
Atmospheric Research 102 (2011) 452–459

Contents lists available at SciVerse ScienceDirect

Atmospheric Research

j ourna l homepage: www.e lsev ie r .com/ locate /atmos
Effects of cirrus cloudiness on solar irradiance in four spectral bands

A. Kazantzidis a,⁎, K. Eleftheratos b,c, C.S. Zerefos b,c

a Laboratory of Atmospheric Physics, Department of Physics, University of Patras, Greece
b Laboratory of Climatology & Atmospheric Environment, Faculty of Geology & Geoenvironment, N.K.U.A., Greece
c Biomedical Research Foundation, Academy of Athens, Greece
a r t i c l e i n f o
⁎ Corresponding author.
E-mail address: akaza@upatras.gr (A. Kazantzidis)

0169-8095/$ – see front matter © 2011 Elsevier B.V. A
doi:10.1016/j.atmosres.2011.09.015
a b s t r a c t
Article history:
Received 3 April 2011
Received in revised form 28 September 2011
Accepted 28 September 2011
The impact of cirrus cloudiness on solar irradiance is estimated with the use of a cloud clima-
tology (coverage, optical thickness) and a radiative transfer model. The change in irradiance in
four spectral bands (shortwave, photosynthetically active radiation and ultraviolet A and B in-
tegrals) due to cirrus clouds at different height levels between the cloud base and the ground is
examined for different solar zenith angles. The disproportionate role of the cirrus cloud layer,
due to the different contribution of the direct and the diffuse irradiance components, is
revealed. The average effect of cirrus clouds on solar irradiance is, in many cases, comparable
with the measuring uncertainties of remote sensing instruments. This result indicates that, the
detection of cirrus clouds and the determination or parameterization of their optical properties
will significantly reduce the uncertainty of tropospheric measurements of several atmospheric
constituents.
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1. Introduction

Cirrus clouds are the most common type of high-level
clouds forming in the vicinity of the tropopause. They are op-
tically thin, non-black, high, cold clouds composed of ice
crystals. Along with low marine stratus clouds, they are the
principal cloud type controlling the Earth's radiation budget
(Lynch, 1996). Thin cirrus clouds are of significant climato-
logical importance, because they produce net heating of the
planet. Their relatively large particles scatter sunlight effi-
ciently into the forward (downward) direction and, thus,
they do not prevent sunlight from reaching the Earth. In the
thermal infrared, ice is highly absorptive (and thus highly
emissive) and it reradiates part of the energy it receives
from the Earth back to the planet (Liou, 1986).

The radiative effects of natural and manmade cirrus
clouds have been studied extensively in recent years with
the use of various datasets, model calculations and parame-
terizations (e.g. Ramanathan et al., 1989; Meerkötter et al.,
.
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1999; Edwards et al., 2007; Lee et al., 2009; Min et al., 2010;
Burkhardt et al., 2010). Those studies revealed the significant
influence of cirrus clouds in the propagation of solar and in-
frared radiation in the atmosphere, but indicated also the
limitations of the available observing techniques. As a result,
the parameterization of cirrus radiative properties for use in
global or regional models is accompanied by relative high un-
certainties (Liou, 2005).

Although cirrus clouds are expected to affect quite signif-
icantly the radiative forcing at the tropopause, their impact
on the vertical distribution of spectral radiation in the tropo-
sphere has been slightly examined. Wendisch et al. (2001)
and Pilewskie et al. (2003) tried to estimate the effect of
clouds over the solar wavelength range, despite the inevita-
ble measurement uncertainties like the need for accurate
time synchronization of measurements for heterogeneous
clouds. Schmidt et al. (2007) compared cirrus cloud retrievals
from satellite and airborne instruments with the use of a
three dimensional radiative transfer model and suggested
the need for more systematic spectral irradiance and radi-
ance measurements. In a more recent study (Schmidt et al.,
2010), the spectral shape of measured apparent absorption
in heterogeneous ice clouds was examined.
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In the present study, we use 24 years of data from the In-
ternational Satellite Cloud Climatology Project (ISCCP) and
analyze the impact on solar irradiance from the existence of
cirrus clouds. To avoid difficulties and uncertainties that are
introduced in measurements and model calculations, we
use a spectral radiative transfer model to calculate the per-
centage changes of irradiance in four spectral bands (from ul-
traviolet to shortwave) due to cirrus clouds. The goal is to
investigate, for the first time, the changes in solar irradiance
at different heights in the troposphere induced by natural
and manmade cirrus clouds and underline the importance
of accurate detection methods and parameterizations to re-
duce the uncertainties of remote sensing measurements and
model calculations.

