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Abstract. The effect of optically thin cirrus clouds on so- Earth-atmosphere system and consequently in the climate
lar radiation is analyzed by numerical simulation, using lidar (e.g. Schlimme et al., 2005; Futyan et al., 2005). Cirrus
measurements of cirrus conducted at CaineggCuba. Sign  clouds have been identified as one of the sources of uncer-
and amplitude of the cirrus clouds effect on solar radiationtainty in the study of Earth’s radiation budget and climate
is evaluated. There is a relation between the solar zenith and_ynch, 2002).

gle and solar cirrus cloud radiative forcing (SCRF) present  Cirrus clouds climatologies based on remote sensing mea-
in the diurnal cycle of the SCRF. Maximums of SCRF out surements reveal high occurrence of cirrus clouds, both op-
of noon located at the cirrus cloud base height are found fotically thick and thin cirrus clouds. Several studies have
the thin and opaque cirrus clouds. The cirrus clouds opticajemonstrated that the global average frequency of cirrus
depth (COD) threshold for having double SCRF maximum cloud occurrence is near 27 %, reaching 45 % in the Trop-
out of noon instead of a single one at noon was 0.083. Inics (Stubenrauch et al., 2006). Nazaryan et al. (2008) shows
contrast, the heating rate shows a maximum at noon in theirrus clouds’ frequency of occurrence of 70 % in the tropics.
location of cirrus clouds maximum extinction values. Cirrus The global average of cirrus clouds’ occurrence frequency of
clouds have a cooling effect in the solar spectrum at the Top16.7 % is shown by Sassen et al. (2008). The considerable
of the Atmosphere (TOA) and at the surface (SFC). The dailycoverage of cirrus clouds, their high altitude and their micro-
mean value of SCRF has an average value®flW nT2at  physical and radiative properties emphasizes them as a key
TOA and—5.6 Wn12 at SFC. The cirrus clouds also have factor controlling the vertical energy distribution in the up-

a local heating effect on the atmospheric layer where theyper troposphere and the total radiation budget of the Earth
are located. Cirrus clouds have mean daily values of heatingystem.
rates of 0.63 K day" with a range between 0.35 K day The cirrus clouds radiative forcing (CRF) is defined as the
and 1.24 K day*. The principal effect is in the near-infrared gjfference between irradiances calculated in the clear sky
spectral band of the solar spectrum. There is a linear relagongition and the presence of cirrus clouds. CRF is well
tion between SCRF and COD, with30 W m™? COD*and  ynderstood but not well quantified due to the incomplete
—26 Wm 2 COD™*, values for the slopes of the fits at the nowledge of its properties. The CRF at the top of the at-
TOA and SFC, respectively, in the broadband solar spectrummosphere and surface have been studied by several authors
(e.g. Ramaswamy and Ramanathan, 1989; Poetzsch-Heffter
et al., 1995; Stubenrauch et al., 2006; Chen et al., 2000;
1 Introduction Khvorostyanov y Sassen, 2002; Futyan et al., 2005; Dupont
and Haeffelin, 2008). They show that CRF on the shortwave
Clouds play a key role in the climate system: the majorirradiances causes cooling in the .atmos.phere and its magni-
clouds contribution to this system is their effects on the ra-tude depends on cloud cover, optical thickness and the solar
diation. They modulate the radiation balance in the atmo-Z€nith angle.
sphere. Particularly, cirrus clouds are widely recognized The aim of this study is to quantify the CRF of cirrus
to play an important role in the radiation budget of the clouds, measured with lidar in Caniggy, on the shortwave
radiative irradiances. We simulate the cirrus clouds’ effect on
solar radiation using a state-of-the-art, one-dimensional ra-
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variables’ profiles introduced in the radiative transfer modelwherek is the extinction to backscatter ratio. The most suit-
were calculated for the local conditions at Carineg Cuba.  able value of the extinction to backscattering rakip for our
Vertical cloud structure was taken into account in solar flux biased dataset, is 10 sr. A constant valug iofthe altitude is
density calculations. Thus, we can obtain reliable informa-assumed in the calculations for simplicity. Thus, extinction
tion about the behavior of solar radiation inside the cirruscoefficients profiles are 10 times backscattering coefficients’
clouds (Barja and Aniita, 2008). Cirrus optical depth (COD) profiles (Antdia and Barja, 2006).
profiles were obtained from lidar data on our site (Argand The evaluation of the radiative impact of the cirrus clouds
Barja, 2006). The lidar measurements were conducted witthmeasured in Camdigy by lidar was carried out by the calcu-
an aerosol-backscatter lidar, between 1993 and 1998, at theation of the SCRF. The SCRF is defined by the differences
former Camagey Lidar Station (currently Grupo deptica  between simulated net solar radiative flux density obtained
Atmostférica de Caméipy — GOAC). The lidar was located under clear and cloudy sky. To derive this quantity we used
at the Camaigey Meteorological Center, Cuba, 21M and the expression:
77.9 W.

