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ABSTRACT

Six-year data (2006�2011) of short-wave (SW) radiation, aerosol optical depth and cloud fraction were used in

the evaluation of cloud radiative forcing (1-min data) at the surface in the SW spectral range at Granada

station (South-Western Europe). Three different systems were analysed in this study: cloud radiative forcing

(CRFSW), cloud�aerosol radiative forcing (CARFSW) and aerosol radiative forcing under cloudy conditions

(ARFSW). Average values of these variables presented a clear dependence on solar zenith angle (SZA),

for example, at SZA�308, the results were CRFSW��78 W m�2, CARFSW��100 W m�2 and

ARFSW��22 W m�2, and the values decreased to CRFSW��50 W m�2, CARFSW��69 W m�2 and

ARFSW��19 W m�2 at SZA�608. These three variables exhibited a similar pattern: they increased in the

absolute magnitude up to moderate SZAs and strongly decreased towards zero for high SZAs. The

hemispherical fractional sky cover (SCV) and the fractional sky cover inside the octant where the Sun is

placed (SCV-Sun) also played a key role in the determination of cloud forcing. As expected, the strongest cloud

effect appeared when clouds covered the Sun. However, when SCV-Sun was low or moderate and total SCV was

over 0.5, there was a high likelihood of enhancement occurrence (i.e., positive cloud forcing values). Finally,

the evolution of CRFSW values during a case study (ranging from �600 to �200 W m�2) with a wide variety

of cloud conditions could be explained by the temporal evolution of SCV and SCV-Sun.

Keywords: cloud radiative forcing, aerosol radiative forcing, cloudy scenario, short-wave range,

enhancement effect

1. Introduction

The climate system is defined as an interactive system

consisting of the atmosphere, Earth’s surface and biosphere

(Denman et al., 2007). It is powered by solar radiation

mainly in the short-wave (SW) spectral range up to 4 mm.

Radiation reaching the top of the Earth’s atmosphere

(TOA) can be absorbed, scattered and reflected back to

space by the atmospheric constituents (e.g., gases, clouds,

aerosols) and the Earth’s surface. To balance incoming

radiation, energy is emitted from the Earth as longwave

(LW) radiation, with a wavelength larger than 4 mm.

Clouds are the main factor involved in modulating the

energy balance (Ramanathan et al., 1989), because they can

reflect solar radiation back to space (albedo effect), absorb

a fraction of solar radiation, scatter the solar radiation to

Earth’s surface (scattering effect) and trap infrared radia-

tion emitted by both the surface and the lower troposphere,

re-emitting it to the Earth’s surface (greenhouse effect)

(Alados-Arboledas et al., 1995). The relationship between

these effects depends on many factors, including cloud

microphysical properties (Denman et al., 2007). The term

surface cloud radiative forcing (CRF) at the SW spectral

range (CRFSW) defines the change of the net SW radiation

at ground level that is due to variations in cloud conditions

(Ramanathan et al., 1989). An equivalent definition can be

applied to the surface CRF at the LW range (CRFLW).

Hence, the net surface CRF at the surface is the sum of

CRFSW and CRFLW.

Numerous studies have been focused on the evaluation

of net CRF, CRFSW and CRFLW; however, only a few of
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them were carried out using experimental ground-based

data. Intrieri et al. (2002) and Shupe and Intrieri (2004)

analysed the annual cycle of the net CRF in the Arctic and

their dependences on cloud fraction, cloud microphysical

properties and solar zenith angle (SZA). They found that,

generally, Arctic clouds warm the surface with a strong

effect of SZA, liquid water path and surface albedo. As

regards the hourly evolution of the CRFSW, Wacker et al.

(2011) and Dong et al. (2006) in Switzerland and the

United States, respectively, obtained the maximum cloud

radiative effect around solar noon because the Sun is

highest in the sky and the cloud shading effect is strongest.

The seasonal variation of monthly CRFSW averages in

the United States exhibits the extreme CRFSW values in

spring months (e.g., Gautier and Landsfeld, 1997; Dong

et al., 2006; Ebell et al., 2011). Hourly values of CRFSW

and CRFLW were studied by Berg et al. (2011) in the

United States as a function of fractional sky cover. These

two variables show different behaviours when the cloud

cover increases. SW forcing at surface, atmosphere and

TOA were evaluated by Mace et al. (2006) for overcast

conditions at the Atmospheric Radiation Measurement

Program � Southern Great Plains site, discovering that

CRFSW is a function of cloud type. Usually, satellite data

are used in the evaluation of CRF to obtain its geographi-

cal and seasonal trends (e.g., Su et al., 2008; Allan, 2011;

Taylor, 2012). Intercomparisons of several case studies

have shown a good agreement between the CRF derived

from satellite and ground-based data (e.g., Hanschmann

et al., 2012). Different radiative transfer models have also

been used to determine the effect of diverse atmospheric

variables on cloud forcing (e.g., Erlick and Ramaswamy,

2003; Kim and Ramanathan, 2008; Corti and Peter, 2009;

Andrews et al., 2010).