2. Cirrus cloud data

The cloud dataset analyzed in this study is produced by the
International Satellite Cloud Climatology Project (ISCCP)
(Rossow and Schiffer, 1991, 1999). The data are based on ob-
servations from a suite of operational geostationary and polar
orbiting satellites and contain detailed information about the
distribution of cloud radiative properties and their diurnal
and seasonal variations. Visible (VIS) radiances are used to re-
trieve the optical thickness of clouds and infrared (IR) radi-
ances to retrieve cloud top temperature and pressure. The
D2 dataset, used in this study, has a spatial resolution of
280 km (~2.5° at the equator) and providesmonthly averages
of cloud properties from fifteen different cloud types. The de-
rived cloud types are based on radiometric definitions that
rely on cloud optical thickness and cloud top pressure. Cirrus
clouds are defined as thosewith optical thickness less than 3.6
and cloud top pressure less than 440 hPa. In this study, we use
the cirrus cloud data for two months (January and July) dur-
ing the 1984–2007 time period and examine the effect on ir-
radiance. ISCCP cirrus cloud data have been widely used in
several studies (e.g., Stordal et al., 2005; Eleftheratos et al.,
2007; Zerefos et al., 2007). High clouds from ISCCP have
been compared extensively (Rossow and Schiffer, 1999)
Fig. 1. Aviation fuel consumption (Mg) at about 9–10 km height for the month of Ju
regions with high and low air traffic in which the impact of cirrus clouds have been s
air traffic region (45°N–60°N, 60°W–130°W). Europe: high air traffic region (40°N–
North Atlantic: high air traffic region (40°N–60°N, 10°W–60°W), adjacent low air t
(45°N–60°N, 145°E–130°W), adjacent low air traffic region (30°N–45°N, 145°E–130
against satellite datasets from the Stratospheric Aerosol Gas
Experiments (SAGE, Liao et al., 1995) and the High-Resolution
Infrared Sounder (HIRS, Jin et al., 1996; Stubenrauch et al.,
1999). According to those studies, the total VIS/IR high cloud
optical depth is underestimated by 0.05–0.1 in the ISCCP.

Eight regions have been intentionally selected in order to
include the effect of both natural and contrail cirrus on solar
irradiance. By examining the fuel emissions at cruising alti-
tude (about 9–10 km), we determined adjacent regions
over the Northern Hemisphere, which correspond to differ-
ent air traffic load. The selected regions correspond to the
USA, Europe, North Atlantic and North Pacific high and low
air traffic corridors and are shown in Fig. 1. The air traffic
density was examined by analyzing the aviation fuel con-
sumption inventory in the year 2000 from the Integrated Pro-
ject QUANTIFY (http://ip-quantify.eu).

It would be expected that persistent contrails would in-
crease cirrus cloud cover over regions with high traffic,
when compared to areas with lower air traffic. This has been
already examined in previous studies (Zerefos et al., 2003;
Stordal et al., 2005). For the selected regions of this study,
the average values of cirrus cloud cover and optical depth
for January and July, are presented in Fig. 2. Higher values of
cloud cover are revealed over the regions with high traffic
only in July. In January, however, they are less, when com-
pared with the values over the low air traffic regions. Similar
values of cirrus optical depth are revealed, over high and
low air traffic regions, during January. In contrast, increased
values of optical depth are shown during July over the high
air traffic regions. This result could be a consequence of differ-
ent cloud climatology in different regions of the Earth. It is out
of the scope of this study to examine the reasons of the above
mentioned differences, since there are many other factors
that contribute to changes in cirrus clouds.