Shortwave broadband cirrus cloud radiative forcing andSCRF= FSioud _ pclear )
heating rates profiles were calculated. In Sect. 2 we discuss
the data and radiative transfer code used in this study. Alsofnet is the simulated solar net flux density or irradiance,
a definition and explanation about magnitudes used in thdhe difference between downward and upward flux densi-
work is given. In Sect. 3 we discuss the results of the diur-ties; “cloud” means the presence of a cirrus cloud in the
nal cycle of the solar cirrus cloud radiative forcing (SCRF) calculations. The superscript “clear” means clear sky con-
and heating rate. Three days are analyzed, representing ttftions considering the same atmospheric and astronomical
categories of optically thin cirrus clouds. A discussion aboutcharacteristics of the cirrus measurement day, but without
the daily mean values of upward and downward irradianceghe presence of the cirrus. SCFR values were calculated
at TOA, SFC, cloud top and base is given in this section agor the whole solar spectrum (broadband) as well as for the

well. Finally, in Sect. 4 we highlight the important conclu- individual bands, ultraviolet (0.174 um to 0.407 pm), visi-
sions resulting from this study. ble (0.407 um to 0.685pm) and near-infrared (0.685pm to

4.0 um).
A state-of-the-art shortwave radiative transfer model (Ra-
maswamy and Freidenreich, 1991; Freidenreich and Ra-

The cirrus clouds’ dataset consists of 132 individual lidar ex-maswamy, 1999) was used for the simulation. This code
tinction profiles in 36 days of measurements from 1993 towas developed in the Geophysical Fluid Dynamics Labora-
1998 (Antiia and Barja, 2006). Lidar measurements werefory from the National Oceanic and Atmospheric Adminis-
made once per week at night around the year. The purposgation. The model includes particulate scattering and ab-
of this lidar was to determine the backscattering profiles ofsorption, Rayleigh scattering, and gaseous absorptiorpby O
stratospheric aerosols. Because of that constraint, the me&23, CO, and HO. The Code uses the vertical profiles of
surements were conducted in conditions of clear sky to thdhe gasses mass mixing ratio. The solar spectrum is di-
naked eye during night, when cirrus clouds were not apparvided into 25 pseudo-monochromatic bands between 0 and
ent to the human eye. But, under those conditions wherP7 600 cnT™. Aerosol and cloud single-scattering properties
mainly optically thin cirrus clouds were present, in some are integrated into the 25 bands of radiative transfer model.
cases we took the cirrus clouds’ measurements. Thus, a totd} solar-flux weighted averaging scheme is used to integrate
of 136 measurement days (stratospheric aerosols’ measuréiese properties. Reflection and transmission for homoge-
ment days plus cirrus measurement days) were conducte@eous layers is calculated with theeddington method. Ver-
from 1993 to 1998. Cirrus cloud measurements were carlical profiles of flux densities and heating rates are obtained
ried out in 36 days, with 28.3 % of occurrence. So, the cirrusby the “doubling-adding” technique. Freidenreich and Ra-
dataset is biased to thin cirrus cloud observations. Only @naswamy (1999) compare results from the code with line-
few percent of the measurements were thick cirrus cloudsPy-line plus doubling-adding reference computations with-
The Lidar system used a doubled frequency Nd — YAG laserout cloud or aerosol. These comparisons give errors of 10 %
(532 nm, 50 Hz, 300 mJ pulsé) and the altitude resolution for heating rates, and 2% for atmospheric absorbed flux
was 75m. The receiving telescope has 34 cm of diameteflensity.
and the field of view is 3 mrad. The cirrus measurements The code was adapted to the local conditions substitut-
averaged 1000 laser shots (Ahtuand Barja, 2006). ing the prescribed temperature and water vapor mixing ra-
Cirrus cloud extinction coefficienix( profiles were cal- tio profiles by the ones determined for Cardey (Barja and
culated from the lidar backscattering coefficienfj profile ~ Antuiia, 2008). The temperature and water vapor mixing ra-

