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ABSTRACT 

Cirrus (Ci) clouds play an important role in the atmospheric radiative balance, and hence in 
Climate Change. In this work, a polarized Micro-Pulse Lidar (P-MPL), standard NASA/Micro Pulse 25 

NETwork (MPLNET) system, deployed at the INTA/El Arenosillo station in Huelva (SW Iberian 
Peninsula) is used for Ci detection and characterization for the first time at this site. Three days 
were selected on the basis of the predominantly detected Ci clouds in dependence on their cloud 
optical depth (COD). Hence, three Ci cloud categories were examined at day-times for comparison 
with solar radiation issues: 19 cases of sub-visuals (svCi, COD: 0.01-0.03) on 1 October 2016, 7 30 

cases of semitransparents (stCi, COD: 0.03-0.30) on 8 May 2017, and 17 cases of opaques (opCi, 
COD: 0.3-3.0)on 28 October 2016. Their radiative-relevant optical, macro- and micro-physical 

properties were retrieved. The mean COD for the svCi, stCi and opCi groups was 0.02±0.01, 

0.22±0.08 and 0.93±0.40, respectively; in overall, their lidar ratio ranged between 25 and 35 sr. Ci 
clouds were detected at 11-13 km height (top boundaries) with geometrical thicknesses of 1.7-2.0 35 

km. Temperatures reported at those altitudes corresponded to lower values than the thermal 
threshold for homogenous ice formation. Volume linear depolarization ratios of 0.3-0.4 (and 
normalized backscattering ratios higher than 0.9) also confirmed Ci clouds purely composed of ice 
particles. Their effective radius was within the interval of 9-15 μm size, and the ice water path 
ranged from 0.02 (svCi) to 9.9 (opCi) g m-2. The Cirrus Cloud Radiative Effect (CCRE) was estimated 40 

using a RT model for Ci-free conditions and Ci-mode (Ci presence) scenarios. RT simulations were 
performed for deriving the CCRE at the top-of atmosphere (TOA) and on surface (SRF), and also 
the atmospheric CCRE, for the overall shortwave (SW) range and their spectral sub-intervals (UV, 
VIS and NIR). A good agreement was first obtained for the RT simulations as validated against 
solar radiation measurements under clean conditions for solar zenith angles less than 75º 45 
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(differences were mainly within ±20 W m-2 and correlation coefficients close to 1). By considering 
all the Ci clouds, independently on their COD, the mean SW CCRE values at TOA and SRF were, 

respectively, -30±26 and -24±19 W m-2, being the mean atmospheric CCRE of -7±7 W m-2; these 
values are in good agreement with global annual estimates found for Ci clouds. By using linear 
regression analysis, a Ci-induced enhancing cooling radiative effect was observed as COD 50 

increased for all the spectral ranges, with high correlations. In particular, the SW CCRE at TOA and 

SRF, and the atmospheric CCRE, presented COD-dependent rates of -74±4, -55±5, -19±2 W m-2τ-1, 
respectively. Additionally, increasing negative rates are found from UV to NIR for each Ci 
category, reflecting a higher cooling NIR contribution w.r.t. UV and VIS ranges to the SW CCRE, 
and being also more pronounced at the TOA w.r.t. on SRF, as expected. The contribution of the 55 

SW CCRE to the net (SW+LW) radiative balance can be also potentially relevant. Results are 
especially significant for space-borne photometric/radiometric instrumentation and can 
contribute to validation purposes of the next ESA’s EarthCARE mission, whose principal scientific 
goal is focused on radiation-aerosol-cloud interaction research. 

 60 
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1. INTRODUCTION 

Cirrus (Ci) clouds play an important role in the radiative balance of the atmosphere, and then in 
Climate Change research (Myhre et al., 2013; IPCC, 2013). The degree of understanding of the 
Cirrus-induced climatological implications is still low. Cirrus features are widely required in data 70 

assimilation for global/regional climatic models and satellite validation. In particular, the 
contribution of Ci-contrails formed from air traffic contamination is also poorly known. In 
addition, Ci cloud properties, both macrophysical and optical, affect the solar radiation levels 
reaching the ground, enhancing or decreasing the global warming effect (Boucher et al., 2013). 
Thereby, a better understanding of Ci cloud properties is needed in order to explain their 75 

influence in the atmospheric radiative balance.  

Ci clouds are the most common clouds in the atmosphere (e.g., Stubenrauch et al., 2013, and 
references therein). Numerous studies have been carried out with an especial emphasis in 
determining their optical and macrophysical properties related to seasonal effects, latitudinal 
diversity and climate implications (i.e., Keckhut et al., 2005; Dupont and Haeffelin, 2008; Garret, 80 

2008; Dupont et al., 2010; Barja and Antuña, 2011; Campbell et al., 2015, 2016; Kienast-Sjögren et 
al., 2016; Córdoba-Jabonero et al., 2017). Those works show an increasing interest in Ci cloud-
radiation interaction research. In this framework, relatively recent studies were focused on 
comparing two radiative transfer models for studying the radiative impact of single-layer cirrus 
clouds (Lolli et al., 2017a), highlighting those two models could provide significantly different 85 

radiative results. In addition, the effects of Ci clouds in radiative forcing have revealed different 
implications depending on the surface, land or water (Lolli et al., 2017b). However, the degree of 
knowledge about Ci cloud-radiation interactions is still low.  

Cirrus clouds are the highest ice clouds formed in the troposphere, ranging from 7 km up to the 
tropopause. Ci top heights are usually located at altitudes corresponding to temperatures lower 90 

than the thermal ice formation threshold in homogenous processes, which is stated at either -
37ºC (Campbell et al., 2016) or -38ºC (Krämer et al., 2016). The homogenous mechanisms that 
lead to form Ci clouds may vary with weather conditions (Krämer et al., 2016). Ice crystals 
contained in Ci clouds present different features, regarding their particle size, phase and 
orientation, in terms of their Ice Water Content (IWC; or Ice Water Path, IWP). A relationship is 95 

clearly observed between the Cloud Optical Depth (COD) and the IWC (i.e., Fu, 1996; Heymsfield 
et al., 2014; Kuhn and Heymsfield, 2016). Cirrus clouds are generally optically thinner, with low 
COD and low IWC, than the so-called ‘warmer’ Cirrus (containing a low proportion of liquid water 
content), which are optically thicker (high COD and high IWC). Hence, the radiative effects of the 
Ci clouds in dependence of their COD might differ.  100 

It is generally believed that Ci clouds create a cooling effect, because they reflect incoming solar 
radiation. However, at the same time, these clouds can have a greenhouse effect because they 
absorb the infrared radiation from the Earth and as they are located at high altitudes with low 
temperatures, they emit little infrared radiation. The net effect depends on their COD, their 
altitude and their microphysical properties, such as particle size distribution and particle shape 105 

which in turn depend on the temperature, pressure, super-saturation conditions and existence or 
absence of nucleating particles. Indeed, the Ci cloud radiative effect (CCRE) at TOA have been 
widely studied using satellite data (e.g., Futyan et al., 2005; Harries et al., 2005; Choi et al., 2006), 
showing that the shortwave (SW) CCRE produces a cooling effect depending on cloud cover, COD 
and solar zenith angle (SZA) (i.e., Chen et al., 2000; Futyan et al., 2005). However, their net effect 110 

(i.e., SW CCRE + longwave (LW) CCRE) at TOA is potentially to get a positive sign. In particular, 
Chen et al. (2000) reported a net CCRE value of around +5.4 W m-2, which is slightly higher than 
that obtained by Campbell et al (2016) (+0.67 W m-2), and additionally, a SW CCRE at surface of -
22 W m-2. In the works of Shupe and Intrieri (2004) and Dong et al. (2006) it was shown that the 
SW CCRE decreased about -1 Wm-2as the cloud cover increased (per percent of cloud fraction); in 115 

addition, they indicated the SW CCRE on surface was mainly affected by both the SZA and surface 
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albedo, varying between -3 and -37 Wm-2. Dupont and Haeffelin (2008) established that the SW 
CCRE on surface also depended on the AOD and humidity levels observed between the Ci altitude 
and the surface. Also, in that work, averaged SW CCRE values on surface were estimated for 
subvisual, semitransparent and opaque Ci clouds, obtaining, respectively, from -6 to -18 Wm-2, -120 

40 Wm-2 and <-100Wm-2. This can reflect the potentially relevant contribution of the SW CCRE to 
the net (SW+LW CCRE) radiative balance. Regarding the Ci cloud altitudes reported in those 
studies, it can be expected that the examined Ci clouds are composed by a mixture of water 
droplets and ice crystals. In the present work, Ci clouds composed mostly of ice particles are 
analysed, hence discriminating their effect from that of lower ‘warmer’ Ci clouds. 125 

Additionally, desert dust storms and perhaps minor Aeolian emissions could play an important 
role on the formation of Ci clouds by acting dust as ice-nucleating particles (INPs) (e.g., Mamouri 
and Ansmann, 2016), which could be formed at higher than those expected temperatures by 
heterogeneous ice formation processes (deMott et al., 2015; Ullrich et al., 2017). Hence, Ci clouds 
can also indirectly modulate the radiative balance of the Earth, being especially relevant for those 130 

observed at mid-latitudes. For instance, recent analyses suggest that mineral dust particles 
transported from Saharan and Asian deserts are also effective INPs for initiating the formation of 
mid-latitude Ci clouds, as recently monitored with ground-based LIDAR techniques above Sofia, 
Bulgaria (Deleva et al., 2019). Other recent LIDAR studies of Ci clouds at mid-latitudes have 
focused mostly on investigating the transport of the air mass that gives rise to Ci clouds (Keckhut 135 

et al., 2005). This campaign demonstrated that ice clouds could appear in the mid-latitude 
stratosphere when subtropical upper tropospheric moist air is transported quasi-isentropically 
into the mid-latitude lower stratosphere through thin filamentary structures.  