3. Model calculations

In this study, the LibRadtran v1.4 software package (www.
libradtran.org, Mayer and Kylling, 2005), was used. LibRadtran
ly (source: QUANTIFY 2000 emissions inventory). Rectangles correspond to
tudied. USA: high air traffic region (30°N–45°N, 60°W–130°W), adjacent low
60°N, 10°W–40°E), adjacent low air traffic region (20°N–40°N, 10°W–40°E).
raffic region (20°N–40°N, 10°W–60°W). North Pacific: high air traffic region
°W).
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Fig. 2. Time series of average cirrus percentage (%) coverage (upper panel)
and optical depth (lower panel) in January and July over the selected high
and low air traffic regions (ATR).
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has been successfully validated in several model intercompari-
sons (e.g. van Weele et al., 2000; Cahalan et al., 2005), com-
pared with ground-based measurements (e.g. Bernhard et al.,
1998, 2006; Blumthaler et al., 2008), used in synergy with air-
borne measurements (e.g. Webb et al., 2004; Wendisch et al.,
2004; Ehrlich et al., 2009) and satellite estimations (e.g. Borde
and Verdebout, 2003; Meerkötter and Bugliaro, 2009; Loyola
et al., 2010). The model has also been used for the derivation
of aerosol (Kylling et al., 1998; Bais et al., 2005; Meloni et al.,
2006) and cloud properties (e.g. Kazantzidis et al., 2001; Cerdena
et al., 2007; Kokhanovsky et al., 2007). Based on LibRadtran, the
Contrail Cirrus Prediction Tool (CoCiP) has been developed to
simulate contrail cirrus, regionally or globally, based onMeteosat
data (Schumann, 2010; Schumann et al., 2009).

For the present study, the radiative transfer equation
was solved with the DISORT 2.0 algorithm running with 16
streams. The solar irradiance between 290 and 3000 nm
with 1 nm step and resolution, based on the extraterrestrial
spectrum of Kurucz (1992), was calculated at 1 km step
heights, between the ground and the 12 km. The winter and
summer Air Force Geophysical Laboratory (AFGL) standard
atmospheric vertical profiles of pressure, temperature,
ozone, water vapor and other trace gasses over midlatitudes
were respectively used for January and July (Anderson et al.,
1986). For each region, climatological values of spectral opti-
cal properties, derived from the AeroCom project (Kinne
et al., 2006), and the vertical profile of Shettle (1989) were
accounted for aerosols.
The model runs were performed with and without a layer
of cirrus clouds. In both cases, the spectral irradiance calcula-
tions were performed at the same height steps and with the
same set of input parameters. Since the cloud coverage can-
not be inserted in 1-D model calculations, the irradiance de-
rived from the following parameterization:

I λð Þ ¼ N � ICL λð Þ þ 1−Nð Þ � ICF λð Þ

where:

I(λ): the spectral irradiance, needed for this study, at
wavelength λ

N: the cloud coverage
ICL(λ)= the spectral irradiance under cloudy (overcast)

conditions
ICF(λ)= the spectral irradiance under cloud-free conditions.

The modeled spectra were integrated over four spectral
regions, ultraviolet A and B (UVA and UVB), photosyntheti-
cally active radiation (PAR) and shortwave (SW), and the
percentage (%) differences between cloudy and cloud-free
conditions were calculated. The use of percentage differences
was selected instead of absolute values, since close to the
ground the latter are affected by the use of different values
for aerosol optical properties and surface albedo at each
region.

The average cirrus cloud cover and optical depth values
used in this study are presented in Table 1. The non-linear ef-
fect of cloud optical depth on the extinction of solar irradi-
ance was taken into account by using the ISCCP cloud data
for each month, year and region as input to the radiative
transfer calculations. Then, the average irradiance values dur-
ing the selected time-period and the percentage differences
between cloudy and cloud-free scenarios were calculated.
The Fu (1996) parameterization was used for the estimation
of the cloud optical properties over the 290–3000 nm spec-
tral region. The cloud layer was placed between 9 and 10 km.