2 Data and methods

by the relation: tio vertical profiles for Camdgey were acquired from the
mean aerological sounding in the site with the dataset from
o = kB, (1) 1981 to 1988. Values of the pressure, temperature and water
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vapor mixing ratio at the surface were obtained from the Ca-where 1 is the COD in the code layety, the extinction
magley Meteorological Surface Station reports dataset fromcoefficients in the layers of lidar profile, is the number of
1988 to 2001. The surface albedo average value of 0.22 wakidar layers included in the code layexz is the geometri-
used in calculations fixed for the different spectral bands,cal depth of the lidar layer, 75m (Barja and Aigj 2008).
obtained from actinometric broadband measurements at thAlso the ice crystal generalized effective size profilBgd)
site. The vertical profile of @ mass mixing ratio was the for the cirrus clouds particles at code bins were calculated.
midlatitude summer (MLS) atmosphere from McClatchey For a such goal, daily mean temperature profiles were cal-
(1972). culated from reanalysis data (NCEP, 2005) at the two most
The solar radiative properties of cirrus clouds in the codenear grid points south and north of the lidar location (Barja
calculations were represented by Fu’s parameterization (Fuand Antiha, 2008).
1996). Fu’'s parameterization uses ice crystal generalized ef- The downward and upward irradiances, heating rates, and
fective size Dge) as a representation of the crystal size. This cloud forcing profiles were calculated for each hour of the
parameterization combine the extinction coefficient vz cirrus measurements’ day. It was considered that the mea-
and ice water content (IWC) assuming that hexagonal icesured cirrus clouds were present at all hours of the day,

crystals are randomly oriented in space, by the relation: with the same characteristics. In the night hours, solar ir-
radiance zero values were considered. Thus diurnal cycles

4312 \wcC of the SCRF and the heating rate for 132 profiles were de-
“= 301 Dge’ C) rived. Three cases of diurnal cycle of cirrus clouds were se-

lected for discussion, representing different types of optically

wherep;, is the ice density. Fu (1996) obtained a set of coef-thin cirrus clouds following the classification of Sassen and
ficients in 25 bands of the solar spectrum to parameterize th€ho (1992). The frequency of occurrence of three types of
cirrus clouds’ single scattering properties (extinction coeffi- thin cirrus clouds in the 132 cases is 8%, 67 % and 25%
cient, single scattering albedo and asymmetry factor). In thdor opaque, thin and subvisible cirrus clouds, respectively
code, two methods could be used to obtain the ice particldAntuiia and Barja, 2006). Daily mean values of upward and
coalbedo, referred to as thin-averaging and thick-averaginglownward irradiance at the TOA, SFC, cloud base and top
techniques. The first one defines the coalbedo as the solavere calculated for the 24 h of the day with the 132 lidar pro-
weighted mean value over the spectral interval band. Thafiles. Also, the mean values of SCRF at TOA and SFC were
method was selected because of the small geometrical depgglculated for each 132 day simulations, three categories of
of our cirrus clouds dataset. cirrus clouds, and all the 132 cirrus cases.

To consider cirrus structure in the simulation and analyze
the behavior of the solar radiative transfer inside the cirrus
clouds, several actions were conducted. The profiles of thé Results and discussion
COD values at the coincident altitudes of the cirrus clouds
and the bins of the radiative transfer code were calculatec-1 Diurnal cycles of the heating rate and SCRF
from the cirrus lidar extinction profiles. Also the profiles of ) ) )
the ice crystal generalized effective sizgg) for the cirrus Figure 1 s a CompOSI'Fe' of sglected cases repr.esentmg the
cloud particles at those bins were calculated. For such a goaPPadue, thin and subvisible cirrus clouds following the op-
the daily mean temperature profiles from the reanalysis datdcally thin cirrus cloud classification of Sassen and Cho
(NCEP, 2005) were calculated from the temperature profilesflggz)- For each case the cirrus extinction profile and the

of the two most near grid points south and north of the ligardiurnal cycles of the heating rate and broadband SCRF are
location (Barja and Antlia, 2008). shown. On the top panel of Fig. 1, the opaque cirrus case is

depicted. This is the thickest cirrus cloud measured in Ca-

To consider cirrus structure in the simulation and analyze™=" " it lidar. This ci d 11 A
the behavior of the solar radiative transfer inside the cirrusMa$€Y with licar. IS CIrfus was measured on ugust

clouds, several actions were conducted. The profiles of thé‘g?js’ 24:4_6 UT_C havling anfoptical dgpth and mean ger}erlal-
COD values at the coincident altitudes of the cirrus clouds'zﬁ effective S||ze Va:;%s 0 2.74han |16'3 um,f respelfuve y('j
and the bins of the radiative transfer code were calculatedr e cirrus was located between the altitudes of 9.39 km an

from the cirrus lidar extinction profiles. The resolution of 15.24 km, corresponding to pressures between 320 hPa and

the lidar measurements is smaller than the resolution of thé‘20 hPa. The diurnal cycle Of_ the heating rate, F'.g' 1b, shows
code. at the altitude of the cirrus clouds. Thus. one IayermaX|mum values of the heating rate at the location of cirrus
of the code includes some lidar layers. The measurement$0Uds’ maximum extinction values, Fig. 1a. The maximum

vertical resolution was adjusted to the layers used in the cod(\!alues for the heatln_g' rate in the day, 5.59 thpccurreq
by the following relation: at noon. These positive values denote a radiative heating of

the atmosphere. Although for an atmosphere almost free
of clouds the scattering of solar radiation is the predomi-
nant process in radiative transfer, at the levels where cirrus