When CRFSW is obtained from experimental ground-

based data recorded under cloudy conditions, it is necessary

to estimate the equivalent values for cloudless sky condi-

tions. Following the analysis carried out by Erlick and

Ramaswamy (2003), there are different scenarios depending

on the variables used in the cloudless-sky modelling. If

aerosols are considered in these simulations, the forcing

evaluation can be exclusively related to clouds, that is,

CRFSW. However, if no aerosol information is used in the

model, the forcing is obtained for the cloud�aerosol system,

that is, cloud�aerosol radiative forcing (CARFSW). Other

variables, such as the water vapour profile within the cloud

layer exhibit less impact on forcing evaluation (Erlick and

Ramaswamy, 2003). Therefore, the aerosol radiative forc-

ing (ARFSW) under cloudy conditions can be evaluated as

CARFSW�CRFSW.

The uniqueness of this work is the simultaneous evalua-

tion of the CRFSW, CARFSW and ARFSW from experi-

mental data at the surface. In fact, few studies deal with the

impact of aerosols on radiative properties under cloudy

conditions (e.g., Erlick et al., 1998; Taylor et al., 2000) and,

to our knowledge, no studies about empirical estimations

of aerosol forcing under cloudy conditions are found in

the literature. Hence, the main aim of this study is to

characterise instantaneous forcing of the three systems

mentioned above. To this end, good estimations under

cloud-free conditions were proposed by using empirical

models. The role of SZA and the fractional sky cover inside

the octant where the Sun is placed (SCV-Sun) were also

analysed. A case study was useful to better explain the

cloud forcing at the Earth’s surface.

The article has the following structure: in Sections 2 and

3, a detailed description of the ground-based station and

the methodology, respectively, can be found. Section 4

shows the proposal and validation of the empirical cloud-

less models for SW radiation. The analysis of the CRFSW is

carried out in Section 5 including a statistical study, the

role of different variables, and a case study. Finally, the

conclusion section summarises the main results obtained in

this article.

2. Instruments and data

Ground-based data were measured at the radiometric

station located on the rooftop of the Andalusian Center

for Environmental Studies (CEAMA, 37.168N, 3.608W,

680 m a.s.l.) in Granada (South-Eastern Spain). This

ground-based station is equipped with a pyranometer

(CM-11, Kipp & Zonnen) for the measurement of global

(direct plus diffuse) solar irradiance from 0.305 to 2.8 mm
with a resolution of 1 minute. The CM-11 pyranometer is

fully compliant with the highest ISO performance criteria

for this type of instrument. According to Kratzenberg et al.

(2006), this type of pyranometer has a combined standard

uncertainty of 15 W m�2 for a global solar irradiance of

800 W m�2 (relative uncertainty of 1.9%). The stability of

the calibration factor is periodically verified using a

reference instrument at the study site, with variations below

1% (four intercomparisons were performed between March

2005 and June 2010).

A sun-photometer (CE-318-4, Cimel Electronique,

France), included in the NASA Aerosol Robotic Network

(AERONET) (Holben et al., 1998), is located near the

CM-11 pyranometer. The sun-photometer provides solar

extinction measurements in seven channels ranging from

340 to 1020 nm under cloud-free conditions. Sky radiances

in the solar almucantar configuration are measured at 440,

670, 870 and 1020 nm. The solar extinction measurements

are used to compute the aerosol optical depth (AOD) at

340, 380, 440, 670, 870 and 1020 nm (Holben et al., 1998).

The uncertainty ranges from90.01 in the infrared-visible

to90.02 in the ultraviolet channels (Eck et al., 1999). The
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daily values of AERONET level 2 data, the highest quality

AERONET data (Dubovik and King, 2000) of the aerosol

optical depth at 440 nm (AOD440 nm) were used in this

work. As in this study, we only needed a source of infor-

mation about the aerosol load in the atmosphere; this

variable was the simplest option to carry out this classifica-

tion. When persistent cloudy conditions were present

throughout a given day, and no Cimel measurements were

available, a linear interpolation between the next and pre-

vious daily AOD440 nm averages values was performed.

To ensure the applicability of this method, the longest

subset of consecutive CIMEL data during 2006 and 2011

was used. More than 40 daily AOD440 nm data were

obtained by the new method and compared with the

real AERONET data. As a result, the linear interpolation

methodology introduced an average uncertainty about

15%. This result is suitable for this study since it allows

more than 500 daily new data to be included in the analysis.