One of the purposes of this study is to define a monitoring methodology that uses LIDAR 
observations at mid-latitudes devoted to continuous measurements of both Ci clouds and 140 

Saharan dust to evaluate their radiative impact, either direct, by separating both effects, or 
indirect, due to the dust-cloud interactions (i.e., INP studies). This methodology shall be first 
defined in this work for the first scenario, namely, focusing on the radiative properties of pure ice 
Ci clouds. Future work will be addressed to Ci clouds potentially formed during Saharan dust 
events. 145 

Cirrus clouds are usually classified in three categories according to their Cloud Optical Depth 
(COD), ���, as regarded in Córdoba-Jabonero et al. (2017) (adapted from Sassen et al., 1989; and 
Sassen and Cho, 1992): subvisual (svCi, ���, < 0.03, as a conservative threshold for the visible Ci 
detection in the zenith); semitransparent (stCi, ���: 0.03-0.30, also named optically-thin clouds), 
and opaque or optically-dense (opCi, ���: 0.30-3.0) clouds. In order to analyse the particular 150 

radiative impact of each Ci COD-type group, three cases of Ci clouds observed at daytimes over 
ARN/Huelva between October 2016 and September 2017 were selected depending on their 
predominant COD observed along the day. In particular, a svCi episode occurred on 01 October 
2016, stCi clouds observed on 08 May 2017, and opCi clouds detected on 28 October 2016 were 
examined.  155 

The aim of this work is to evaluate the Cirrus Cloud Radiative Effects (CCRE) within the shortwave 
solar spectral band (SW: 300-4000 nm) at two climate-relevant height-levels: the top-of-
atmosphere (TOA) and on surface (SRF). Moreover, the CCRE will be also examined in the SW 
spectral sub-intervals: ultraviolet (UV: 300-400 nm), visible (VIS: 400-700 nm) and near-infrared 
(NIR: 700-4000 nm) depending on the COD of the Ci clouds. In particular, this study will be 160 

focused on their dependence of the predominant COD-type Ci case. Therefore, the optical, 
macrophysical and bulk-related microphysical properties of three principal optical categories of Ci 
clouds (Sassen et al., 1989; Sassen and Cho, 1992) as observed over the mid-latitude El Arenosillo 
station at Huelva (ARN/Huelva, south-western Iberian Peninsula) are analysed. In addition, their 
relationship with their Ice Water Path (IWP) and the effective radius of the ice particles will be 165 

also addressed. Results can represent a good reference for on-going long-term Ci observations at 
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ARN/Huelva site, and thus contribute to validation purposes of the next ESA/EarthCARE mission 
(launching scheduled for 2021), whose scientific goals are especially related to the aerosol-cloud-
radiation interactions. 

 170 

2. SITE, INSTRUMENTATION AND DATA 

2.1. Measurement station  

The El Arenosillo station is located close to Huelva (ARN/Huelva) at the South-western Iberian 
Peninsula (SW IP, 37.1ºN 6.7ºW, 40 m a.s.l.), enclosed in a rural protected environment nearby 
the Doñana National Park, less than 1 km from the Atlantic coastline. Figure 1 illustrates the map 175 

showing the relative geolocation of the observatory. ARN/Huelva is managed by the Atmospheric 
Research and Instrumentation Branch of the Spanish Institute for Aerospace Technology (INTA), 
devoted to the monitoring and research of aerosols/clouds and gases using both remote sensing 
and in-situ instrumentation, together with solar radiation observations.  

The aerosol background at ARN/Huelva is mostly from marine and rural origin. Dust intrusions are 180 

also usually frequent due to its close proximity to the African continent and the Saharan desert 
sources, especially in summertime. Hence, dust particles represent a key type of aerosols widely 
investigated at ARN/Huelva (i.e., Toledano et al., 2007; Córdoba-Jabonero et al., 2011; Sorribas et 
al., 2017).In this context, ARN/Huelva is representative of rural/coastal background conditions 
usually affected by Saharan dust particles.  185 

 

Figure 1. The environment of El Arenosillo station (ARN/Huelva), located at the Southwest Iberian 
Peninsula (37.1º N 6.7º W, 40 m a.s.l.). Both the radiation instrumentation and the lidar system 
are also marked in red, separated around100 m distance.  

 190 

One of the recently initiated research activities in ARN/Huelva is addressed to the study of the 
vertical radiative effects of aerosols and clouds. In this work, the aim is focused on Cirrus (Ci) 
clouds observed at mid-latitudes, using both measurements and simulations.  

 

2.2 LIDAR observations 195 

A polarized Micro-Pulse Lidar (P-MPL, Sigma Space Corp.) was deployed in October 2016 at 
ARN/Huelva for vertical monitoring of aerosols and clouds. ARN/Huelva is both a NASA/AERONET 
(Aerosol Robotic Network, https://aeronet.gsfc.nasa.gov/) and NASA/MPLNET (Micro-Pulse Lidar 
Network, https://mplnet.gsfc.nasa.gov/) site. P-MPL routine measurements follow the MPLNET 
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requirements of 1-min integrating time and 15-/75-m vertical resolution (Welton et al., 2001). 200 

The P-MPL system is an elastic lidar that obtains vertical aerosol profiles with highly-pulsed (2500 
Hz) and low-energy (7 µJ) Nd:YLF laser at 532 nm, operating in a full-time continuous (24/7) 
mode. The telescope is 5º tilted off the zenith to avoid normal reflection from ice clouds. 
Depolarization measurements are acquired from both the co- and cross-channel signals, ���(�) 
and ����		(�), respectively (� denotes the range/height dependence); the parallel and 205 

perpendicular range-corrected signals, �(�) and �⊥(�), respectively, are obtained by adapting 
the methodology described in Flynn et al. (2007), using the expressions (hereafter, the 
range/height dependence is omitted for simplicity): 

�  =  ���  + ����		         (1) 

and  210 

�⊥ =  ����		.           (2) 

The total range-corrected signal (RCS), �, is expressed as  

� = � + �⊥ = ��� + 2 ����		.        (3) 

Due to the variability of the Cirrus clouds, 1-min lidar�, �, and �⊥ profiles are 10-min averaged 
in order to obtain a relatively good signal-to-noise ratio without neglecting potential Cirrus 215 

variability. Thus, 144 P-MPL profiles can be potentially examined for a day. Nevertheless, for 
comparison with radiation issues, only profiles at daytimes are analysed. 

P-MPL measurements are used to derive the optical properties (backscatter coefficients, 
extinction) and the macrophysical features (top and base height boundaries, geometrical 
thickness) of the Cirrus clouds by applying the procedure described in Córdoba-Jabonero et al. 220 

(2017). In particular, in this work, the lidar parameters examined for the Ci clouds are the 
backscattering ratio, �, and its normalized value, ����� = 1 − �1 �⁄ �, which can be expressed as  

����� = ��

�����
,          (4) 

where �� and �� are, respectively, the cloud and molecular backscatter coefficients; the volume 
linear depolarization ratio, ��, as described in Flynn et al. (2007), can be expressed as  225 

�� = �⊥

�
,          (5) 

where the depolarization calibration constant is omitted, as it is equal to 1 for P-MPL systems 
(Córdoba-Jabonero et al., 2013); the Cirrus Cloud Optical Depth (COD), ���, that is defined as  

��� = � ��
 !"#

 $%&'
(�,          (6) 

where �� is the cloud extinction coefficient, and �)�* and �+,	- are, respectively, the top and base 230 

height-boundaries of the Ci cloud; the vertical extent (i.e., the geometrical thickness: ∆� = �)�* −
�+,	-); and the Lidar Ratio (LR), /��, defined as 

/�� = 0�

��
.          (7) 

As result of the methodology used (Córdoba-Jabonero et al., 2017; and references therein), note 
that the derived COD (and ��) and LR are ‘layer-effective’ variables, i.e., they represent a rather 235 

good approximation of those actual values for the Ci cloud layers examined in this work. That 
retrieval procedure is based on the transmittance method (i.e., Young, 1995; Chen et al., 2002; 
Platt et al., 2002), which is used to derive, in particular, the effective extinction profiles (and the 
corresponding COD), and also the effective LR of Cirrus clouds. The applicability of this method is 
based on aerosol-free (clean) conditions below and above the surroundings of the cloud. This can 240 

be stated by looking at the rather homogeneous �� values found, indicating a low variability 
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inside the Ci clouds, and no presence of aerosols (no aerosol signature in �� profiles) below and 
above the Ci clouds (for instance, see Fig. 2). In addition, regarding the errors as estimated for 
COD and LR, uncertainties of 15-20% and 25-50% are obtained, respectively, corresponding the 
largest of those values to svCi cloud retrievals. It must be taken into account that in the retrieval 245 

procedure used to obtain the COD of the Cirrus clouds (Córdoba-Jabonero et al., 2017), data were 
filtered regarding their uncertainties, i.e., COD values (and hence their corresponding profiles) 
with uncertainties > 30% (usually obtained for the lowest CODs) were removed from the analysis 
and calculations performed. Thus, this ‘filtering’ proxy mostly affected the svCi category; 

however, a COD value of 0.0027 ± 0.0006 was derived as the lowest value within the selected Ci 250 

cases examined in this study. That particular value can be considered as the minimal COD 
threshold of the retrieval method used in this work.  