=) ayAz, (4)
n
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Fig. 1. Examples of cirrus clouds cases: extinction coefficient profiles, diurnal cycle of heating rate and SCRF. Top panel: Opaque cirrus
cloud; medium panel: Thin cirrus cloud; bottom panel: Subvisible cirrus cloud.

clouds are present, the solar absorption due cirrus clouds bdsand SCRF, considering absolute value200.6 W 2
comes an important process, enough to cause this heatirand —201.7 Wn1?2 are clearly seen at 9 and 15 local time
(Ramaswamy and Ramanathan, 1989). (LT: UTC - 05:00), respectively, in Fig. 1c. At these times
Figure 1c shows that during the whole diurnal cycle, thethe relative solar zenith angle was near t6.39he pres-

broadband SCRF has negative values, indicating the effect g#nce of both maximums in the broadband SCRF is the re-
the cirrus clouds in different altitudes of the atmosphere. InSult of the combination of the atmospheric optical path with
the presence Of Cirrus C|oudS, more So|ar radia‘[ion escapége cirrus cloud incidence and the solar radiation available at
in the top of the atmosphere and less solar radiation reachd§ese times, discussed below in detail by their importance.
the terrestrial surface. Two maximum values of the broad-In altitude the maximum values of the broadband SCRF are
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reached near the base height of the cirrus clouds, at 280 hPatructure is shown in Fig. 1g. The extinction coefficient pro-
The medium panel in Fig. 1 illustrates the thin cirrus case.file has only one peak, with a maximum value of 0.14 #m
It was measured on 25 August 1996, 08:15 UTC with an op-This peak has similar characteristics to the principal peak in
tical depth and mean generalized effective size values of 0.1éhe thin cirrus case. Like the thin cirrus case, the diurnal
and 18.7 um, respectively. The cirrus clouds’ altitude is be-cycle of heating rate of subvisible cirrus cloud has a maxi-
tween 10.59 km and 15.16 km, corresponding to pressurenum value of 1.8 K day?, in the location of the cirrus, at
values between 280 hPa and 120 hPa. Its structure is showmoon (Fig. 1h). Also, there are maximums in the lower tropo-
in the Fig. 1d. Note that the maximum value for the extinc- sphere produced by the water vapor absorption. The broad-
tion coefficient in this case is 0.098 krh This value is one  band SCRF diurnal cycle for the subvisible cirrus cloud case
order of magnitude less than 3.06 ki the maximum value is shown in Fig. 1i. It shows broadband SCRF negative val-
of extinction coefficient of the opaque cirrus case. The sec-ues similar to the other cases. The magnitude of the SCRF in
ondary peak of the thin cirrus cloud has a maximum extinc-the subvisible cirrus case is, however, smaller than the other
tion coefficient value of 0.06 k. It is two orders less than  cases analyzed previously. Consistent with the theory, Fig. 1
2.0 knm'1, the maximum value of the extinction coefficient shows that the values of the broadband SCRF vary depend-
secondary peak in the opaque cirrus cloud. The structure ofng on the cirrus cloud optical thickness. Greater values of
these two cases is similar; they have one principal peak anthe broadband SCRF are registered for opaque clouds and
one secondary peak in the extinction coefficient profile. Thesmaller for subvisible clouds. In contrast with the two cirrus
difference between these two profiles is in the order of mag-cases analyzed above, for the subvisible cirrus case there is
nitude of the extinction coefficient values. only one maximum of the broadband SCRF. That maximum
As in the opaque cirrus case, the heating rate diurnal cycleccurs at noon, located in the base height at 280 hPa, with a
for the thin cirrus case has a maximum value of 1.8 Kday value of—10.1 W nT2, considering absolute values.
in the location of cirrus, at noon (Fig. 1e). This maximum In general the calculations show that the heating rate has
occurs only at the same location of the principal cirrus cloudpositive values during the day for the three cases studied. The
peak. The secondary peak in the cirrus cloud structure, wittmaximum value of the heating rate is obtained in the case
lower values of the extinction coefficient, does not produceof the cirrus clouds with the higher COD in our data. The
high values in the heating rate. Also there are maximum val-maximum values of the heating rate in the day are reached
ues in the lower troposphere (values of pressure higher thaat noon and in the location of the cirrus clouds, following its
300 hPa). These maximums correspond to the absorptiomertical structure.
effect of the water vapor taken into account in the radiative The broadband SCRF has negative values during the
transfer code calculations. In the troposphere, for pressureourse of the day in all cases. The maximum values are lo-
below 300 hPa we have a water vapor mixing ratio rangecated near the base of the cirrus clouds in all cases. For the
from 0.0014 at 300 hPa to 0.0154 at near of SFC. subvisible cirrus, the maximum broadband SCRF is reached
The diurnal cycle of the broadband SCRF for the thin cir- at noon. But for the opaque and thin cirrus cases, there are
rus case is shown in Fig. 1f. The sign of the values is negtwo maximums not at noon but in the middle morning and
atively indicative of the radiative cooling of the atmosphere. afternoon. To the authors’ knowledge, that last feature has
This negative sign denotes that more radiation escapes theot been reported in the literature. An explanation for such a
top of the atmosphere in the presence of cirrus clouds. Howfeature is the different magnitudes of the contribution to the
ever, the broadband SCRF values have less magnitude beelar irradiance increase during the day, both by the cirrus
cause of the smaller COD. Like the opaque cirrus case, thereloud atmospheric optical path and the elevation of the sun.
are two SCRF maximums in the day, at 8 and 17:00 LT, bothin the middle morning and middle afternoon hours the opti-
with a value of—22.8 Wn12, considering absolute values. cal path is greater than at noon. For this reason, there is more
At these times, the relative solar zenith angle was near talispersion and absorption when the solar radiation traverses
61°. Also, like the opaque case, the maximum of SCRF isthe atmosphere through the cirrus cloud with same charac-
located near the cirrus cloud base height, at 260 hPa. Analteristics considered present all day. At the first and last hours
ogous to the opaque cirrus case, the diurnal behavior of thén the day, the cirrus optical path has its highest values and
SCRF shows the result of the combination of the atmospherithe solar radiation irradiances the lowest. At noon, the cir-
optical path with the cirrus cloud incidence and the solar ra-rus optical path has its lowest values and the solar radiation
diation available at these times, discussed below in detail byhas the highest values. As the broadband SCRF is the differ-
their importance. ence between irradiances under clear and cloudy conditions,
The bottom panel of Fig. 1 shows the subvisual cirrus casethen the SCRF reaches its maximum values at the middle
It was measured on 25 March 1993, 03:46 UTC with an opti-morning and afternoon, in the cases of opaque and thin cir-
cal depth and mean generalized effective size values of 0.004us clouds. Both the cirrus optical path and the sun elevation
and 15.7 um. The cirrus cloud was located between 10.51 knn the course of the day produce an increase of the net solar
and 12.24 km in altitude, equivalent to pressure values beradiation both for clear and cloudy sky, but at different rates
tween 280 hPa and 200 hPa. The subvisible cirrus cloudetween the clear and cloudy sky.
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Fig. 3. Daily mean solar irradiance in presence of cirrus clouds.