An All-Sky Imager was used to obtain images of the

whole sky dome in daytime every 5 minutes during the study

period (Cazorla et al., 2008a). This instrument is a custom

adaptation of a CCD camera for scientific use with a fish-

eye lens pointing at zenith and has been previously used for

cloud cover characterisation and retrieval of atmospheric

aerosol load (Cazorla et al., 2008b, 2009; Olmo et al., 2008).

In this work, the cloud cover was characterised by the

hemispherical fractional sky cover (SCV) and the fractional

sky cover inside the octant where the Sun is placed (SCV-Sun).

Values of these variables were supposed to be constant

during the 5 minutes and attributed to the SW radiation

data (1-min resolution).

3. Methodology

The instantaneous variation in cloud conditions produces

changes on the net SW radiation flux at the surface, being

the net flux the difference between the downwelling and the

upwelling surface flux. This is known as surface CRFSW

and can be derived from

CRFSW ¼ SW#
cloudy � SW"

cloudy

� �

� SW#
cloud�free � SW"

cloud�free
� �

: (1)

Assuming that SW" � a SW# with a the surface albedo,

CRFSW can be obtained from Ramanathan et al. (1989) as

follows:

CFRSW ¼ ð1� aÞ SW#
cloudy � SW#

cloud�free

� �
; (2)

where SW#
cloudy represents the experimental global solar

irradiance recorded at the surface under any cloudy con-

ditions and SW#
cloud�free corresponds to the global solar

irradiance for the same SZA but for cloud-free conditions

which were simulated by means of an empirical expression,

as explained in the next section. These simulated values

took into account the aerosols during cloudy conditions

and so the radiative forcing may be exclusively related to

clouds. Nevertheless, the forcing for the cloud�aerosol
system, that is, cloud�aerosol radiative forcing (CARFSW),

can be easily calculated if the global solar radiation is

modelled for aerosol-free and cloud-free conditions:

CARFSW ¼ 1� að Þ SW#
cloudy � SW#

cloud�aer�free

� �
: (3)

Finally, the aerosol radiative forcing (ARFSW) under

cloudy conditions was obtained as follows:

ARFSW ¼ CARFSW � CRFSW (4)

To establish the percentage of each forcing with respect

to the net SW radiation under cloud-free conditions, we

also evaluated the normalised cloud forcing (Sengupta

et al., 2004) as follows:

NCRFSW ¼ 100
CRFSW

SWnet
cloud�free

¼ 100
SW#

cloudy � SW#
cloud�free

SW#
cloud�free

(5)

NCARFSW ¼ 100
CARFSW

SWnet
cloud�aer�free

¼ 100
SW#

cloudy � SW#
cloud�aer�free

SW#
cloud�aer�free

(6)

NARFSW ¼ NCARFSW �NCRFSW (7)

The surface albedo used in eqs. (2) and (3) is a monthly

‘effective’ broadband albedo with values between 0.16

(January and December) and 0.20 (July, August and

September) which was derived from Strahler et al. (1999)

as follows:

a ¼

R2:8
0:305

aðkÞ EðkÞ dk

R2:8
0:305

EðkÞ dk

; (8)

where E(l) is the spectral solar irradiance at the surface

under cloud�aerosol-free conditions simulated by SBDART

code (Ricchiazzi et al., 1998) and a(l) is the spectral surface

albedo derived from the interpolation/extrapolation of

the monthly average spectral values given by the AERO-

NET at 440, 675, 870 and 1020 nm, calculated for Granada

station. As we were using broadband SW measurements in

the CRFSW and CARFSW evaluation by eqs. (2) and (3), the

use of the spectral surface albedo values was meaningless.

Hence, the ‘effective’ broadband surface albedo must be

calculated.
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4. Empirical SW model under cloud-free

conditions

In this section, an empirical model to obtain SW radiation

under cloud-free conditions was evaluated as a function of

the values of the SZA and AOD440 nm. We elaborated a list

of cloud-free days selecting those cases with SCV�0

(obtained by the All-Sky Imager) throughout the day. In

addition, a visual inspection of each day was carried out to

ensure real cloud-free conditions. The whole 1-min data

series under cloud-free conditions was divided into two

sub-groups. The period from January 2006 to December

2010 was used to construct the empirical model, while the

period from January 2011 to December 2011 was selected

for the validation process. In this way, CRF can be

evaluated for the whole database (January 2006�December

2011).

With the corresponding sub-group, the dataset was

classified as a function of the value of the AOD440 nm in

seven intervals: (0, 0.1], (0.1, 0.2], . . ., (0.5, 0.6] and

(0.6, 1.0]. For each class, a fit in the form of eq. (9) was

carried out.