Moreover, the criterion applied to determine the Ci cloud boundaries, defining the vertical 
extension of the Ci layer, was slightly modified w.r.t the retrieval described in Córdoba-Jabonero 
et al. (2017), taking also into account depolarization measurements. Indeed, Ci clouds, as 255 

composed mainly of ice particles, are highly depolarizing, presenting large ��values in the range 
of 0.30-0.50; hence, ��, together with �����, is usually used for determining pure ice clouds. In 
particular, �� as obtained from P-MPL measurements was validated against space-borne CALIPSO 
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation, www.calipso.larc.nasa.gov) 
observations (Winker et al., 2009) of polar stratospheric clouds, which were purely composed of 260 

ice particles(Córdoba-Jabonero et al., 2013), showing P-MPL-derived �� and ����� values higher 
than 0.30 and 0.9, respectively.  

In this work, the Ci signature was referred to lidar-derived backscatter signals in the altitude 
range from 7 km height up to the tropopause. The �+,	- was obtained from the �� profile to 
discard the detection of no-ice clouds (low depolarization: ��< 0.01), which are usually located 265 

below the Ci clouds. It was determined as the maximal height below the cloud that fulfils �� is 

less than a given threshold value, �)1
� . For each particular Ci case, �)1

�  was experimentally 

identified at day- (dt) and night-times (nt), hence obtaining the following �)1
�  values, respectively: 

0.070 (dt) and 0.040 (nt) on 01 October 2016, and 0.040 (dt) and 0.025 (nt) on 28 October 2016 

and 08 May 2017. The daytime �)1
�  are higher than those nightime values due to the solar 270 

background, leading to the signal-to-noise ratio (SNR) reduction. In addition, as height increases 
as the SNR for ��also decreases, �)�* is obtained from the � profile, and defined as the minimal 

height above the cloud where � is less than its corresponding value at �+,	- (i.e., � < �(�+,	-)). 
Once identified �+,	- and �)�*, both the COD and LR of the Ci clouds, ��� and /��, respectively, 

can be derived by applying the methodology as described in Córdoba-Jabonero et al. (2017). 275 

Moreover, multiple scattering (MS) effects depend on the lidar field-of-view (FOV), the distance 
between the lidar and the scattering target and the particle size and density (Bissonnette, 2005). 
Therefore, due to the narrow FOV of the P-MPL system (100 μrad) these MS effects were 
neglected in ��� and /�� retrievals (Lewis et al., 2016).  

An additional criterion is also used to confirm the detection of Ci clouds. That is based on the 280 

temperature at the top boundary of the cloud, 3)�* = 3(�)�*), which must be lower than the 

threshold of -37ºC given for ice cloud formation (Campbell et al., 2016). Unfortunately, local 
radiosoundings were unavailable for the selected Ci-detected days. Temperature profiles were 
obtained from GDAS (Global Data Assimilation System) meteorological profiles as provided from 
the NOAA/READY (Real-time Environmental Applications and Display sYstem, 285 

www.ready.noaa.gov/READYamet.php) site (Rolph et al., 2017; READY, 2020) for the same 
selected Ci-detected days over the ARN/Huelva station. Table 1 shows both the height and 
temperature of the tropopause, �)��*� and 3)��*�, respectively, and the altitude at which the 
temperature threshold of -37ºC (�456) is reached, as obtained from GDAS temperature profiles.  

 290 
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Table 1. Both the height (�)��*�, km) and temperature (3)��*�, ºC) of the tropopause and the 
altitude at which the temperature threshold of -37ºC is reached (�456, in km), as obtained from 
GDAS temperature profiles.  

Ci case 7489 7:;<=< >:;<=< 

svCi 

01 October 2016 
9.4 14.0 -65.1 

stCi 

08 May 2017 
9.2 13.9 -67.2 

opCi 

28 October 2016 
9.3 14.9 -67.7 

 

 295 

2.3 Solar radiation measurements  

Long-term ozone and solar radiation measurements are carried out at ARN/Huelva. The longest 
observational series for total ozone content are being recorded since 1980 with the Dobson#120 
instrument and since 1997 using a double Brewer system, establishing the ARN/Huelva as the 
station #213 of the Global Ozone Observing System of the World Meteorological Organization 300 

(WMO). ARN/Huelva is also equipped with instrumentation measuring the solar radiation, either 
detached into the global, direct and diffuse components or registered within specific spectral 
bands. Moreover, the ARN/Huelva calibration radiation laboratory has become an international 
reference for radiometric measurements, sharing protocols with the World Radiation Center 
(WRC, Davos, Switzerland). Performing an adequate calibration of the solar instruments and 305 

following quality assurance and quality control (QA/QC) procedures is crucial in order to obtain 
high-quality data (i.e., Vilaplana et al., 2009; Egli et al., 2016). Indeed, the ARN/Huelva solar 
instrumentation has been supported by using those calibration and QA/QC protocols. In this 
sense, the ARN/Huelva station is worldwide acknowledged for having the best reference solar 
instrumentation, being regularly used as an international intercomparison centre for instruments 310 

measuring total ozone column and solar radiation, including also sky cameras for the 
determination of cloudiness.  

The solar radiation data used in this work were obtained by a set of radiometers installed on a 
Kipp&Zonen 2AP solar tracker in the rooftop of the main building in the ARN/Huelva observatory 
(see Fig. 1), about 100 m distance from the lidar observations. The Global (?) and Diffuse (@) 315 

radiations were measured by using two Kipp&Zonen CMP11 pyranometer (spectral range: 285 - 
2800 nm), shadowing the one measuring the diffuse component. A Kipp&Zonen SHP1 
pyrheliometer (200 - 4000 nm) was used to measure the Direct (A) component of the solar 
radiation. Data were also 10-min averaged, as for the lidar profiles. That instrumentation is 
regularly calibrated with traceability to the World Radiation Reference (Hülsen et al., 2008; 320 

Vilaplana et al., 2009).  

The whole sky dome images are obtained from an All-Sky Imager located at approximately 100 m 
distance to the north from the lidar system. The All-Sky Imager is an adaptation of a scientific CCD 
camera together with a digital colour video camera with a fish-eye lens (180º FOV) pointing to the 
zenith. In addition, the camera is protected from the direct solar radiation by a solar-shadow 325 

system with the purpose of avoiding the direct Sun incidence on the lens. These images are used 
to corroborate the presence of Ci clouds on those selected days.  
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3. METHODOLOGY 

3.1 Cirrus Cloud Radiative Effect (CCRE) 330 

In order to determine the influence of the Cirrus clouds to the radiative balance of the 
atmosphere, simulations of the solar radiation levels were performed using a radiative transfer 
(RT) model, the pseudo-spherical SDISORT code (Dahlback and Stammes, 1991), included in the 
LibRadtran software package (Mayer and Kylling, 2005). The radiative impact of the Cirrus clouds 
is determined in terms of the so-called Cirrus Cloud Radiative Effect (BB�C) at two climate-335 

relevant altitudes: TOP-of-Atmosphere (TOA) and on the surface (SRF); the atmospheric CCRE 
(BB�C,)�), which is defined as the radiative impact of the Ci clouds in the overall atmosphere, 
was also estimated. The Ci-related input data to the model are both the lidar-derived extinction 
coefficient profiles of the Ci clouds, �� (and also ���), and their height boundaries, �)�* and �+,	-, 

as retrieved using the methodology described in Sect. 2. In particular, in order to extent the COD-340 

dependence results on BB�C estimation, opCi cases were detached into two sub-cases 
depending on their COD: opCi-1 (���: 0.30-0.75) and opCi-2 (���: 0.75-3.00).  

Similarly to the so-called Aerosol Radiative Effect (ARE) (namely also instantaneous Aerosol 
Radiative Forcing), which is an useful parameter widely used to determine the radiative impact of 
aerosols (i.e., particles) in the atmosphere (Antón et al., 2011; Mateos et al., 2014a; Sicard et al., 345 

2014; Valenzuela et al., 2017; and references herein), the BB�Ccan be also defined for the Ci 
clouds in particular (i.e., Dupont and Haeffelin, 2008; Barja and Antuña, 2011) as  

BB�CD
 = EFGG

↓ − FGG
↑ J − EFK

↓ − FK
↑J,        (8) 

where F is the simulated radiation flux (W m-2), being spectrally-integrated within several spectral 
intervals, as denoted by L: the overall shortwave (SW: 250-4000 nm) range and specific SW 350 

ranges: ultraviolet (UV: 280-400 nm), visible (VIS: 400-700 nm) and near-infrared (NIR: 700-4000 
nm). � stands for the selected height-levels (i.e., TOAand SRF), where F is calculated. Symbols ↓ 

and ↑ represent the downward and upward directions, respectively; hence, the downward F↓ and 

upward F↑can be defined by the following expressions in terms of the global, ?, and diffuse, @, 
components of the solar radiation:  355 

F↓ = ?↓          (9) 

F↑ = @↑          (10) 