Fig. 2. Plot of the differences between hour of maximum SCRF andUpward irradiance at TOA and downward irradiance at SFC, for the
noontime (12:00LT) versus optical depth for the clouds measuredSOIar radiation broadband and spectral bands, versus cirrus optical

with lidar in Camagiey. Threshold value is 0.083 for the occurrence 9€Pt for the all cirrus measured with lidar in Cartieg
of the maximum out of noon.

diurnal cycle for the heating rate and SCRF obtained in the

Based on the fact that the double maximum was presenpresent work are in the same order of magnitude of the re-
in the thin and opaque cirrus clouds cases but not in the subsults reported in the above paper. Our calculations were run
visible, we determined the threshold for such a feature. Wewith a shortwave radiative transfer code (Freidenreich and
use the calculation of SCRF with each 132 cirrus profiles,Ramaswamy, 1999), which differs from the mesoscale 2-D
with characteristics for each cirrus case and mean profilegnodel used by Khvorostyanov and Sassen (2002). Despite
of the atmosphere. The COD threshold for having doublethe difference between the models, it is possible to make a
broadband SCRF maximum out of noon instead of a singlequalitative comparison.
one at noon was 0.083. Figure 2 shows the differences be-
tween noon (12:00LT) and the hour of maximum SCRF in3.2 Daily mean solar cirrus radiative forcing
the morning and afternoon depending optical depth. Positive
and negative difference values denote the maximum occurThe plots of daily mean upward flux densities at the top of
ring in the afternoon and in the morning, respectively, andthe atmosphere (TOA) and the daily mean downward flux
zero values indicate the maximum at noon. The maximumdensities at the surface (SFC) versus COD are presented in
values of SRCF out of noon begin to occur with COD value Fig. 3. These irradiances were calculated both for the broad-
of 0.065. Thus, the subvisible cirrus clouds (optical depth be-band and for the different spectral bands of the solar radiation
low 0.03) produce the maximum value of SCRF at noon. The(near- infrared, visible, ultraviolet). The broadband solar up-
opague clouds (optical depth above 0.3) produce the maxward irradiance in the TOA and downward irradiance in the
imum value of SCRF out of noontime. Thin cirrus clouds SFC rise and drop respectively, with the increase of the COD.
(optical depth between 0.03 and 0.3) can produce the maxiAlso these tendencies occur for the three spectral bands of
mum values both at noon and out of noon. the solar radiation. These responses of the irradiances to the