SWcloud�free ¼ c1 þ c2 cos SZAþ c3 cos SZAð Þ2: (9)

This empirical model was already used for the estimation

of SW radiation in other studies (e.g., Mateos et al., 2010;

de Miguel et al., 2011). Table 1 shows the three fitting

coefficients (c1, c2 and c3) for each interval of AOD440 nm

that were obtained for this database. As can be observed,

each interval of aerosol load exhibits different coefficients,

which highlights the influence of atmospheric aerosols on

SW radiation.

The c1, c2 and c3 coefficients when 0BAOD440 nm50.1

(see Table 1) can be used to evaluate the SW radiation

under cloud- and aerosol-free conditions (SWcloud�aer�free).

The data from 2011 (not used in the previous calculation

of the fitting coefficients) were utilised to validate the

model proposed in eq. (1) and Table 1. In the validation

process, several statistical indices were evaluated:

bias ð%Þ ¼ 100

yave

Pn
i¼1

ðxi � yiÞ

n
; (10)

rmse ð%Þ ¼ 100

yave

Pn
i¼1

ðxi � yiÞ
2

n
(11)

where xi is the predicted i value, yi is the i measurement,

yave is the database average value of this variable and n is

the data number.

In addition, linear fits and the percentage of cases fal-

ling below 9i% of error (Wi%) were also calculated. For

instance, W10% is the percentage of cases with an error

B10%. Figure 1 shows the comparison between the

estimations under cloud-free conditions using eq. (9) and

the experimental data. The linear fit plotted in Fig. 1, and

the values of the other statistical estimators are presented

in Table 2. The analysis showed satisfactory results with

slope close to the unity, correlation coefficient r2�0.99 and

rmse of 4.6%, supporting the validity of the empirical

model used in this work. The results indicated that around

99% of the global solar radiation variability under cloud-

free conditions in Granada may be attributed to changes in

the SZA and the aerosol properties. Other variables, such

as atmospheric water vapour, seem to play a minor role. To

corroborate this topic, a simple sensitivity analysis was

performed with the libRadtran v1.6 model (Mayer and

Kylling, 2005) considering two ‘extreme’ values of both

AOD440 nm and precipitable water column (PWC) in the

atmosphere. The values of the aerosol load were 0.05 and

0.6, while the ones for PWC were 0.5 and 2.5 cm. These

figures included �97% of the daily data over this

measuring site. At SZA�208, the change on SW radiation

between the two cases of AOD440 nm was �75 W m�2,

while this value decreased (in absolute term) for the PWC

up to �59 W m�2. The impact of aerosol and water

vapour on SW radiation diminished at SZA�808: �44 W

m�2 when AOD440 nm passed from 0.6 to 0.05; and �13 W

m�2 when PWC changed between 2.5 and 0.5 cm. As

pointed out by Di Biagio et al. (2012), the change in SW

radiation due to water vapour does not follow a linear

relationship. In addition, the range of surface albedo of the

measuring site (0.16 and 0.20) had minimal impact on SW

radiation levels. Therefore, aerosol load resulted in the

main parameter in the cloud-free modelling for SW

radiation over Granada station.

Table 1. Values of c1, c2 and c3 (eq. 1) for each interval of

AOD440 nm

AOD440 nm interval c1 c2 c3 n

(0, 0.1] �8392 119798 �8997 3783

(0.1, 0.2] �8292 112297 �2496 5279

(0.2, 0.3] �8792 1059910 2398 2498

(0.3, 0.4] �8994 1004914 68912 803

(0.4, 0.5] �108911 1010950 50940 108

(0.5, 0.6] �8094 864916 170914 98

(0.6, 1.0] �6694 759917 267914 37

n is the number of data. Units in W m�2.
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5. Results and discussion

5.1. Statistics of CRFSW, CARFSW and ARFSW

In this section, the 1-min database (2006�2011) of the cloud
forcing was classified as a function of the SZA. Each

interval of SZA was taken with a width of 90.58. We

performed a complete statistical study between 14 and 808
of SZA at 18 steps. To facilitate the understanding, Table 3

shows the information obtained at two SZAs (308 and 608).
From these results, it can be seen that the distribution of

the three data series (CRFSW, CARFSW and ARFSW) is not

symmetric; the average and median value of each series

differ significantly, being the average value out of the

interval limited by the first and third quartiles. This result

may be related to the strong attenuation that presents the

surface solar radiation during overcast conditions (intense

negative cloud forcing) although these situations are less

common than cloudless and partially cloudy cases at the

study location (e.g., Foyo-Moreno et al., 2003). This

explanation was supported by the large values of the

standard deviation derived from the analysis, pointing

out a wide dispersion in the cloud forcing values at the

study site. This fact can be associated with different cloudy

conditions: diverse sky cover, the Sun covered or not

covered by clouds, and different cloud optical and micro-

physical properties. Table 3 also shows the statistical

parameters for the normalised cloud forcing (ratio of cloud

forcing to the cloud-free net global radiation) with average

values (in absolute value) around 11% for NCRFSW, about

14% for NCARFSW and below 3% for the NARFSW.