In particular, ?↓ =  A cos(P) + @↓, being A the solar direct component, and P the Solar Zenith 
Angle (SZA). ?, A and @ (upward and downward directions) radiation fluxes were calculated at 10-
min intervals for SZAs up to 90º for the selected days. Finally, BB and 0 indicate the atmospheric 360 

conditions reproduced in the RT simulations, corresponding, respectively, to those found under 
the only presence of the Ci clouds, i.e., the optical and macrophysical properties of the Ci clouds 
(���, �)�*, �+,	-) are introduced in the model, and under Ci cloud-free (��� = 0) but no aerosol-

free conditions (the AOD can be not negligible, as shown in Table 2). Note that by applying the 
sign criterion of Eq. (8), negative/positive BB�C values represent Ci cloud cooling/warming 365 

effects. Other authors also used the BB�C, as defined in Eq. (8), as a measure of the radiative 
effect of the clouds in overall (i.e., Wacker et al., 2011; Mateos et al., 2013; Mateos et al., 2014b; 
Salgueiro et al., 2014). In addition, BB�C,)�can be also determined, following the expression  

BB�CD
,)� = BB�CD

STU − BB�CD
VWX.       (11) 

As before, L stands for a specific spectral range (SW, UV, VIS, NIR). Wavelength integration within 370 

those spectral bands was performed using the correlated-k method (Kato et al., 1999). In order to 
introduce the spectral dependence of the Ci extinction in RT simulations, the single lidar-derived 
��� at 532 nm was used to obtain the corresponding ��� at representative wavelengths for the 
SW, UV, VIS and NIR bands using the procedure described in Sect. 3.2 next. In particular, spectral 



10 
 

RT simulations were integrated from 250 to 10000 nm for evaluation against surface radiation 375 

measurements; the spectral range extension until 10000 nm was calculated using data provided 
by Kurucz (1992).  

Simulations were performed using the US standard atmosphere (Anderson, 1986) for mid-
latitudes. Aerosol inputs were introduced in the RT retrieval using available AERONET V3 Level 2.0 
data (AERONET, 2019) as provided at the ARN/Huelva site on those Ci days. The Aerosol Optical 380 

Depth (AOD) was 10-min averaged and interpolated, if necessary, along the day. Unfortunately, 
only L2.0 data were available for the asymmetry parameter, Y, but not for the single scattering 
albedo (SSA), ZK (only L1.5 data); hence, restricted L1.5 ZK values to those coincident in time 
with the L2.0 Y ones were used. By restricting SSA values, negligible differences (< 1%) in the 
mean ZK were observed on 28 October 2016 and 08 May 2017, being the highest one (around 385 

5%) found on 1 October 2016; however, even though, that SSA difference introduced negligible 

changes in the CCRE as high as ±0.02 W m-2, which are within the corresponding errors. The ZK 
and Y parameters presented a small, both spectral and temporal, variability during each Ci day; 
hence, daily-averaged ZK and Y values at all the wavelengths were used for the simulations. 
Table 2 shows the aerosol input values used in RT simulations. Since the ARN/Huelva station is 390 

surrounded by a sea of pines next to a principal road, a surface albedo of 0.07 was applied, 
corresponding to the mean value between that for pines at short wavelengths (0.086, Betts and 
Ball, 1997) and that for asphalt (0.059, Turner and Parisi, 2018).  

 

Table 2. AERONET V3 L2.0 daily-averaged AOD at 500 nm together with the SSA (ZK) and 395 

asymmetry parameter (Y) values used in RT simulations for each day.  

Ci case AOD [\ (*) ] 

svCi 

01 October 2016 
0.12 ± 0.01 0.92 ± 0.02 0.65 ± 0.03 

stCi 

08 May 2017 
0.04 ± 0.01 0.85 ± 0.07 0.68 ± 0.01 

opCi 

28 October 2016 
0.21 ± 0.04 0.96 ± 0.03 0.73 ± 0.02 

(*) ZK values correspond to AERONET V3 L1.5 data, but restricted to those coincident in time with 
AERONET V3 L2.0 Y values.  

 

 400 

3.2 Radiative parameters of the Cirrus clouds associated to their bulk-like microphysical 

properties 

Radiative effects of the Cirrus clouds also depend on their microphysical properties. Indeed, 
small/large ice particles together with their concentration could produce low/high light scattering 
processes, modulating thus the atmospheric radiative balance. The size of ice particles is defined 405 

in terms of their effective radius, �-^^, and their concentration is related to the Ice Water 

Content (A_B, g m-3) of the Ci clouds. In turn, both these characteristics depend on the 
mechanism of Cirrus formation, on the life stage of clouds, and are associated to the 
thermodynamics of the atmosphere (Krämer et al., 2016).  

In order to introduce in the RT simulations a plausible �-^^ value of the Ci (ice) particles, the 410 

relationship between their effective size and the atmospheric temperature, as reported in the 
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review work of Garrett (2008) on Cirrus synoptic clouds, is used to estimate, �-^^, as a first 

approximation; that is,  

�-^^ = 6 × exp �(3� + 75)/35�,        (12) 

where 3� is a representative value of the temperature for the Ci cloud (in ºC, being �-^^ 415 

expressed in μm). Indeed, once both the top and base cloud altitudes are derived from P-MPL 
measurements, 3� can be obtained as an averaged value between these Ci boundaries of the 
temperature profile available from GDAS meteorological profiles (see Sect. 2.2).  

Furthermore, Fu-parameterizations (Fu, 1996) are used for determining the Ice Water Content, 
A_B (g m-3). It is widely reported in many works the generalized effective size, @i- (μm), 420 

representing a measure of the ice crystal size; hence, @i-, is calculated by modifying the Eq. 

(3.12)as shown in Fu (1996), expressing @i- as a function of �-^^ (μm), that is, 

@i- = j
5 (5)k/l �-^^.          (13) 

Therefore, the A_B (g m-3) can be obtained by introducing those @i-values and the so-called 

effective cloud extinction, ���
-^^

, in the following expression (as adopted from Eq. (3.9a) in Fu, 425 

1996): 

A_B =  m��
'nn

o,p�E,k qr'⁄ Js
,         (14) 

where  

���
-^^ = ���

∆�t ,           (15) 

representing a first approximation for ���as biased by the cloud geometrical thickness, ∆� (m); 430 

and the uvparameters (w = 0, 1) are the coefficients defined in Fu (1996) for the specific spectral 
bands where ���was estimated. In this work, as ��� is derived from P-MPL measurements at 532 
nm, uK = -3 10-5 and ux = 2.5181 (Fu, 1996). Hence, A_B (g m-3) can be easily estimated from Eq. 

(14).  

In addition, the Ci radiative effects are influenced by the shape of the vertical distribution of �-^^ 435 

and A_B (Feofilov et al., 2015). As we are interested in the bulk-like microphysical properties of 
the Ci clouds, the A_B can be assumed to be constant within the Ci layer (Guignard et al., 2012). 
Therefore, the results will be focused on the Ice Water Path, A_� (g m-2), defined as the measure 
of the height-integrated A_B between the Ci cloud boundaries, that is,  

A_� = � A_B(�) (� = A_B ∆� !"#
 $%&'

,        (16) 440 

assuming A_B constant. Those statements are justified regarding the small generalized effective 
sizes, @i-, and low A_� values found in this work (see later, Sect. 4.2 and Table 3). As Feofilov et 

al. (2015) reported, @i- is rather constant for A_� less than 2 g m-2, and is moderately higher 

close to the base boundary of the Ci layer for A_� ranging from 2 to 10 g m-2. This is based on the 
low density of the ice particles (yv�- = 0.9167 g cm-3, Fu and Liu, 1993), which avoids the 445 

aggregation and buoyancy stratification within the Ci layer. However, for A_� higher than 30 g m-

2, the shape of the @i- profile should be taken into account (Feofilov et al., 2015).  

Once @i- and A_� are known, ��� can be estimated at other wavelength ranges from Eqs. (14-

15), using the corresponding parameterized uv  coefficients as provided in Fu (1996) for each 
spectral range (as denoted by L in Eqs. (8-11)). Finally, those ���

D  are introduced in the RT model 450 

in order to obtain the simulated radiation fluxes (Eqs. (8-10)) for the overall SW interval, and the 
single UV, VIS and NIR bands, and also for the significant height-levels at TOA and SRF. Then, the 
diverse BB�C, as defined in Sect. 3.1, are calculated. 



12 
 

 

4. RESULTS 455 

4.1. Optical properties and macrophysical features of Ci clouds 

Ci clouds observed at ARN/Huelva have been examined for three days as representatives for each 
COD-type Ci cloud predominately detected. Regarding their occurrence, 26 Ci cases (1 case stands 
for a 10-min averaged profile) were observed on 01 October 2016 (early autumn), corresponding 
77% of them to subvisual Ci clouds (svCi) (20 cases); 31 out of 36 Ci cases (86%) detected on 08 460 

May 2017 (spring) were identified as semitransparent Ci clouds (stCi); and a 67.3% of Ci cases (33 
out of 49) observed on 28 October 2016 (autumn) were classified as opaque Ci clouds (opCi). As 
stated before, only Ci clouds detected at daytimes are examined for comparison with solar 
radiation issues; that is, 19 (95%), 7 (22.6%) and 17 (51.5%) cases of, respectively, SvCi, stCi and 
opCi clouds were analysed. For all those cases, their optical (COD, LR) and macrophysical (top and 465 

base height boundaries and vertical extent) properties were derived (see Sect. 2).  

