrus cloud along its back-trajectory at (top) top-of-the-atmosphere (TOA),
(centered) bottom-of-the-atmosphere (BOA) and (bottom) in the full atmosphere (ATM). Shortwave (SW), longwave (LW) and net (NET
= SW + LW) components of direct radiative fottitlg effects have been distinguished. Black crosses mark the non-existence of cirrus cloud

during those hours.

Fig. 10 shows that at TOA the net direct radiative foii¢ig effect is close to zero with values shifting between positive and
570 negative during the first hours where the cirrus cloud is over the Atlantic Ocean. During this period, the SW component is

almost completely balanced by the LW component and it is zero when there is no incident solar radiation, i.e. at nighttime,
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therefore the net f@féing direct radiative effect corresponds to the LW component. At nighttime, the net direct direct radiative
fotbitlg effect at TOA is also approximately double than at BOA, in agreement with previous results. At BOA, the net forcing
changes from negative to positive, since the incident solar radiation produces that the albedo effect overcomes the greenhouse
effect during daytime. In the full atmosphere, the direct radiative fétéity¢ effects are always positive, as the fovding direct ra-
diative effect at TOA is higher than at BOA. In summary, these simulations reveals the evolution of the net direct radiative
fortitig effect produced by the cirrus cloud, going at TOA from values close to 0 to #42+40 Wm~2, at BOA from negative
values, whose minimum is -51 Wm™2 to positive values reaching a maximum of +20 Wm~?2 and in the full atmosphere varying
between values close to 0 to #48+42 Wm~2, being the maximum. The complexity of calculating the direct radiative fétéitg
effect of a cirrus cloud lies in the fact that this value is highly sensitive to its scene cloud properties like cloud optical depth,

solar zenith angle or surface albedo as seen in this case study.

Finally, we compare the direct radiative fidféing effect of the cirrus cloud (red star mark) measured by MPL at the Barcelona
lidar station, by CALIPSO satellite at 78 km from Barcelona lidar station (Gil-Diaz et al., 2024) and with the properties
obtained with CLaMS-Ice, as shown in Table 2.

Properties NET DRE (Wm™2)

Database : :
Toniqa CC) | 0exe Km~1) | IWC (mgm—3) | COD | BOA | TOA | ATM
MPL -60.7 0.17 4.1¢ 0.26 17.0 35.5 18.5
CALIPSO -63.7 0.16 22.2 0.23 15.8 | 329 17.0
CLaMS-Ice -61.4 b 4.3 0.30 19.6 41.1 21.5

Table 2. Properties (mid-cloud temperature (T,,;q), column effective extinction coefficient (0e»+) and ice water content (IWC)) and net
direct radiative fotbitlg effect of the cirrus cloud measured by Micro Pulse Lidar at the Barcelona lidar station, by CALIPSO satellite (Gil-
Diaz et al., 2024) and with the properties obtained with CLaMS-Ice, at bottom-of-the-atmosphere (BOA), top-of-the-atmosphere (TOA) and
in the full atmosphere (ATM). “The value of ice water content is calculated with the self-consistent scattering model for cirrus cloud (see

Sec. 3.1).® The CLaMS-Ice product does not provide a value of the M/ ¢OMA extinction of the cirrus cloud.

Taking the new methodology explained above to characterize fbdidfivély optically cirrus élotfds scattering properties, the
self-consistent scattering model for cirrus clouds is used to obtain the éfféttixk Mol extinction coefficient, single scattering
Falbedo and asymmetry factor to introduce them into the ARTDECO package and calculate its net direct radiative #éréing
effect. In the case of cirrus cloud detection with MPL measurements, as described above, the mid-cloud temperature and the
¢EfeOtike eIttt extinction coefficient, obtained by the two-way transmittance method (Gil-Diaz et al., 2024), are employed to
characterize the cirrus vddiatively/ optically. Alternatively, as the CALIPSO and CLaMS-Ice data provide an IWC measurement
for such cirrus cloud, this data together with the mid-cloud temperature is used to represent the cirrus Mdiativeéls/Déspite thié
FACY thad \AVABRSADY (34656 /TR v/ FHOd /TR Blrdélon(d/ station/ At Mié/ STAUNAOMA AALH Kbidde/ atd/ atld/ thidse/ b ICLLVMSIdé,
A e/ At/ shitald ¢/t e Athitl [ddttéspdding /vd /tié/ B atbeldha My [Svaiont/ At Hehidéted/ ity bYdetd Y béthapdrlé/ t Aiiine
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In Table 2 one observes that the properties of the cirrus cloud are similar, except for the IWC, which is considerably higher
for the cirrus characterized with CALIPSO measurements. If the IWC is calculated using the extinction coefficient and mid-
cloud temperature values provided by CALIPSO, the ensemble scattering model for cirrus clouds yields an IWC value of 3.9
mg/m3. This result is significantly lower than the IWC measured by CALIPSO, since the éndenthlé self-consistent scattering
model for cirrus clouds often underestimates the IWC of cirrus clouds measured at mid-latitude (Baran and Labonnote, 2007).
So a certain discordance between the net direct radiative fétéifig effect magnitudes would be expected. For all three simulations,
the cirrus cloud wdrffité has a positive direct radiative effect both at TOA and at BOA, since due to the time (2 UTC) the solar
radiation component is null. Moreover, as the fftitlg direct radiative effect is proportional to the COD, the cirrus characterized
with the CLaMS-Ice products produces a slightly higher foiditg direct radiative effect than with the other data. On average,
it can be established that the cirrus cloud measured at Barcelona lidar station produces a MAYHTAY positive direct radiative
effect at BOA of AIQ/NOH208 +17.5+1.9 Wm—2, at TOA of #YNTAFTT +36.5+4.2 Wm—2 and in the full atmosphere of
A1 BSAB 63 +19.042.3 Wm—2.