Due to the methodology used in this study, those cases

with AOD440 nm50.1 exhibited CRFSW�CARFSW, that

is, ARFSW�0, since SW#
cloud�free and SW#

cloud�aer�free were

identical in eqs. (2) and (3). Hence, the value of ARFSW�0

was the minimum absolute value of the aerosol forcing in

this study.

The average CRFSW values can be compared with pre-

vious studies. Wacker et al. (2011) obtained at local noon

cloud radiative effect between �167.4 and �456 W m�2

for different cloudy scenarios at Payerne (Switzerland).

Using hourly data, Shupe and Intrieri (2004) obtained

CRFSW between �200 and �20 Wn m�2 in the Arctic.

Dong et al. (2006) and Berg et al. (2011) recorded maximum

hourly CRFSW around �400 W m�2 in the United States.

At the same American ground-based station, Gautier and

Landsfeld (1997) evaluated the frequency distribution of

the hourly CRFSW, showing the maximum occurrence at

the interval 0 W m�2BCRFSWB�50 W m�2, but with

some periods presenting cloud forcing values reaching

�800 W m�2. Although cloud properties and time

resolutions were different in each study, all these values

seem to be in agreement. Instantaneous values of CRFSW

can reach stronger values than hourly values. The results

obtained for CRFSW in this study were obtained for a region

with a wide variety of SZA values (14�908) and aerosol load

with a high occurrence of desert dust intrusions from

Northern Africa (Valenzuela et al., 2012). However, surface

albedo did not exhibit great variations through the year;

hence, other sites with surfaces covered by snow cover or

high-latitude stations may present a stronger effect of

clouds due to the increase in the multiple scattering between

surface and cloud bases.

The instantaneous average values of the surface ARFSW

shown in our study, �22 and �19 W m�2 at 308 and 608
of SZA, respectively, can be compared with the values

under cloud-free conditions obtained by previous studies

at similar SZAs. In this sense, Valenzuela et al. (2012)

Fig. 1. Comparison of SW measurements and estimations by eq.

(1) and Table 1. Solid line is the linear fit and dashed line is the 1:1

line.

Table 2. Statistical estimators in the validation of SWcloud�free

model [eq. (1) and Table 1]

Variable Value

n 4512

SWmeasurements average 523 W m�2

SWcloud�free average 523 W m�2

Bias 0.35%

rmse 4.6%

W10% 86.3%

W30% 100%

Ordinate 3.4 W m�2

Slope 0.99

r2 0.99

n is the number of data, bias and rmse are given in eqs. (10) and

(11), W10% and W30% are the percentage of cases with an error

B10 and 30%, respectively, and r2 is the correlation coefficient of

a linear fit.
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analysed the aerosol forcing during desert dust intrusions

at Granada obtaining average values between �35 and

�50 W m�2 for 308BSZAB608. Meloni et al. (2005)

obtained values between �11 and �20 W m�2 depending

on SZA and aerosol conditions at Lampedusa Island in the

central Mediterranean Sea. The differences among the

obtained values lie in the different aerosol optical and

microphysical properties analysed in each study.

5.2. Role of the solar zenith angle on CRFSW,

CARFSW and ARFSW

To analyse the role of the SZA on the variation of the

cloud forcing values for different systems, Fig. 2 shows the

dependence of CRFSW, CARFSW and ARFSW on this vari-

able. The CRFSW exhibited the strongest (more negative)

values (around �80 W m�2) for small SZAs (15�308).

From these small SZA values, CRFSW decreased (in

absolute value) as SZA increased, with minimum CRFSW

values around �10 Wm�2 for SZA of 808. Additionally, it

was seen that the curve for CARFSW followed a similar

pattern, showing more negative radiative forcing for the

whole SZA range. The CRFSW evolution shown in this

study is in agreement with those presented by Shupe and

Intrieri (2004), although they studied the SZA dependence

from 50 to 908. Sedlar et al. (2011) also reported similar

CRFSW behaviour at a high-latitude sea ice drifting

observatory for SZA�708. As other authors found (e.g.,

Dong et al., 2006), the strongest (more negative) CRF

occurs at the smallest SZAs. This behaviour can be expected

since the maximum solar irradiance occurs at these angles

and clouds block the direct component of the incident

radiation. Hence, the effect at small SZAs was stronger in

absolute value than at higher SZAs.