Simulation of the diurnal cycle of the cirrus clouds heat- rise in the optical depth are produced by the increase of the
ing rate and SCRF is shown by Khvorostyanov and Sassereflection and dispersion events in the interaction of the solar
(2002). The authors used a mesoscale 2-D cloud model wittiadiation with the ice crystal in the cloud. A large number of
explicit microphysics and radiation, also simulated dynamicsice crystals leads to an increase of optical depth. There are
and chemicals in the atmosphere. They performed calculadlso few absorption processes.
tions to three cases of cirrus clouds types, two in the thin For the broadband, the values of the upward irradiances
cirrus clouds category and one as subvisible cirrus cloudin the TOA range between 166.6 Wthand 60.2 W 2,
Their results show the maximum of the SCRF at noon. Inwith a mean value of 91.1 Wn?. The values of the down-
these three cases the shortwave heating rate and cloud foresard irradiances in the surface range between 212.8° W m
ing have positive and negative values respectively. The maxand 356.2 W m?, with a mean value of 322.2 WM. The
imum values of the cloud forcing are reached in the locationflux densities in the different spectral bands have a similar
of cirrus clouds at noon. The magnitude of the values of thebehavior, but with lower magnitude of the values. The mean
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Table 1. Average, maximum and minimum values of upward at TOA and cloud top and downward irradiances at SFC and cloud base. In the
broadband, near- infrared, visible and ultraviolet bands.

Irradiance (W n2)

Upward Irradiance TOA Downward Irradiance SFC Solar Irradiance
Mean  Max Min Mean Max Min at TOA Percent
Solar Broadband 91.1  166.6 60.2 322.2 356.2 212.8 100
Near Infrared 375 82.7 22.8 160.1 177.2 106.2 55.2
Visible 42.6 68.6 29.1 140.3 154.8 92.8 36.4
Ultraviolet 11.4 152 8.23 21.3 241 13.7 8.4
Upward Irradiance cloud top  Downward Irradiance cloud base  Solar Irradiance
Mean Max Min Mean Max Min at TOA Percent
Solar Broadband 89.6 167.2 57.7 399.5 448.6 271.3 100
Near Infrared 37.0 83.0 22.7 2228 252.2 152.7 55.2
Visible 41.8 69.1 27.6 149.7 165.9 100.9 36.4
Ultraviolet 10.8 15.1 7.2 26.9 30.6 17.8 8.4
as0g - al 448.6 W nT2 with mean value of 399.5 Wnt. These flux
w0t ] -Uavilt Bend densities are higher than the downward irradiance in SFC.
wop __10 : Table 1 shows the values of upward irradiance at TOA and
E 300t § cloud top, also the downward irradiance at cloud base and
2 2% 2 0 SFC. These differences between irradiances at cloud base
%m é and surface support the explanation of the key role played
= o %Om by the water vapor and other trace gases in the lower tro-
g | . posphere radiative transfer processes. Solar radiation in the
£ Fleme o001 . ‘ red and near-infrared regions of the spectrum is absorbed to
Poor e Tein sEse omo oo oo 6fio 0 some extent by carbon dioxide, ozone, and water present in

the atmosphere in the form of vapor. Scattering takes place
Fig. 4. (a)Broadband irradiances versus optical depths. Upwardin the lower atmosphere caused by dust, fog, and clouds with
irradiance at the cloud topF(1 Top) and downward irradiance at particle sizes more than ten times the wavelength of the com-
the cloud baseK | Base), for all studied cloudgb) Daily Mean ponents of solar radiation in the same magnitude in all wave-
Heating rates for all studied cirrus clouds at each spectral solar banfengths of the solar spectrum. Also, atmospheric selective
versus their optical depth. scattering is inversely proportional to the fourth power of the

wavelength of radiation and therefore, the most severely scat-

tered radiation is that which falls in the ultraviolet, violet,
values of the upward irradiance in TOA (downward irradi- and blue bands of the spectrum. Thus, both the absorption
ance in SFC) are 37.5 WT4 (160.1 W nT2), 42.6 WnT2  and scattering in the lower troposphere reduce the solar radi-
(140.3W m2), and 11.4 W m?2 (21.3W m2), forthe near-  ation that finally reaches the surface. That is in contrast with
infrared, visible, and ultraviolet spectral bands, respectively.the behavior in the upper troposphere, where the water vapor
The major contribution to the broadband solar radiation is inand other gases have a lower concentration. At this altitude,
the spectral bands of near-infrared and visible, in corresponeirrus clouds are an important contributor to the atmospheric
dence with the spectral components of the solar radiation. solar radiation transfer. The flux densities have a trend with