Figure 2 (top panels) shows the daily evolution of the Ci clouds observed over the ARN/Huelva 
station for each day in terms of the normalized backscattering ratio, ����� (see Eq. (4)). Daytime 
svCi, stCi and opCi cases are marked between coloured (red, green and blue, respectively) solid 
lines. svCi are observed in two time ranges: 08:20-09:00 and 13:10-16:30 UTC (around 4.5 hours 470 

long, 19 profiles) (see Fig. 2a); on 08 May 2017, only seven stCi profiles could be derived at 
daytimes, mainly in the intervals 16:10-16:30 and 17:20-17:30 UTC (around for 50 minutes and 
for SZA < 70º) (see Fig. 2b), and two later single cases observed at 18:40 and 19:10 UTC; and opCi 
were detected on 28 October 2016 from 07:00 to 09:00 UTC and from 11:10 to 11:40 UTC (17 
profiles) (see Fig. 2c). Table 3 summarizes the mean values and their standard deviations of: COD 475 

(���), LR (/��, sr), both the top and base height boundaries (�)�* and �+,	-, km), and the vertical 

extent (geometrical thickness, ∆�, km) for each COD-predominant Ci group. In addition, the mean 
temperatures (ºC) at �)�* and �+,	- altitudes, 3)�* and 3+,	-, respectively, of the Ci clouds is also 

included for the three case studies.  

 480 

Figure 2. Cirrus (Ci) clouds observed on: (a) 01 October 2016, (b) 08 May 2017, and (c) 28 October 
2016 at the El Arenosillo station (ARN/Huelva). (Top panels) Contour plots of the vertical 
normalized backscattering ratio (�����) along the day; the predominant COD-type Ci clouds are 
also marked by coloured time intervals: svCi in red, stCi in green, and opCi in blue, and the 
particular profiles shown in the bottom panels are also indicated (by coloured dashed arrows). 485 

(Bottom panels) Those selected (in top panels) profiles of the extinction coefficient (��, km-1) and 
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the corresponding linear volume depolarization ratio (��). Their lidar-derived COD (���) and LR 
(/��) values are also included in the legend.  

 

Mean /�� values (25 - 35 sr) are within the typical LR range for Ci clouds, being the lowest values 490 

(∼ 25 sr) for the svCi cases. Note that multiple scattering effects are neglected in this work 
(otherwise, ��� and /�� would be lower than those derived). These values are similar to those 
reported in Europe (Kienast-Sjögren et al., 2016) and Mediterranean area (Giannakaki et al., 
2007). Regarding the altitude, svCi are detected at higher altitudes (their �)�* is found around 13 

km height, just below the tropopause level, see Table 3) than the other two cases with �)�* at 495 

around 12 and 11 km height, respectively, for the stCi and opCi clouds. Nevertheless, the vertical 
extent is similar for all the Ci cases, ranging between 1.7 and 2.0 km thickness. These results are 
in agreement with those found in Córdoba-Jabonero et al. (2017) for a relatively close station to 
ARN/Huelva. Moreover, the temperatures at �)�* for the three cases were found to be lower than 

the threshold value (-37ºC) for homogeneous ice cloud formation (i.e., Campbell et al., 2016). This 500 

indicates a complete ice phase for the Ci cloud particles. Higher differences were found between 
the 3)�*and 3+,	- for the opCi clouds than for the other cases, with the 3+,	- close to -37ºC/-

38ºC. This could lead to a potential mixing with no-ice (liquid) particles for the opCi clouds. 

 

Table 3. Mean optical and geometrical properties for the COD-predominant Ci group (N denotes 505 

the number of profiles examined for each Ci type). ���, /��, �)�*, �+,	-, ∆�, 3)�* and 3+,	- stand 

for, respectively, the COD, the LR, both the cloud top and base height boundaries, the 
geometrical thickness, and both the temperatures at �)�* and �+,	-. 3�is the representative 

temperature of the Ci clouds (see Eq. (12)). Their mean effective radius, �-^^ (in μm, and also the 

generalised effective size, @i-), and Ice Water Path, A_� (in g m-2), are also included. Note that 510 

the opCi category is also detached into two sub-groups, opCi-1 and opCi-2.  

Day 01/10/2016 08/05/2017 28/10/2016 

Ci group (N) 
svCi (19) 

z{{: 0.01 - 0.03 

stCi (7) 

z{{: 0.03 - 0.30 

opCi (17) 

z{{: 0.3 - 3.0 

opCi-1 (5) 

z{{: 0.30 - 0.75 

opCi-2 (12) 

z{{: 0.75 -3.00 

���  0.015 ± 0.009 0.22± 0.08 0.93 ± 0.35 0.5 ± 0.1 1.1 ± 0.3 

/��  (sr) 25 ± 8 35± 11 34 ± 8 31 ± 10 35 ± 7 

�)�* (km) 13.1 ± 0.9 12.4± 0.3 11.2 ± 0.3 11.1 ± 0.3 11.2 ± 0.3 

�+,	-(km) 11.2 ± 0.5 10.7 ± 0.1 9.2 ± 0.2 9.2 ± 0.2 9.2 ± 0.2 

∆� (km) 1.9 ± 0.8 1.7± 0.3 2.0 ± 0.1 1.9 ± 0.1 2.0 ± 0.1 

3)�*(ºC) -62.0± 2.2 -61.4± 1.0 -54.2 ± 2.0 -53.5 ± 2.2 -54.5 ± 1.9 

3+,	-  (ºC) -52.2± 1.8 -50.9± 1.1 -38.2 ± 1.8 -37.7 ± 1.9 -38.4 ± 1.7 

3� (ºC) -57.1±3.3 -56.1± 5.3 -46.2 ± 8.0 -45.6 ± 7.9 -46.4 ± 8.1 

�-^^ (μm) 10.0±1.0 10.3 ± 0.2 13.7 ± 0.7 13.9± 0.8 13.6 ± 0.7 

@i-  (μm) 15.5±1.5 15.8 ± 0.4 21.1 ± 1.1 21.5± 1.2 20.9± 1.1 

A_� (g m-2) 0.09±0.05 1.4 ± 0.5 7.7 ± 2.8 4.4 ±1.0 9.1± 2.1 
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Furthermore, among those Ci clouds observed, particular profiles were selected for each case in 
order to illustrate the vertical differences found between all those COD-type Ci categories. For 515 

instance, lidar-derived profiles of the extinction coefficient, �� (km-1), and the linear volume 
depolarization ratio, ��, are shown in Figure 2 (bottom panels, left and right, respectively) (times 
are also indicated for each profile together with their particular COD and LR values). It should be 
noted the breakdown of x-axis in Figure 2a, highlighting that ��� are about 1 order or less of 
magnitude lower for the svCi case than for the other two cases, meanwhile �� is similar for all the 520 

cases, mostly varying between 0.30 and 0.40 (Fig. 2, bottom-right). Regarding their heights, they 
are found just below the tropopause height-level (around 13.5 km height) for the three Ci 
categories. However, the mean heights of the svCi case corresponded to the highest altitudes 

(�)�*∼ 13 km height) followed by the stCi (�)�*∼ 12 km) and the opCi cases (�)�*∼ 11 km) (see Fig. 

2, and Table 3). 525 

Images as collected by the all-sky camera sited on the terrace close to the radiation 
instrumentation at ARN/Huelva (see Fig. 1) represent a ‘visual’ illustration of the Ci clouds 
observed in the ARN/Huelva station during those days. Actually, they cannot directly be used to 
clearly distinguish a specific COD-type category. Figure 3 shows a gradual occurrence (from left to 
right) of Ci clouds as detected at several times, coincident with those profiles shown in Figure 2, 530 

on 01 October 2016 (svCi), 08 May 2017 (stCi), and 28 October 2016 (opCi).  

 

 

Figure 3. Images obtained with an all-sky camera at those times coincident with the detection of 
Ci clouds on: (Left) 01 October 2016 (svCi), (Centre) 08 May 2017 (stCi), and (Right) 28 October 535 

2016 (opCi).For instance, times shown in each image correspond to the Ci profiles shown in Fig. 2.  

 

 

4.2. Bulk-like microphysical properties of the Ci clouds 

As mentioned above, Ci cloud-induced radiative effects are related to the effective size of the ice 540 

particles. Their size depends on several factors, but mainly on the atmospheric temperature 
(Feofilov et al., 2015; Krämer et al., 2016). The temperature threshold specified for ice cloud 
formation is -37ºC/-38ºCat the top boundary of the Ci clouds (i.e., Campbell et al., 2016; Krämer 
et al., 2016).  

Once the temperature fields were examined, the temperatures at the Ci top height-levels, 3|}~, 545 

for all Ci cases were found lower than the ice formation threshold of -37ºC/-38ºC (see Table 3). 
Therefore, Ci clouds observed on the three cases are composed of ice particles (i.e., Campbell et 
al., 2016), which are assumed to be randomly oriented non-spherical hexagonal ice crystals. In 
these Ci scenarios, cloud radiative parameters,���� (and also @Y�) and A_�, were also estimated 
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(see Sect. 3.2). Table 3 also shows the mean values obtained of those parameters for each 550 

predominant svCi, stCi and opCi (also, opCi-1 and opCi-2) groups.  