Table 3. CRFSW (NCRFSW), CARFSW (NCARFSW) and ARFSW (NARFSW) 1-min statistics at 308 and 608 of SZA: average (ave),

standard deviation (SD), first quartile (q1), median (md) and third quartile (q3)

Variable CRFSW (NCRFSW) CARFSW (NCARFSW) ARFSW (NARFSW)

n 12620 (12620) 12620 (12620) 12620 (12620)

Ave �78 (�11) �100 (�14) �22 (�3)

SD 161 (23) 163 (23) 16 (2)
SZA�308

q1 �46 (�7) �75 (�10) �32 (�4)

md �23 (�3) �43 (�6) �12 (�2)

q3 �2.0 (�0.3) �20 (�3) �12 (�2)

n 31897 (31897) 31897 (31897) 31897 (31897)

Ave �50 (�13) �69 (�17) �19 (�4)

SD 124 (32) 124 (31) 17 (4)
SZA�608

q1 �122 (�32) �144 (�36) �36 (�5)

md �9 (�2) �31 (�8) �17 (�4)

q3 36 (9) 22 (5) 0 (0)

CRFSW, CARFSW and ARFSW are in W m�2, and NCRFSW, NCARFSW and NARFSW are in percentage.

Fig. 2. Evolution of the average values for CRFSW (a, with triangles), CARFSW (a, with diamonds), ARFSW (a, with circles), NCRFSW

(b, with triangles), NCARFSW (b, with diamonds), and NARFSW (b, with circles) as a function of solar zenith angle.
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Figure 2 also shows the ARFSW slightly increased (in

absolute value) from �20 W m�2 (SZA of 158) to �26 W

m�2 (SZA of 508). Beyond this point, there was a reversal of

this trend, reaching an ARFSW value of about �10 W m�2

for the largest SZA. At large SZA values (around 808),
ARFSW presented absolute values larger than CRFSW,

which is corroborated in the normalised values. This result

can be useful for sites experiencing large SZAs. To explain

the evolution of ARFSW as a function of the SZA, the

behaviour of the aerosol forcing under cloud-free condi-

tions should be considered. Meloni et al. (2005) showed

that the aerosol forcing under these conditions presents a

decreasing trend until 508�708 of SZA. The angle of the

maximum forcing decreases as the aerosol absorption

increases (i.e., for decreasing single scattering albedo), and

for increasing optical depth. Beyond this angle, the aerosol

forcing decreases (in absolute value) because the atmos-

phere is optically thick. This behaviour was also obtained

by other studies (e.g., Lyamani et al., 2006; Valenzuela

et al., 2012).

Meloni et al. (2005) also analysed the role of the aerosol

load on the aerosol forcing dependence on SZA. They

found that a large aerosol load produces a stronger SZA

dependence due to the longer photon path length under

these conditions. These phenomena can be extrapolated

under cloudy conditions, because the cloud presence

produces a longer optical path (see, e.g., Mateos et al.,

2011), and therefore, the largest ARFSW occurred at

308�508 of SZA, followed by a strong decrease in the

ARFSW trend towards zero. From 408 to 808 of SZA, the

ARFSW values underwent a decrease over 60%.

5.3. Role of the cloud cover on CRFSW

Different studies have evidenced the great influence of

cloud cover on different spectral components of the solar

irradiance over the study region (Alados et al., 1996, 2000;

Alados-Arboledas et al., 2003; Foyo-Moreno et al., 2003;

Esteve et al., 2010; Antón et al., 2011; Bilbao et al., 2011).

Furthermore, previous studies (e.g., Dong et al., 2006; Berg

et al., 2011) dealt with the dependence of cloud forcing on

fractional sky cover (SCV). They found that these variables

correlate by a non-linear function. In the database used in

this study, we selected two SZAs (308 and 608) to plot the

CRFSW dependence on SCV. Figure 3 shows the results

obtained by using average values at intervals of 90.05

units centred in SCV�0 (cloud-free), 0.1, 0.2, . . ., 0.9 and

1.0 (overcast) (the first and last intervals are 0�0.05 and

0.95�1, respectively). In this study, we corroborated the

non-linear relationship between CRFSW and SCV, that, is a

result of the non-linear function linking solar irradiance

and fractional cloud cover. As we know, the cloud

influence on solar radiation varies throughout the solar

spectrum (e.g., Alados-Arboledas et al., 2003; de Miguel

et al., 2011). We carried out this analysis at two different

SZAs and, as mentioned before, the CRFSW values were

smaller for the larger SZA. In addition, at both angles

CRFSW raised in magnitude with increasing SCV. For in-

stance, at SZA�608, CRFSW values changed from slightly

positive values for SCVB0.2 to��225 W m�2 at SCV�1;

while at SZA�308, CRFSW showed the maximum radia-

tive effects at SCV�1 with � �300 W m�2.