Figure 4a shows the broadband upward and downward fluxespect to optical depth similar to TOA and SFC cases. As

densities at the heights of the cirrus clouds’ tops and baseshe COD increases, the irradiance in the cirrus top increase
All the cases of the cirrus clouds are analyzed. The values oénd the fluxes in the cirrus base decrease.
broadband upward irradiance in the cirrus top height range The mean value of the heating rate for the layers where
between 57.7 W m? and 167.2 W m2, with a mean value of  the cirrus is located was calculated for each hour in the day.
89.6 Wnm2. These values are similar to the broadband up-Using these values, a daily average of the heating rate was
ward irradiance at TOA (Fig. 3). This shows that the upwardobtained for each spectral band of the solar radiation. The re-
irradiances in the TOA are influenced directly by the albedolation between these values and the optical depth are shown
effect caused by cirrus clouds. In contrast, the downward irin Fig. 4b. In general, when the optical depth increases, the
radiances in the base height range between 271.3 ¥and daily mean heating rates increase, too, in the near-infrared
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band. The daily mean heating rates’ values range betwee Top of the Atmosphere Ol Surface
0.35 K day?! and 1.24 K day?, and its average value is _10¥ ' _10%’\2
0.63 K day . Also, it is shown in Fig. 4b that the principal . %;:, . Y
contribution to the heating rates in the solar radiation is in thes L E
near-infrared spectral band with values one order of magni% L %, N
tude higher than the values of the others spectral bands. Thi§ -
main effect of the cirrus clouds over the near-infrared spectra E e E e
band of the solar radiation has been reported in the Iiteratur«% €0 g o
(e.g., Ramaswamy and Ramanathan, 1989). i S— i S—

The positive slope of 0.31 K day COD! in the 801 " Veible Band . 801 Vible Ban
near-infrared spectral bands points differ from the nega- ol =Z=Fe . eolmEEEEmA_L
tive slope with values of—0.01 K day! coD! and Optical Depth Optioal Depth

—0.005 K day! COD 1 in the visible and ultraviolet bands, _ _
Fig. 5. Relation between daily mean value of SCRF, both for the

respectively. In order to examine this aspect, the statisti o .
cal significance (99 %) of the slope was tested using the T_broadband and the spectral bands of solar radiation, and the cirrus

student test with the hypothesis that the slope is zero; that igptlcal depths, for all dataset.
no dependence of the heating rate on COD. The results show

that there is dependence of the heating rate with COD in therable 2. Average, minimum and maximum values of the SCRF for
near-infrared band. On the other hand, there is no depenthe different cirrus types on the TOA 'y SFC.

dence in the visible and ultraviolet spectral bands.

Ramaswamy and Ramanathan (1989) reported an incre- SCRF Opaque Thin Subvisible
ment of 1.1 K day? in the heating rate, when considering (Wm~2 TOA SFC TOA SFC TOA SFC
tr_le presence of cirrus clouds. The cir.rus clouds qseq in_the 282 -219 76 —43 42 17
simulation by those authors have an ice crystal distribution jinimum —148 —107 -—42 -20 -28 —0.9
represented by spheres, with an optical depth of 1.5. This Maximum -815 —-681 -152 —106 -7.6 —40
value is in the range of the heating rates reported in our cases:

Figure 5 shows the relation between daily mean SCRF
values and COD, for the solar broadband radiation as well
as their different spectral bands both at TOA and SFC.(1992). The relation between SCRF and COD is clear. For
There is a negative linear relation between SCRF and oplow optical depth (subvisible cirrus), there is low SCRF and
tical depth both at TOA and SFC. The negative values offor high optical depth (opaque cirrus) there is a high value
SCRF indicate that cirrus clouds cool radiatively the TOA of SCRF. Only 14 % of the cirrus clouds have SCRF values
and SFC. The cirrus cloud presence in the atmosphere dedigher than 15 Wm?. Our dataset is representative of the
termines that the solar radiation upwelling irradiance in thethin and subvisible cirrus clouds. Also, note in the Table 2
TOA increases and the solar radiation downwelling irradi- that the three cirrus types have a higher effect at TOA than at
ance in the SFC decreases. These effects will increase &sFC.
the COD increases. There is a negative linear relation be- The negative sign and the linear relation with the optical
tween SCRF and the optical depth in broadband solar radepth of the SCRF are reported in the literature. Jensen et al.
diation, both at TOA and SFC, with-30 Wm 2 COD 1 (1994), report a negative sign of SCRF in the broadband so-
and —26 Wn12 COD™ 1, values for the slopes of the fits lar radiation, with values lower than80 W m2, for optical
with a correlation factor of 0.98. Also Fig. 5 shows that depth below 5. The authors show a linear relation between
the main contribution to this effect is in the near-infrared SCRF and lower values of the optical depth. The authors
band of the solar radiation. The average contribution tomade theoretical calculations with an ice crystal effective ra-
the broadband SCRF at TOA (SFC) is 85% (75 %) in thedius of 15 um, and a cloud altitude between 13 km and 15 km,
near-infrared band, 13% (22 %) in the visible band andin the case of tropical cirrus clouds.