In the above mentioned parameterizations, the differ-
ences between contrail and natural cirrus clouds were not
taken into account. These differences mainly include the spa-
tial geometry, the effective ice particle sizes and shapes and
they are also responsible for different 3-D radiative transfer
effects. The separation between natural and anthropogenic
ice clouds still remains a large source of uncertainty and ad-
ditional studies about the spectral properties of contrails, de-
rived from ground-based measurements or satellite images,
have been suggested (Yang et al., 2010). Additionally, the 3-
D radiative transfer codes have been recently used only in
the frame of specific experimental campaigns, providing ad-
vanced microphysical and radiative properties of ice clouds,
and validated against detailed radiation measurements
(O'Hirok and Gautier, 2003; Schmidt et al., 2007, 2010).

4. Results

The percentage (%) difference of irradiance under cloudy
and cloud-free conditions was calculated, in order to examine
the effect of cloudiness in four spectral bands (UVB, UVA,
PAR, SW). It was derived from individual radiative transfer
runs for January and July, based on cloud properties

image of Fig.�2


Table 1
Average percentage coverage and optical depth of cirrus clouds for the period 1984–2007 in January and July over selected high and low air traffic regions (ATR)
used as input to the radiative transfer calculations.

January July

Cirrus cover (%) Optical depth Cirrus cover (%) Optical depth

Region High ATR Low ATR High ATR Low ATR High ATR Low ATR High ATR Low ATR

USA 15.9 16.5 0.99 0.96 20.5 18.6 0.80 0.79
Europe 7.2 7.4 1.02 1.04 11.0 6.0 0.81 0.63
N. Atlantic 10.5 12.1 0.98 0.77 9.6 8.1 1.09 0.57
N. Pacific 7.8 10.2 1.17 1.38 5.5 6.9 1.76 1.30
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(coverage, optical depth) and averaged over the whole time
period (1984–2007) for the selected regions. All results are
presented for three solar zenith angles (40°, 60°, 80°) for Jan-
uary and four angles for July (20°, 40°, 60°, 80°).

The calculated differences are summarized at two levels,
the ground and the cloud base. The minimum and maximum
percentage (%) decreases of UVB, UVA, SW irradiance and
PAR, derived from model calculations over all selected re-
gions, due to cirrus cloudiness at these two levels, are pre-
sented in Table 2.

In UVB, similar differences are calculated for both months
and same solar zenith angles. At the cloud base, they range
between 0.5 and 2.2% in January and between 0.3 and 2.4%
in July, while the differences are minimum (below 0.5%) for
20° in July. At the ground, all differences between the
cloud-free and the cloudy skies are less than 1.6%. In UVA,
the greatest differences are revealed also at the cloud base
and reach almost 1% for 20° and 40° and 2% for 60°. At 80°,
the differences range between 1.3 and 4.5%. The UVA differ-
ences are similar in magnitude for 20° and 40° when com-
pared with the results for the UVB region. However, they
become higher for 60° and almost double for 80°, revealing
the effect of increased percentage of the direct component
in UVA irradiance above the cirrus clouds. In this case, more
UVA photons penetrate longer optical paths inside the cloud
and are scattered away. The UVB direct irradiance is also
strongly attenuated inside the cloud, but the diffuse part,
which is dominant, is less affected. Most of the difference be-
tween the irradiances in the two UV bands at the cloud base
is covered in the lower troposphere, due to the increased ab-
sorption and scattering of the UVB photons. As a result, their
Table 2
Minimum and maximum decreases of UVB, UVA, SW irradiance and PAR at the clou
gions due to cirrus cloudiness. Results are presented for four solar zenith angles (S

UVB UVA

SZA (°) Cloud base Ground Cloud base Ground

January
20 – – – –

40 0.5–1.2 0.7–1.6 0.5–1.0 0.6–1.5
60 0.8–1.8 0.7–1.6 0.9–2.1 0.8–1.8
80 0.8–2.2 0.7–1.6 1.4–3.8 0.8–1.8

July
20 0.1–0.5 0.4–1.5 0.2–1.1 0.4–1.5
40 0.3–1.1 0.4–1.6 0.3–1.1 0.4–1.5
60 0.8–1.9 0.7–1.6 0.5–2.2 0.5–1.9
80 0.6–2.4 0.4–1.6 1.3–4.5 0.4–1.9
percentage difference at the ground, due to cirrus clouds, is
less than 0.3%.