For comparison with the values reported by other authors (i.e., Barja and Antuña, 2011), similar 

sizes are obtained for each Ci COD-type case; in average, �-^^ranged from 10.0±1.0 μm for svCi 

to 13.7±0.7 μm for opCi clouds, being 10.3±0.2 μm for stCi. These results just reflect the 
temperature dependence of �-^^ (and @i-, see Eq. (13)): slightly lower temperatures at Ci 555 

altitudes were detected on 01 October 2016 than those observed on the two other days, and 
accordingly showing smaller ice particles (Fu, 1996) for the stCi case, and then lower �-^^. Large 

differences between those values obtained for the three Ci cases were not found. For instance, a 

3� of -56±5ºC is reported for the stCi day, and -46±8 and -57±3ºC are found, respectively, for the 
opCi and svCi cases (see Table 3). On the other hand, A_� results reflect their clear direct 560 

dependence with the COD: as A_� enhances as �-^^increases, being similar their geometrical 

thicknesses (1.7 - 2.0 km). Indeed, A_� derived for the svCi, stCi and opCi clouds are, in average, 

0.09±0.05, 1.4±0.5 and 7.7±2.8 g m-2 (4.4±1.0 and 9.1±2.1 g m-2 for opCi-1 and opCi-2 sub-
groups), respectively. Those A_� values are less than 2 g m-2 for svci and stCi clouds, and 
between 2 and 10 g m-2 for the opCi category; these results justify, as previously stated, the 565 

assumption of a homogenously constant A_B along the Ci cloud layers observed in this work. 
However, the A_� (and also A_B) of the Cirrus clouds can be modulated under different Ci 
scenes: a different thermodynamic state of the atmosphere (temperature fields) together with a 
relative predominance of a given COD-type Ci cloud.  

 570 

4.3. Cirrus cloud radiative effects  

4.3.1 RT simulations against solar radiation measurements on surface under cloud-free 

conditions 

In order to evaluate the radiative outputs of the RT model, simulations of the solar global 
radiation (SGR, W m-2) of the totally-integrated SW solar spectrum reaching the ground were 575 

performed and compared to surface SGR measurements. The comparative analysis is based on 
the SGR differences, ∆ (W m-2), between the simulated (/?�	) and measured (/?��) values in 
dependence of the solar zenith angle (SZA): ∆=  /?�	 − /?��. Two Ci cloud-free conditions 
were considered: clear and clean skies (clear mode) and no Ci presence (no-Ci mode). Figure 4 
shows the measured and simulated surface SGR levels for both Ci-free scenarios together with 580 

their differences, ∆. For the clear mode (see Fig. 4a), a day with predominately clear (mostly, no 
presence of low clouds) and clean (AOD < 0.01) conditions is selected: 15 October 2016. For the 
no-Ci mode, only aerosol features were introduced in RT simulations, and data corresponding to 
times with Ci cloud detection were disregarded. In this way, simulated radiation results obtained 
for each Ci day only reflect the effect of low clouds (no Cirrus) (see Figs. 4b, 4c, and 4d).  585 
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Figure 4. (Top panels, a-d) SW solar global radiation (SGR) levels measured on surface at El 
Arenosillo/Huelva station (full circles, and their error bars) and their corresponding RT simulations 
(no-Ci mode) (open circles) as a function of the Solar Zenith Angle (SZA): (a) during a mostly 
cloud-free and clean day on 15 October 2016 (black), and the three selected days with 590 

predominant COD-type Ci detection: (b) 01 October 2016 (svCi) (red), (c) 08 May 2017 (stCi) 
(green), and (d) 28 October 2016 (opCi) (blue), where the Ci features were removed; and (e) 
linear regression analysis of the SW SGR between simulations (/?�	) and measurements (/?��), 
where the correlation coefficient, �, is shown within the legend for each day (� denotes the 
number of points used; coloured symbols correspond to those same as shown in the previous 595 

panels; and 1:1 line is also marked in black). (Bottom panels, a-d) SGR differences (W m-2), ∆ =
 /?�	 −  /?�� (full triangles) for those same days as shown in the top panels.  

 

Ignoring a few cloud-screened features shortly observed on the SGR levels, differences in RT 

simulations under clear-mode conditions are within the ± 20 W m-2 interval (see Fig. 4a). Similar 600 

results are obtained for no-Ci-mode RT simulations: ∆ are within ±30 W m-2 for the svCi and stCi 
days and higher than that interval for the opCi day (see Figs. 4b, 4c and 4d). However, radiation 
levels are considerably reduced at SZAs higher than 75º; discrepancies between simulations and 
measurements could be related to side effects due to instrumental geometrical reception. In 
addition, it is well known that the pseudo-spherical plane-parallel RT models, as the one used in 605 

this work, does not provide accurate results at high SZAs (Dahlback and Stammes, 1991). In 
overall, those differences could be based on the combination of both effects: the poorer 
resolution of the model for high SZAs and the cosine error of the broadband radiometers, which 
could be about 10% at SZAs > 75º. Furthermore, the relevance of Ci clouds regarding their 
radiative effects for SZA > 75º is likely negligible (Shupe and Intrieri, 2004). In addition, linear 610 

regression analysis as performed between simulations and measurements provides correlation 
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coefficients, �, close to 1 for all the cases (see Fig. 4e, and the legend inside), even for the opCi 
case (Fig. 4d) where the presence of low clouds is clearly revealed. As a result, a rather good 
agreement of the RT simulations w.r.t. solar radiation measurements on surface for the two 
cloud-free modes is achieved, and hence the CCRE estimates (radiative effects under Ci 615 

occurrence: Ci mode) can be obtained using the RT model described in this work.  

 

4.3.2 Ci-induced radiative effects at TOA and surface 

The Cirrus cloud radiative effect, BB�C, has been obtained at two relevant height-levels: the top-
of-atmosphere (TOA), BB�CD

STU, and on the surface (SRF), BB�CD
VWX, where L indicates the 620 

spectral range within the RT simulations were performed (i.e., L: the overall SW range and their 
three UV, VIS and NIR bands, as described in Sect. 3.1, see Eq. (8)). The simulated radiation fluxes 

FGG
↓↑  and F0

↓↑ were retrieved, respectively, for the Ci- (Ci features introduced in the RT model) and 

no-Ci (no Ci signature considered) modes. Figure 5 shows both the BB�CV�
STU and BB�CV�

VWX, and 
the atmospheric CCRE, BB�CV�

,)�, as a function of SZA (< 80º) for each COD-type Ci case 625 

predominantly detected on those days (only the SW CCRE is shown for simplicity).  

As expected, the CCRE at the TOA presents rather comparable negative values than those derived 
on the surface (SRF) for all the Ci categories at SW ranges (Chen et al., 2000). Those TOA/SRF 

CCRE values were ranging in the intervals (�BB�CV�
STU�/�BB�CV�

VWX�): [-0.2, -3.5]/[-0.2, -3.6], [-10.8, 
-41.1]/[-10.8, -31.9] and [-35.8, -92.6]/[-26.1, -85.4] W m-2, respectively, for the svCi, stCi and opCi 630 

categories; the atmospheric CCRE was within the ranges of [+0.3, -0.9], [+0.1, -9.1] and [-0.3, -
28.7] W m-2, respectively, for those same Ci groups. As the SW CCRE reveals, an enhanced cooling 
radiative effect is observed for the opCi clouds w.r.t. the other two Ci categories because of their 
higher COD. In addition, the BB�CV�

,)� presents some positive, but low, values for svCi and stCi. In 
this sense, a more comprehensive analysis is performed on the COD-dependence of CCRE using 635 

the CCRE values for the overall SW interval and detached into their single UV, VIS and NIR bands 
(their corresponding mean CCRE values for each predominant Ci group are shown in Table 4).  

The behaviour of the SW CCRE along with COD is shown in Figure 6 (top panel); a similar 
variability is observed for the other spectral bands (UV, VIS and NIR; data are not shown for 
clarity). As exposed before, a similar pattern can be observed for both BB�CSTUand BB�CVWX: as 640 

the COD increases as the cooling effect enhances, independently of the spectral range. However, 
the maximal Ci-induced cooling impact within the UV range is less than one order of magnitude 
w.r.t. to the total SW CCRE. Moreover, linear regression analysis for all the Ci cases detected at 
day-times (N=35) determined that higher negative increasing rates, as indicated by the slope of 

that linear fitting: � (W m-2 τ-1), are found for the BB�C at TOA than on the surface for all the SW 645 

spectral bands, showing also a high correlation coefficient, �. For instance, � values for both 

BB�CV�
STU and BB�CV�

VWX are -74±4 W m-2 τ-1 (� = 0.96) and -55 ±5 W m-2 τ-1 (� = 0.90), 

respectively; the BB�CV�
,)� slightly decreased along with the COD increase, with a � of -19 ±2 W 

m-2 τ-1 and � = 0.80. Those corresponding � and � values are also included in Table 4.  

 650 
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Figure 5. SW CCRE values (W m-2) as estimated for the selected Ci cases as a function of the SZA 

at: (a) the top-of-atmosphere (TOA), BB�CV�
STU (circles), and (b) on the surface (SRF), BB�CV�

VWX 
(triangles), together with (c) the atmospheric CCRE, BB�CV�

,)� (squares), and (d) their 655 

corresponding A_� (g m-2) (stars) for the three COD-type Ci clouds: svCi (red), stCi (green), and 
opCi (blue) cases. Note that the opCi category is also detached into two sub-groups, opCi-1 (cyan) 
and opCi-2 (dark blue), in dependence on their particular ��� range: 0.3-0.7 and 0.7-3.0, 
respectively.  