As noted by Berg et al. (2011), the large scattering in

each bin of SCV can be related to the variety of cloud

properties (cloud optical thickness, microphysical proper-

ties, cloud geometric thickness, and morphology, among

others) that affect SW radiation at the surface. To complete

the analysis with respect to the fractional sky cover, we also

tested the role of the fractional sky cover inside the octant

where the Sun is placed on the cloud forcing behaviour.

To this end, several values of the hemispheric SCV were

fixed. Figure 4 shows the dependence of the CRFSW on the

SCV-Sun at SZA�608 for each value of the hemispheric SCV.

For small values of this variable (0.1�0.3 in this figure), no

dependence on SCV-Sun was observed. This was probably

due to the small fraction of cloud cover and the cloud

position inside the Sun’s octant. However, when the total

cloud amount increased, positive CRFSW associated with

enhancement effects appeared when SCV-Sun is 0.5 (or less).

Particularly, a strong positive CRFSW is observed for

SCV�0.8. Thus, these cloudy conditions were the most

favourable for the reflection of SW radiation at the cloud

edges or multi-reflections between the cloud base and sur-

face, increasing the SW radiation levels at the surface com-

pared with the equivalent cloud-free situation (e.g., Cede

et al., 2002; Pfister et al., 2003). From SCV-Sun�0.7, CRFSW

increased its magnitude up to the case with the whole

octant covered by clouds. For these cases, clouds blocked

the direct component of SW radiation and produced a

Fig. 3. CRFSW as a function of SCV at 308 (line with circles) and

608 (line with triangles) of solar zenith angle. Vertical bars are the

standard deviation of each interval (see text).
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strong attenuation on the global radiation at the surface.

All of the cases presenting SCV]0.5 were selected to

evaluate the percentage of probability of enhance-

ment effect occurrence, which was defined in this study as

those cases where CRFSW�100 W m�2. These cases were

grouped into two sub-sets: SCV-Sun50.6 and SCV-Sun�0.6.

As a result, �18% of the cases with SCV-Sun50.6 and

SCV]0.5 presented enhancement effect, while the percen-

tage strongly decreased up to 3.4% for conditions of

SCV-Sun�0.6 and SCV]0.5. Therefore, a clear dependence

of cloud forcing on SCV-Sun can be established because

CRFSW values passed from positive to negatives values for

large SCV.

5.4. Case study

A case study with different cloudy conditions throughout a

day is useful to better understand the evolution of cloud

forcing under cloudy conditions. One of the most interest-

ing radiative effects for cloud studies is the enhancement

effect. Hence, to identity these enhancement cases, we used

a similar methodology to those explained in detail by

Antón et al. (2012). On 3 April 2007, cloud-free conditions

followed by cloudy periods and a small amount of aerosol

load occurred. To minimise possible error sources in the

cloud-free modelling for this case study (see Section 4),

all cloud-free SW measurements (no more than 1 okta)

recorded during the analysed day were considered to

elaborate an exclusive cloud-free empirical model to

estimate cloud-free SW data for the whole day. In this

way, differences emerging from the variability of aerosol

properties (optical thickness, single scattering albedo, and

asymmetry factor, among others), precipitable water col-

umn, total ozone column and other gases in the atmosphere

were almost negligible. Figure 5 shows the evolution of the

SW radiation and the estimation under cloud-free condi-

tions for the study day. As can be observed, there was an

excellent agreement, as can be expected, between the

empirical data derived from the model and the experi-

mental data for cloud-free conditions. Although, it is also

evident that the surface SW radiation presented values

higher than the cloud-free estimations during some inter-

vals due to enhancement effects. In particular, the period

between 11-h and 15-h UTC presented different cloudy

conditions. Hence, Fig. 6 shows the evolution of CRFSW,

SCV and SCV-Sun during this period. In B4 h, SCV values

were �0.5 and SCV-Sun varied between 0 and 1. CRFSW

showed a large variability during this period: maximum

values around �200 W m�2 and minimum values around

�600 W m�2. Therefore, enhancement and reduction

effects in the levels of SW radiation at surface were

detected. In Fig. 6, we marked some periods that corre-

spond with the sky photos shown in Fig. 7. As can be

observed, several enhancement effects were observed, some

of them present for relatively long durations. For instance,

during 8 minutes, we observed an enhancement over 100 W

m�2 (with respect to the cloud-free case) between 13:01-h

and 13:09-h UTC [position (3) in Fig. 6]. The variability

observed in CRFSW, with values above and below zero

changing in short time periods, can be explained by the

evolution in cloud cover (Fig. 6, middle and bottom

panels). At the beginning of the period shown in Fig. 6,

CRFSW presented positive values. These enhancement

effects corresponded with values of intermediate SCV and

an increasing SCV-Sun trend between 11-h and 12-h UTC.