The above described effect in more pronounced in PAR.
For both months and lower solar zenith angles, the calculated
differences are similar in magnitude with those in UVA. How-
ever, increased differences (up to ~6 and ~3% at the cloud
base and the ground respectively) are revealed for higher
solar zenith angles. The greatest percentage differences are
revealed in SW irradiance. At the cirrus cloud base, the max-
imum decrease is ~1.5% for the lower solar zenith angles. At
60° and 80° the maximum differences reach 3% and 7.3%
respectively.

The disproportionate role of cirrus clouds on the extinc-
tion of solar irradiance in the selected spectral bands, due to
the different contribution of the direct and the diffuse irradi-
ance components, is presented in Figs. 3 and 4 for two solar
zenith angles (80° and 40° respectively). In Fig. 3, the per-
centage decreases of SW and UVB irradiance at different
height levels (0–12 km), due to the cirrus cloudiness (rela-
tive to cloud-free irradiance), are presented. The decrease at
the cloud base (9 km), due to cloudiness, is more pronounced
in SW irradiance. Although it becomes considerably less at
the ground, at least two thirds of the estimated decrease at
the cloud base is still evident at 2 km. In contrast, the esti-
mated difference in UVB at the cloud base is decreased in
the next 3–4 km below the cloud layer and, then, remains al-
most stable between the 5 km and ground level. The calculat-
ed differences due to cloudiness for PAR and UVB are
presented in Fig. 4 for a moderate solar zenith angle (40°).
In this case, the calculated decrease in PAR at the cloud base
is slightly increased at all heights down to the ground levels.
d base and the ground, derived from model calculations over all selected re-
ZA) and two months (January, upper panel, and July, lower panel).

PAR SW

Cloud base Ground Cloud base Ground

– – – –

0.6–1.4 0.5–1.6 0.5–1.6 0.8–1.7
1.1–2.6 1.1–2.4 1.1–2.8 1.2–2.6
2.3–5.8 1.3–2.9 2.2–6.4 1.6–3.7

0.2–0.8 0.3–1.2 0.2–1.1 0.3–1.3
0.3–1.4 0.4–1.6 0.4–1.6 0.4–1.7
0.6–2.8 0.6–2.6 0.7–3.0 0.7–2.8
1.7–6.6 0.8–3.4 1.8–7.3 1.0–4.0
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Fig. 3. The percentage (%) decrease of SW (left panel) and UVB (right panel) irradiance over the selected regions during January for a solar zenith angle of 80°, at
different height levels, as derived from the model calculations. The cloud layer was placed between 9 and 10 km.
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However, due to the enhanced scattering of UVB irradiance,
the effect of the cirrus cloud layer is more evident at the
ground.

These results correspond to the average effect of cirrus
cloudiness over the selected regions on solar irradiance in the
four spectral bands. A significantly increased effect is expected
over regions with enhanced cirrus cloudiness or during days
where the cloud coverage is higher than its mean value. Even
with this average situation, cirrus clouds could substantially af-
fect, if correctly accounted for, the quality of the results derived
from ground-based measurements and the estimates from
satellite instruments and model calculations. In most of the
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Fig. 4. The percentage (%) decrease of PAR (left panel) and UVB (right panel) irrad
different height levels, as derived from the model calculations. The cloud layer was
examined cases of this study, the effect of cirrus in solar irradi-
ance is detectable, since it is close to the measurement uncer-
tainties of quality controlled spectroradiometers (e.g. Bais et
al., 2001; Grobner et al., 2005; Garane et al., 2006), narrowband
radiometers (e.g. Dubovik and King, 2000; Hoiskar et al., 2003;
Hülsen et al., 2008; Johnsen et al., 2008) and broadband instru-
ments (e.g. Fairall et al., 1998). If cirrus cloudiness is neither
detected nor introduced correctly in processing algorithms of
thesemeasurements, it could add significantly on themeasure-
ment uncertainties of several atmospheric constituents and es-
pecially aerosol optical properties (e.g. Smirnov et al., 2000;
Carlund et al., 2003; Kazadzis et al., 2010). The scattering of
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-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