 660 

By considering all the Ci clouds in overall, the mean SW CCRE values at TOA and SRF are, 

respectively, -30 ± 26 and -24 ± 19 W m-2, being the mean BB�C,)� = -7 ± 7 W m-2. These values 
are in good agreement with the global annual estimates found for Ci clouds, as defined with COD 
< 3.6 and their height base above 440 mb level in Chen at al. (2000): -25.3, -22.2, and -3.1 W m-2 
for the TOA, SRF and atmospheric CCRE, respectively. Campbell et al. (2016) showed similar 665 

BB�CV�
STU negative values for each Ci-type category for clouds observed during one year at a mid-

latitude site using the ice formation threshold of -37ºC at the Ci top boundary as a proxy for Ci ice 
cloud discrimination. Our results are also in agreement with Dupont and Haeffelin (2008) that 

found a BB�CV�
VWX value of -25 W m-2, considering only Ci clouds located above 11 km height. 

Dong et al. (2006) reported a higher value at surface (-37.0 W m-2) for the mean annual average of 670 

high clouds; however, they defined high clouds as those with base height over 6 km, that is, 
including clouds rather composed by liquid water, whose cooling radiative effect is larger than 
that for ice clouds (Shupe and Intrieri, 2004).  

The BB�CV�
VWXreported at the SIRTA observatory (25 km south from Paris) (Haeffelin et al., 2005) 

corresponded to Ci clouds observed for 23 days in the 2003-2006 period (Dupont and Haeffelin, 675 

2008). They obtained a slope (� value) of -92 ± 16 W m-2 τ-1 using a linear fitting between 

BB�CV�
VWX and COD, with a correlation factor of � = 0.79. The BB�CV�

VWX values obtained in this 

work for svCi and stCi (-1.5 ± 0.9 and -21.8 ± 7.6 W m-2, respectively) are very close to those found 
when using the Dupont and Haeffelin’s relationship (DHR). Regarding opCi-1 cases, the CCRE is 
also coincident with those values reported in Dupont and Haeffelin (2008), but only if errors are 680 

taken into account. However, the CCRE for the opCi-2 cases, corresponding to COD > 0.75, are 

notably lower (in absolute value, i.e., -53 ± 17 W m-2) than those provided by using DHR. This is 

due to the � value found in this work (-55 ± 5 W m-2 τ-1), which is lower (in absolute value) than 
that DHR-derived one. The main possible cause of these discrepancies can be associated to the 
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fact that Dupont and Haeffelin (2008) considered clouds with base heights from 7 km up, and a 685 

potential presence of liquid water clouds could be introduced into the dataset. As mentioned 
before, the radiative effect produced by those clouds is larger than that of ice clouds (Shupe and 
Intrieri, 2004). In addition, by considering all types of clouds (water clouds included) as in the 
study shown by Mateos et al. (2014b), a non-linear relationship was found between the cloud 
radiative effect and the COD, where rather large COD values were examined. Regarding our 690 

results, the obtained linear CCRE vs COD relationship can be accepted valid for ice Ci clouds, 
which present rather low CODs in comparison with water clouds. In order to obtain reliable values 

of the relationship between BB�CV�
VWX and COD, the study performed in this work should be 

extended to a larger number of days with Ci detection, as planned in the future. 

 695 

Table 4. Mean BB�C values (W m-2) at TOA and SRF, and the atmospheric CCRE, as obtained 
within the overall SW interval and the single UV, VIS and NIR bands, for the COD-predominant Ci 
group (their mean ��� is in parenthesis, see Table 3). Linear regression parameters for all the Ci 
cases observed at day-times (N=35) describing the Ci cooling effect, i.e., both the negative 

increasing rate (�, W m-2 τ-1) and the correlation coefficient (�), are also included.  700 

Ci 

group 

svCi 

(0.015 ± 0.009) 

stCi 

(0.22 ± 0.08) 

opCi 

(0.92 ± 0.35) 

opCi-1 

(0.50 ± 0.10) 

opCi-2 

(1.1 ± 0.3) 
� ; 

BB�C at the top-of-atmosphere (TOA): BB�CD
STU, where L: 

/_ -1.6 ± 1.0 -25.5 ± 10.8 -64 ± 17 -47 ± 9 -74 ± 12 -74 ± 4 0.96 

�� -0.07 ± 0.04 -0.9 ± 0.3 -2.3 ± 0.9 -1.8 ± 0.7 -2.6 ± 0.9 -2.9 ± 0.5 0.97 

�A/ -0.6 ± 0.4 -9.4 ± 3.6 -23 ± 7 -17 ± 4 -26 ± 6 -27 ± 4 0.98 

�A� -0.9 ± 0.6 -15.2 ± 7.0 -38 ± 10 -27 ± 5 -45 ± 6 -43 ± 5 0.99 

BB�C on surface (SRF): BB�CD
VWX, where L: 

/_ -1.5 ± 0.9 -21.8 ± 7.6 -47 ± 17 -37 ± 12 -53 ± 17 -55 ± 5 0.90 

�� -0.06 ± 0.04 -0.8 ± 0.2 -2.0 ± 0.9 -1.6 ± 0.7 -2.2 ± 1.0 -2.5 ± 0.5 0.97 

�A/ -0.6 ± 0.4 -9.0 ± 3.2 -20 ± 7 -16 ± 5 -23 ± 7 -24 ± 4 0.97 

�A� -0.9 ± 0.5 -12.0 ± 4.2 -25 ± 9 -20 ± 6 -28 ± 10 -30 ± 6 0.96 

Atmospheric CCRE (BB�CD
,)�), where L:  

/_ 0.07 ± 0.28 -3.7 ± 3.8 -17 ± 11 -9 ± 7 -21 ± 10 -19 ± 2 0.80 

�� -0.01 ± 0.01 -0.14 ± 0.10 -0.4 ± 0.2 -0.3 ± 0.1 -0.4 ± 0.1 -0.4 ± 0.1 0.99 

�A/ 0.00 ± 0.05 -0.4 ± 0.6 -2.9 ± 2.0 -1.6 ± 1.4 -3.7 ± 1.8 -3 ± 1 0.98 

�A� -0.07 ± 0.22 -3.2 ± 3.2 -13 ± 9 -7 ± 6 -17 ± 8 -15 ± 5 1.00 
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Figure 6. (Top) SW BB�C values (W m-2) as obtained at TOA (red) and SRF (green), and the 
atmospheric CCRE (blue) for all the Ci cases in dependence with their particular COD (the 705 

corresponding values within the UV, VIS and NIR bands are shown in Table 4). Dashed lines 
represent the linear regression fitting performed for those three CCRE. (Bottom) the ice water 
path, A_� (g m-2) (full stars), and the effective radius, �-^^(µm) (open stars), for all the same Ci 

cases within each Ci category: svCi, stCi, and opCi.  

 710 

 

4.3.3 Ci-induced radiative effects related to the microphysical ice features of the Ci clouds 

Cloud composition is an important factor for determining the radiative effect of clouds. Regarding 
their albedo at SW ranges, clouds containing liquid water strongly dominate w.r.t. ice clouds 
(Shupe and Intrieri, 2004). In that work, it is suggested that the cloud particle size is rather 715 

relevant on the albedo effect than the cloud phase one; water clouds are composed of small 
water droplets with a higher surface area per volume than that for large ice crystals. A 
comprehensive COD-dependence of the microphysical features of ice particles in Ci clouds in 
terms of their A_� and �-^^is illustrated in Figure 6 (bottom panel). In particular, from svCi to 

opCi the A_� sharply increased almost 3 orders of magnitude, ranging from 0.02 (svCi) to 9.9 720 

(opCi) g m-2. In average for each predominant Ci group, IWP ranges from 0.09±0.05 (svCi) to 9±2 
(opCi-2) g m-2(see Table 3). However, the effective radius �-^^ slightly differed for all the Ci 

categories, i.e., in average, a �-^^ of 12.0±1.8 µm is obtained (relative error: 15.1%) (see Fig. 6, 

bottom panel), as a result from the similar temperatures observed at those altitudes where Ci 
clouds were detected (see Table 3). Results as obtained for the A_� and �-^^ values derived in 725 

this work are in good agreement with the ones reported by other authors. For instance, Barja and 
Antuña (2011) derived A_� values of 0.025, 1.2 and 18.4 g m-2, respectively, for svCi, stCi and 
opCi clouds: our results are ranging in this same interval (see Table 3); meanwhile their �-^^ 

values were found to be similar to those relatively large sizes for ice particles composing the Ci 
clouds observed in this work.  730 

As expected, the behaviour of CCRE is strongly dependent on the COD, and hence on IWP 
estimates, but it seems to be unrelated to the �-^^ of ice particles of the Ci clouds examined in 

this work, where values are rather constant. Results reflect the fact that the IWP, and hence the 
ice water content, of the Ci clouds can be modulated depending on their COD and the 
temperature field of the atmosphere. In particular in this work, the COD is found to be the most 735 
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relevant Ci-induced parameter acting as a modulator proxy of the IWP, and hence the CCRE. 
However, this can change in different Ci cloud scenarios.  