From 12:00-h to 13:00-h UTC, we observed broken cloud

Fig. 4. CRFSW as a function of SCV-Sun at SZA �608. Different

symbols are the different values of the hemispheric SCV. The grey

dotted line is the CRFSW�0 case.

Fig. 5. Evolution of SW radiation measurements and cloud-free

estimations.

8 D. MATEOS ET AL.



conditions [see the sky images in (1) and (2) in Fig. 7] with

fast changes between enhancement and reduction effects.

When the SCV-Sun showed values close to one, the solar disk

was obscured by clouds, and the levels of SW radiation

decreased considerably (CRFSWB�400 W m�2). The

strongest enhancement case occurred around 13:00 UTC,

which presented a total cloud cover of �6 oktas and a

fractional sky cover in the Sun’s octant of �0.6 [see sky

image in (3) in Fig. 7]. These conditions corroborated the

results obtained in the previous section (Fig. 4) about

the positive values of cloud forcing for intermediate hemi-

spheric SCV and intermediate SCV-Sun cases. After the

enhancement case, both SCV and SCV-Sun increased towards

one (see sky image in (4) in Fig. 7). From 14-h UTC, the

cloud amount decreased and SCV-Sun again presented

variability in the range 0.1�0.8, that is, enhancement and

reductions in an alternative way.

6. Summary and conclusions

Experimental observations of SW radiation, AOD440 nm,

and cloud properties are used to evaluate 1-min cloud

forcing values in a ground-based station located in

Granada (Spain) for six years (2006�2011). An empirical

cloud-free model of SW radiation as a function of the

aerosol load is proposed and validated, obtaining very

good results. From this empirical model, the cloud forcing

and the cloud�aerosol radiative forcing are evaluated.

Additionally, the aerosol radiative forcing under cloudy

conditions can be derived from the subtraction of these

Fig. 6. Evolution of CRFSW, SCV and SCV-Sun for the case study analysed in this study on 3 April 2007. Vertical dashed lines point out

four positions that correspond with the sky photo shown in Fig. 7. Horizontal dashed line in the upper panel points out CRFSW�0.
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two variables. The average values for the database used

in this study are, for example, CRFSW��78 W m�2,

CARFSW��100 W m�2, and ARFSW��22 W m�2 at

SZA�308, and CRFSW��49 W m�2, CARFSW��67

W m�2, and ARFSW��19 W m�2 at SZA�608. The
percentage of each cloud forcing with respect to cloud-free

conditions is around 10% for CRFSW and CARFSW, and

B2% for ARFSW. The statistical analysis shows that the

cloud forcing does not follow a symmetric distribution.

CRFSW, CARFSW and ARFSW exhibit a clear dependence

on SZA. These variables increase their value (in absolute

magnitude) up to moderate angles. Beyond this point,

the values tend towards zero with a very sharp evolution.

Cloud forcing dominates, in general, over the aerosol

impact. However, ARFSW is larger (in absolute term)

than CRFSW at large SZA. In addition, cloud cover

presents a strong influence on cloud forcing. As expected,

the strongest cloud effect appears with high hemispherical

fractional sky cover. Another interesting variable, which

exhibits great influence on cloud forcing, is the amount

of clouds inside the octant where the Sun is placed.

We studied the influence that this variable presents for a

fixed value of fractional sky cover. The results showed that

SCV-Sun is a determinant when the fractional sky cover

presents moderate or large values. Under these conditions,

when the Sun’s octant presents low values of cloud

fraction, there is a high probability of enhancement case

occurrence. However, when the SCV-Sun increases, the cloud

forcing becomes negative. For instance, 18% of the cases

showing SCV-Sun50.6 and SCV]0.5 present CRFSW�100

W m�2. This percentage is only 3.4% for the cases of SCV-

Sun�0.6 and SCV]0.5. Finally, a case study with a high

variability of cloudy conditions during four hours is also

analysed. The evolution of the cloud fractions (hemispheric

and in the Sun’s octant) explains all of the variability

in the cloud forcing values which pass from positive (�200

W m�2) to negative values (around �600 W m�2).
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Wacker, S., Gröbner, J., Nowak, D., Vuilleumier, L. and
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