0

2

4

6

8

10

12

H
E

IG
H

T
 (

km
)

USA high
USA low
NA high
NA low
EUR high
EUR low
NP high
NP low

Radiative Quantity: UVB
Month: July
Solar Zenith Angle: 40 deg.

iance over the selected regions during July for a solar zenith angle of 40°, a
placed between 9 and 10 km.
t

image of Fig.�3


457A. Kazantzidis et al. / Atmospheric Research 102 (2011) 452–459
solar radiation by cirrus clouds often contaminates aerosol
products retrieved from remote sensing instruments using
channels located in the visible and near-IR spectral region and
leads to the overestimation of aerosol optical depth and the un-
derestimation of the Angstrom exponent (Gao et al., 2002).

Similar implications are expected in remote sensing from
space of the total amount and vertical profile of tropospheric
pollutants (Fishman et al., 2008). In many instances, the
cloud masks fail for cases of thin cirrus, due to the fact that
passive sensors find it difficult to distinguish in the visible
or infrared wavelength range the relatively small signal of
thin cirrus from background surface effects. Cloud edges
cause further difficulty, since the instrument field of view is
not always completely cloudy or clear (Dessler and Yang,
2003; Ackerman et al., 2008; Holz et al., 2007; Lee et al.,
2009; Meyer and Platnick, 2010).

Since cirrus clouds cover about 30% of the globe (e.g. Wylie
and Menzel, 1999; Stubenrauch et al., 2006), they play an im-
portant role in the climate system. Thin cirrus clouds usually
cause a positive radiative forcing at the top of the atmosphere,
while thick cirrus clouds may produce cooling (Stephens and
Webster, 1981; Fu and Liou, 1993; Fahey and Schumann,
1999; Boudala et al., 2007). Due to the significant uncertainties
regarding their radiative and climate effect (Intergovernmental
Panel on Climate Change, in Climate Change, 2007), the evalu-
ation of cirrus parameterizations for the computation of radia-
tive flux computations in climate models is a field of on-going
research (Stubenrauch et al., 2007; Myhre et al., 2009;
Hendricks et al., 2010; Wang and Penner, 2010).

The above-mentioned differences in model derived irradi-
ance due to cirrus cloudiness indicate that, when cirrus
clouds are present, their distribution and optical properties
must be well known for accurate model calculations or
high-quality airborne measurements in the troposphere, es-
pecially for high solar zenith angles.

5. Conclusions

In the present study, we used cirrus cloud data (optical
depth and coverage) from the ISCCP during the 1984–2007
time period as model inputs in a spectral radiative transfer al-
gorithm. Our aim was to estimate, for the first time, the impact
of cirrus clouds on selected solar irradiance integrals (UVB,
UVA, PAR and SW) at different heights in the troposphere.

Themagnitude of the calculated differences depends on the
selected solar zenith angle and is generally minimum in UVB
andmaximum in SW. Although the results refer to average cir-
rus cloud conditions, they are, in many cases, comparable with
the typical measurement uncertainties of ground-based or sat-
ellite instruments. According to the instrument accuracy and
the processing algorithms used, the development of suitable
detection methods and parameterizations of cirrus optical
properties is recommended, in order to reduce the uncer-
tainties in calculations of atmospheric constituents (especially
aerosols) in the troposphere. The development of newobserva-
tional capabilities (from ground and space) has already led to
new insights into atmospheric processes and the focus on the
determination of cirrus cloud properties should be a near-
termpriority. In thisway, both the improved accuracy in tropo-
spheric measurements and the adequate evaluation of cirrus
impact on climate would be fulfilled.
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