5 Conclusions

In this paper a study of rddiativé optical scattering properties and forcings of cirrus clouds based on 4 years of continuous
ground-based lidar measurements with the Barcelona (Spain) Micro Pulse Lidar (MPL) is analyzed. First, a new approach of a
self-consistent scattering model for cirrus clouds is presented to get the fadiatiii optical scattering properties of cirrus clouds at
different wavelengths with only the &feefié/¢OMItihn extinction coefficient calculated with the two-way transmittance method
and MidAcloud temperature, from radiosounding data. The self-consistent scattering model for cirrus clouds consists of an
ensemble of six ice crystal MéBétstypes, where the simplest ié/éryMall/ Mo topprésemtdd/ by Médgnal form is an ice columng
with an unity aspect ratio & ilidfy and the more complex ice crystals are formed by afhittatily/dtd randomly bYidntéd attaching
other hexagonal elements, until a chain-like 1¢&/¢f4/9Y structure is formed. The members &7 W&/ ehgétbled are evenly distributed
1Aty SA ALY ity AL/ O The fgditicYe/$i76/ GisttTbuiant/ (PSID), across the PSD. The self-consistent scattering model for cirrus
cloud database consists of more than 20000 PSDs of tropical and mid-latitude cirrus at temperatures between -60 and 0°C. This
database provides for each PSD the simulated optical scattering properties AMi¢h/ telatts fhié/ dedindal/ 1oadr idna/ O 166/ Mididt
contétty (LLINNIQY /O 14 Aiklinie fptbipétty (scattering, absorption coefficient and asymmetry factor) in function of the decimal
logarithm of ice water content (LIWC) and the cloud temperature (T) by nonlinear least squares fitting. W&/ A /BOIWAOMAY fit
16/ 1A IN-Vetd Kt pertalttdré/ (ITY,) With/ &/ spréétvdl [dépéhdétidé! The new approach fY hé/¢éaleiiYdligh consists of first calculating
the IWC of the cirrus cloud by introducing the extinction coefficient of each cloud layer in an equation derived from the
model, for a cloud temperature. A iddiative/ pridpeities O tittis Ot fay itfereint M elei Sthd KehSists OF fivsy vl Ating thd
TR 1 Khe keietotit 8 /e Ytvd /By Ikt Ol it g/ TR BRIV /e DMty éxftitieiidty Coétfidiigit /i /v e At ot idétivbd v it/ the/ toded] idt i
hidHOlENA teihipétatiivé/ This equation is obtained by assuming the absence the absorption, which is entirely reasonable because
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the wavelength used belongs to the visible spectral range. Once, the IWC is estimated, this variable is introduced again into
the model to get the absorption, scattering and asymmetry factor coefficients for each wavelength, respectively. Applying this
method to cirrus clouds measured in Barcelona during November 2018 to September 2022 at 00 and 12 UTC, it is obtained that
the average of the ice water content is 4.9745.53 mg/m?, the single scattering albedo is 0.99+0.05 and the asymmetry factor is
0.7640.00 at 0.55 pm. Second, the direct radiative foétigletfect of cirrus clouds is calculated with the radiative transfer model
DISORT. Radiative fluxes are validated at bottom-of-the-atmosphere with SolRad-Net pyranometers in the shortwave spectral
range, and at top-of-the-atmosphere with UERES NOAA-20 measurements in the longwave spectral range. One one hand,
most downward radiative fluxes calculated with the DISORT model overestimate the SolRad-Net observations, resulting in a
BIAS of +11.6% and a slope of the linear regression (a = 0.712+0.20). On the other hand, a large difference in upward radiative
fluxes between simulated and observations is found for each cirrus cloud scene, resulting in a BIAS of #Y/624+33.6%. Third, a
validation of the importance of the planetary boundary layer aerosols in the cirrus scenes simulations is carried out. Calculations
with and without aerosols of the cirrus direct direct radiative fd¢éing effects are made to assess the error induced by neglecting
tropospheric aerosols, which results in a negligible BIAS of -0/74/1.2%. In the other case where the aerosols are vertically
closer to the clouds, the simplification of not considering aerosols in the calculation of cloud féititgs direct radiative effects
may not be valid, leading to a significant underestimation of cloud ffféingy direct radiative effects. Forth, the direct radiative
forbitlg effects of cirrus clouds are calculated distinguishing between nighttime and daytime. At nighttime, cirrus clouds warm
the atmosphere with direct radiative effects at TOA almost double than at BOA, with the thicker cirrus clouds contributing most
1o/the/ fbikitdg. At daytime, cirrus clouds have generally a negative direct radiative effect at éol/ &/ BOA (8082% of the cases)
and always waid/té a positive effect at TOA, resulting in a warming of the full atmosphere. On average, at nighttime, cirrus
clouds #valfitl have a positive direct radiative effect of +23/024/2/23 +22.1+20.8 Wm~2 at BOA, £60/06442/99 +40.4+34.5
Wm~2 at TOA and in the full atmosphere A2/T0AH2D/B9 +18.44+15.3 Wm~2; at daytime, cirrus clouds @01 have a negative
direct radiative effect /RLATANA495 -11.5+18.7 Wm~2 at BOA and Wirh a positive effect HVS/DUAIBHN +14.2+14.0 Wm—2
at TOA, and in the full atmosphere #2T.6YADB/68 +25.7+25.9 Wm 2. Fifth, the variation of the cirrus cloud direct radiative
forbitlg effect at daytime is also analyzed as a function of the SZA: it shows that at TOA for the real cases the average net
direct radiative f@féing effect is always positive and for the results from a sensitivity study, the mean net direct radiative féréing
effect shifts from positive to negative values at 58°. FO All/¢AY For the real cases and the sensitivity study, a slight downward
tendency of the net direct radiative fétéifig effect is also found. At BOA, most net direct radiative fa@féing effect values are
negative. The change from positive to negative values of the mean net direct radiative fotbilg effect is only observed for the
real cases, being SZA crossover of 25°. Sixth, for a case study, the direct radiative foididg effect of a cirrus cloud along its
back-trajectory is analyzed using CLaMS-Ice products. During the overlap between the back-trajectory of this cirrus cloud
and the CALIPSO satellite on 11/02/2019 02:03:20 UTC, a brief validation of the IWC is made, resulting in a relative oifildf
deviation of 29% for the CLaMS-Ice output. This cirrus cloud comes from the Atlantic Ocean, passing through part of France
and Barcelona to reach the Mediterranean Sea. Over the Atlantic Ocean, the air mass which corresponds to the cloud undergoes
a rise in height, reaching a minimum in temperature and a COD of 0.6. After this initial cirrus cloud fast growth, the cloud