 

5. CONCLUSIONS 

Cirrus (Ci) clouds were detected and characterized at the MPLNET El Arenosillo site in Huelva 740 

(ARN/Huelva, SW Iberian Peninsula, 37.1ºN 6.7ºW) using the standard polarized Micro-Pulse Lidar 
(P-MPL) system for the first time at this site. Lidar-derived optical (COD, LR) and macrophysical 
(top and base height-boundaries, geometrical thickness) properties of the Ci clouds were 
retrieved for three COD-type Ci categories predominately detected during different days. A 77% 
of the Ci cases observed on01 October 2016 corresponded to subvisual Ci clouds (svCi); 745 

semitransparent Ci clouds (stCi) were identified on 08 May 2017 (86% w.r.t. Ci cases detected); 
and a 67% of Ci cases observed on 28 October 2016 were classified as opaque Ci clouds (opCi). 
For comparison with solar radiation issues, only Ci clouds detected at daytimes were examined; 
hence, 19, 7 and 17 cases were analysed, corresponding, respectively to svCi, stCi and opCi 

clouds. The mean COD for each Ci category was, respectively, 0.02±0.01, 0.22±0.08 and 750 

0.93±0.40; in overall, their LR ranged between 25 and 35 sr. All-sky images collected for those 
days showed a good coincidence with lidar observations of Ci clouds. They were detected 
between 11 and 13 km height (top boundaries) with geometrical thicknesses of 1.7-2.0 km. 
Temperatures at those altitudes corresponded to lower values than the thermal threshold for 
homogenous ice formation (-37ºC/-38ºC), confirming a complete ice phase of the Ci clouds. 755 

Additionally, lidar-derived values of ����� higher than 0.9 and �� ranging between 0.3 and 0.4 
also revealed Ci clouds mostly composed of ice particles. Moreover, the temperature fields were 
also used together with Fu-parametrizations (Fu, 1996) to obtain the radiative-relevant 
microphysical properties of the Ci clouds examined in this work, that is, the ice water path (A_�) 
and the effective radius (�-^^) of the Ci ice particles. Results showed IWP values ranged from 760 

0.02 to 9.9 g m-2, from svCi to opCi clouds, with ice particles within the interval of 9-15 μm size. 
These values are similar to those found in other Ci studies (i.e., Barja and Antuña, 2011).  

The Ci cloud radiative effect (CCRE) was obtained by using a RT model to simulate the solar global 
(direct + diffuse) radiation in two scenarios: under Ci-free conditions (no presence of Ci clouds) 
and for the Ci-mode scene when the optical and macrophysical properties of Ci clouds are 765 

introduced into the model. As a first step, RT simulated outputs were evaluated against surface 
solar radiation measurements carried out under relatively clean and cloud-free conditions. 
Results revealed a good agreement between RT simulations and measurements, with correlation 
coefficients close to 1, despite the presence of atmospheric screenings of low, potentially liquid, 
clouds were not introduced in the simulations, and the different sky viewing between the solar 770 

instrumentation (looking at a wider-averaged sky) and the lidar system (with a narrower field-of-
view).The CCRE was retrieved at the top-of-atmosphere (TOA) and on surface (SRF) for the overall 
SW range and their single spectral UV, VIS and NIR bands. By considering all the Ci clouds, 
independently on their COD, the mean SW CCRE values at TOA and SRF were, respectively, -

30±26 and -24±19 W m-2, being the mean atmospheric CCRE of -7±7 W m-2. These values are in 775 

good agreement with global annual mean estimates found for Ci clouds; however, if discrepancies 
found, they can be associated to a probable presence of low liquid (small droplets) clouds in the 
Ci dataset, likely producing a higher cooling effect than that associated to large ice crystal 
particles of the Ci clouds.  

By using linear regression analysis, a Ci-induced enhancing cooling radiative effect was observed 780 

as COD increased for all the spectral ranges, with high correlation coefficients. In particular, the 

SW CCRE at TOA and SRF, and the atmospheric CCRE, presented COD-dependent rates of -74±4, -

55±5, -19±2 W m-2 τ-1, respectively. Additionally, increasing negative rates are found from UV to 
NIR for each Ci category, reflecting a higher cooling NIR contribution w.r.t. UV and VIS ranges to 



22 
 

the SW CCRE, and being also more pronounced at the TOA w.r.t. on SRF, as expected. This is 785 

especially significant for space-borne photometric/radiometric instrumentation. Moreover, 
results reflect that the contribution of the SW CCRE to the net (SW+LW) radiative balance can be 
also potentially relevant. 

In order to obtain more representative values of the quantities examined in this work, an 
extended dataset of Ci clouds must be used. However, the present study is indeed suitable to 790 

validate the method used for characterising the Ci clouds and their radiative effects. In this sense, 
results can contribute to validation purposes of the next ESA’s EarthCARE mission, whose 
scientific goal is related to the radiation-aerosol-cloud interactions.  
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Table captions 

 

Table 1. Both the height (�)��*�, km) and temperature (3)��*�, ºC) of the tropopause and the 
altitude at which the temperature threshold of -37ºC is reached (�456, in km), as obtained from 1050 

GDAS temperature profiles.  

Table 2. AERONET daily-averaged AOD at 500 nm together with the SSA (ZK) and asymmetry 
parameter (Y) values used in RT simulations for each day. 

Table 3. Mean optical and geometrical properties for the COD-predominant Ci group (N denotes 
the number of profiles examined for each Ci type). ���, /��, �)�*, �+,	-, ∆�, 3)�* and 3+,	- stand 1055 

for, respectively, the COD, the LR, both the cloud top and base height boundaries, the 
geometrical thickness, and both the temperatures at �)�* and �+,	-. 3�is the representative 

temperature of the Ci clouds (see Eq. (12)). Their mean effective radius, �-^^ (in μm, and also the 

generalised effective size, @i-), and Ice Water Path, A_� (in g m-2), are also included. Note that 

the opCi category is also detached into two sub-groups, opCi-1 and opCi-2.  1060 

Table 4. Mean BB�C values (W m-2) at TOA and SRF, and the atmospheric CCRE, as obtained 
within the overall SW interval and the single UV, VIS and NIR bands, for the COD-predominant Ci 
group (their mean ��� is in parenthesis, see Table 3). Linear regression parameters for all the Ci 
cases observed at day-times (N=35) describing the Ci cooling effect, i.e., both the negative 

increasing rate (�, W m-2τ-1) and the correlation coefficient (�), are also included.  1065 
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Figure captions 

 1070 

Figure 1. The environment of El Arenosillo station (ARN/Huelva), located at the Southwest Iberian 
Peninsula (37.1º N 6.7º W, 40 m a.s.l.). Both the radiation instrumentation and the lidar system 
are also marked in red, separated around 100 m distance.  

Figure 2. Cirrus (Ci) clouds observed on: (a) 01 October 2016, (b) 08 May 2017, and (c) 28 October 
2016 at the El Arenosillo station (ARN/Huelva). (Top panels) Contour plots of the vertical 1075 

normalized backscattering ratio (�����) along the day; the predominant COD-type Ci clouds are 
also marked by coloured time intervals: svCi in red, stCi in green, and opCi in blue, and the 
particular profiles shown in the bottom panels are also indicated (by coloured dashed arrows). 
(Bottom panels) Those selected (in top panels) profiles of the extinction coefficient (��, km-1) and 
the corresponding linear volume depolarization ratio (��). Their lidar-derived COD (���) and LR 1080 

(/��) values are also included in the legend. 

Figure 3. Images obtained with an all-sky camera at those times coincident with the detection of 
Ci clouds on: (Left) 01 October 2016 (svCi), (Centre) 08 May 2017 (stCi), and (Right) 28 October 
2016 (opCi). For instance, times shown in each image correspond to the Ci profiles shown in Fig. 

2.  1085 

Figure 4. (Top panels, a-d) SW solar global radiation (SGR) levels measured on surface at El 
Arenosillo/Huelva station (full circles, and their error bars) and their corresponding RT simulations 
(no-Ci mode) (open circles) as a function of the Solar Zenith Angle (SZA): (a) during a mostly 
cloud-free and clean day on 15 October 2016 (black), and the three selected days with 
predominant COD-type Ci detection: (b) 01 October 2016 (svCi) (red), (c) 08 May 2017 (stCi) 1090 

(green), and (d) 28 October 2016 (opCi) (blue), where the Ci features were removed; and (e) 
linear regression analysis of the SW SGR between simulations (/?�	) and measurements (/?��), 
where the correlation coefficient, �, is shown within the legend for each day (� denotes the 
number of points used; coloured symbols correspond to those same as shown in the previous 
panels; and 1:1 line is also marked in black). (Bottom panels, a-d) SGR differences (W m-2), ∆ =1095 

 /?�	 −  /?�� (full triangles) for those same days as shown in the top panels.  

Figure 5. SW CCRE values (W m-2) as estimated for the selected Ci cases as a function of the SZA 

at: (a) the top-of-atmosphere (TOA), BB�CV�
STU (circles), and (b) on the surface (SRF), BB�CV�

VWX 
(triangles), together with (c) the atmospheric CCRE, BB�CV�

,)� (squares), and (d) their 
corresponding A_� (g m-2) (stars) for the three COD-type Ci clouds: svCi (red), stCi (green), and 1100 

opCi (blue) cases. Note that the opCi category is also detached into two sub-groups, opCi-1 (cyan) 
and opCi-2 (dark blue), in dependence on their particular ��� range: 0.3-0.7 and 0.7-3.0, 
respectively.  

Figure 6. (Top) SW BB�C values (W m-2) as obtained at TOA (red) and SRF (green), and the 
atmospheric CCRE (blue) for all the Ci cases in dependence with their particular COD (the 1105 

corresponding values within the UV, VIS and NIR bands are shown in Table 4). Dashed lines 
represent the linear regression fitting performed for those three CCRE. (Bottom) the ice water 
path, A_� (g m-2) (full stars) and the effective radius, �-^^(µm) (open stars), for all the same Ci 

cases within each Ci category: svCi, stCi, and opCi.  
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