2% (3 %) in the ultraviolet band. This main contribution

of the near-infrared band in the solar interaction with the

cirrus clouds is reported by Ramaswamy and Ramanathad Conclusions

(1989). The daily values of SCRF in the TOA (SFC),

for the broadband solar radiation, range fref@.8 W ni2 Lidar surface-based measurements collected in Caayag
(—0.9WnT?2)to —81.5WnT?2(—68.1 WnT?2), withmean  Cuba, were used in this study to determine the magnitude
value of—9.1 Wnr2 (—=5.6 W nT2). and nature of the effect of the cirrus cloud on solar radiation.

Table 2 compiles the mean, minimum and maximum val-In 132 single cirrus cases, lidar measurements were used in
ues of the SCRF at TOA and SFC for the different cirrus the radiative transfer simulations. Using these simulations’
cloud types, following the classification of Sassen and Choresults, we derived the diurnal cycle of the solar irradiances,
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heating rates, and SCRF verticals’ distributions in the atmo-Dupont, J.-C. and Haeffelin, M.: Observed instantaneous

sphere. Also, the daily mean values of the SCRF and heating cirrus radiative effect on surface-level shortwave and

rates were calculated. longwave irradiances, J. Geophys. Res., 113, D21202,
Cirrus clouds have a cooling effect at TOA and SFC. More _ d0i:10.1029/2008JD009838008. o

solar radiation escapes from the planet and less solar radig=: Q- An accurate parameterization of the solar radiative prop-

tion reaches the surface in the presence of cirrus clouds. The €S Of cirrus clouds for climate models, J. Climate, 9, 2058-

. . 2082, 1996.
magnitude of this effect depends on the COD and the Soi:reidenreich, S. M. and Ramaswamy, V.: A new multiple-band so-

lar elevation angle. Ther'e is a negative linear relation be- lar radiative parameterization for general circulation models, J.
tween SCRF and the Optlcal depth, both at TOA and SFC, Geophys. Res., 104(D24), 31389-31409, 1999.

with —30 W m2 COD__l and —26_ W2 COD™%, values Futyan, J. M., Russell, J. E., and Harries, J. E.: Determining cloud
for the slopes of the fits. The daily mean value of SCRF at forcing by cloud type from geostationary satellite data, Geophys.

TOA has an average value 6f9.1 W2 while at SFC it Res. Lett., 32, L0880H0i:10.1029/2004GL022272005.
is —5.6 W 2. The upward and downward flux densities at Haeffelin, M., Bartlés, L., Bock, O., Boitel, C., Bony, S., Bouniol,
TOA have a mean value of 91.1 Wrhand 322.2 Wm?, D., Chepfer, H., Chiriaco, M., Cuesta, J., Delénd., Drobinski,

respectively. Solar radiation flux densities have a similar P Dufresne, J.-L., Flamant, C., Grall, M., Hodzic, A., Hourdin,
behavior in the three spectral bands in relation to the opti- El-f_'jlaF\’/OUg?ﬁ_F-,kLng, IY MJathFu)c_au, A, gorgle, Y., Ea;d, C., ;
cal depth. The principal contribution is in the near-infrared ~ N°oeh V- O'Hirok, W., Pelon, J., Pietras, C., Protat, A. Romand,

spectral band. Cirrus clouds have mean daily values of the = Scialom. G., and Vautard, R.: SIRTA, a ground-based atmo-
P ) y spheric observatory for cloud and aerosol research, Ann. Geo-

heating rates 0.63 K day, ranging from 0.35 K day" to phys., 23, 262—27%/0i:10.5194/angeo-23-253-20005.

1.24 K day~. Jensen, E. J., Kinne, S., and Toon, O. B.: Tropical cirrus cloud
The diurnal cycles of the SCRF and heating rates in the so- radiative forcing: Sensitivity studies, Geophys. Res. Lett., 21,

lar radiation broadband have been calculated. A feature not 2023-2026, 1994.

reported before in the SCRF diurnal cycle has been foundKhvorostyanov, V. I. and Sassen, K.: Microphysical processes in

for the cirrus classified as thin and opaque, the maximum of cirrus and their impact on radiation: A mesoscale modeling per-

the SCRF is out of noontime. The threshold value of COD  spective, in Cirrus, edited by: Lynch, D., Sassen, K., Starr, D. O.

for the appearance of that feature in our dataset is 0.083. An C- and Stephens, G., Oxford University Press, 397-432, 2002.

explanation for this is the simultaneous variations of the re-M':‘fe’ G.,hBench;n,d_S.,_ an"\j/l Kato S.: CloFl)Jd radiat(i\:/lc_a forcirFLg at theh
lation of SCRF with COD and solar elevation angle. tmospheric Radiation Measurement Program Climate Researc
Facility: 2. Vertical redistribution of radiant energy by clouds,
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