gradually fades away as it approaches France, where the CLaMS-Ice model gives a null IWC. Afterwards, the cirrus cloud
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begins to form again on land surface and to grow up. Along its trajectory, the cirrus cloud produces a net direct radiative
forthitig effect that goes at TOA from values close to 0 to442+40 Wm ™2, at BOA from negative values, whose minimum is -51
Wm? to positive values reaching a maximum of +20 Wm™2 and in the full atmosphere varying between values close to 0 to
#48+42 Wm~2, being the maximum. Finally, the direct radiative fotbitfg effects that the cirrus cloud has at the beginning of the
back-trajectory are compared using different measurements (MPL and CALIPSO measurements and CLaMS-Ice outputs) and
making use of the self-consistent scattering model for cirrus clouds. It results in an average Wathhifig positive direct radiative
effect at BOA of A1Q/NVH2OR +17.5+1.9 Wm~2, at TOA of A#49.0TAH/TT +36.5+4.2 Wm~2 and in the full atmosphere of
MIDBBAB LB +19.042.3 Wm—2,

Data availability. The MPLNET products are publicly available on the MPLNET website (https://mplnet.gsfc.nasa.gov/download_tool/)
(MPLNET, 2024) in accordance with the data policy statement. Radiosoundings data are available upon request from the authors or Meteocat.
The SolRad-Net product is publicly available on the SolRad-Net website (https://solrad-net.gsfc.nasa.gov/) (Goddard Space Flight Center,
2024a) in accordance with the data policy statement. The NOAA-20 products are publicly available on the CERES website (https://ceres.larc.
nasa.gov/) (Langley Research Center, 2024). The AERONET products are provided by a federation of ground-based remote sensing aerosol
networks established by NASA and PHOTONS (PHOtométrie pour le Traitement Opérationnel de Normalisation Satellitaire) and is greatly
expanded by collaborators from national agencies, institutes, universities, individual scientists, and partners. The AERONET products are
publicly available on the AERONET website (https://aeronet.gsfc.nasa.gov/) (Goddard Space Flight Center, 2024b). The CALIPSO product
is provided by the NASA Langley Research Center’s (LaRC) ASDC DAAC and is managed by the NASA Earth Science Data and Information
System (ESDIS) project. NASA data are freely accessible and available on the Atmospheric Science Data Center website (https://asdc.larc.
nasa.gov/) (NASA, 2024).
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