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Abstract. The monitoring of aerosol concentrations com-
prises a high environmental priority, particularly in urban ar-
eas. Remote sensing of atmospheric aerosol optical thickness
(AOT) could be used to assess particulate matter levels at the
ground. However, such measurements often need further val-
idation. In this study, aerosol data retrieved from satellite and
sun-photometer, on the one hand, and visibility data at var-
ious locations in Cyprus, on the other hand, for the period
from January to June 2009 are contrasted. The results ob-
tained by the direct comparison between MODIS and hand-
held sun-photometer AOT data exhibited a significant cor-
relation (r=0.83); these results are in agreement with those
reported by the National Aeronautics and Space Administra-
tion (NASA). The correlation between sun-photometer AOT
and that estimated from visibility measurements was also sig-
nificant (r=0.76). A direct and significant relationship be-
tween MODIS AOT and AOT estimated from visibility val-
ues was also found for all the locations used (the correlation
coefficient was found to vary from 0.80 to 0.84). It is con-
cluded that MODIS AOT data provide accurate information
on the aerosol content in Cyprus, while in the absence of such
data, visibility measurements could be used as a secondary
source of aerosol load information, in terms of aerosol opti-
cal thickness, and provide useful information on a near-real
time basis, whenever data are available.
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(adrianr@meteo.noa.gr)

1 Introduction

Satellite remote sensing offers opportunities to assess partic-
ulate matter by estimating aerosol optical thickness (AOT).
AOT is a measure of aerosol loading in the atmosphere. A
higher AOT value indicates higher column of aerosol load-
ing and hence lower visibility (Wang and Christopher, 2003).
A major challenge in aerosol remote sensing is the quantifi-
cation of AOT over land, especially in urban environments.
Hoff and Christopher (2009) presented a literature review of
studies focused on the estimation of ground-level fine partic-
ulate matter (PM2.5) from columnar AOT.

In the atmosphere, the maximum distance that an object
is visible is determined by the scattering and extinction of
light by gas molecules and particles. With a few exceptions,
the particles are more important in determining visibility.
Near centers of human activities, the quantity of suspended
particles drastically increases and thus visibility decreases.
Therefore, visibility is an easily observable indicator of air
quality (Bäumer et al., 2008): a high visibility usually means
good air quality (Horvath, 1995).

Bäumer et al. (2008) reported previous studies that dealt
with the correlation of visibility or visual range and aerosol
properties, most of which refer to the United States and fewer
to Europe; Retalis and Michaelides (2009) presented a study
of visibility and MODIS AOT data for dust events in Cyprus.

The Moderate Resolution Imaging Spectroradiometer
(MODIS) onboard the National Aeronautics and Space Ad-
ministration’s (NASA) Terra and Aqua satellites, launched
on 17 December 1999 and 4 May 2002, respectively, have
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been monitoring daily aerosol optical thickness worldwide
(Kaufman et al., 2003). The accuracy of satellite-derived
AOT is frequently assessed by comparing satellite based
AOT with AERONET (AErosol RObotic NETwork – a net-
work of ground-based sun-photometers) or field based sun-
photometer AOT.

In this paper, we present the results of aerosol optical
thickness measurements taken by MODIS onboard the Terra
and Aqua satellites, visibility measurements taken from four
meteorological stations and handheld sun-photometer mea-
surements in Cyprus, from January to June 2009. This is the
first time that such data are reported for Cyprus. Our ob-
jectives in this study are, first to validate the MODIS AOT
measurements and, second, to explore the possibilities of es-
tablishing near-real time AOT retrievals based on visibility
data to assess the atmospheric pollution of the study area, on
a local scale.

2 Data and methodology

2.1 MODIS

NASA’s Terra satellite is sun-synchronous and near polar-
orbiting, with a circular orbit of 705 km a.s.l. MODIS is ca-
pable of scanning 36 spectral bands across a swath 2330 km
wide. MODIS on Terra provides almost complete global cov-
erage every day, with equatorial crossing times at 10:30 a.m.
and 10:30 p.m. LT. These measurements are supplemented
by a MODIS onboard Aqua, with 01:30 p.m. and 01:30 a.m.
overpass times. It should be noted that pm Terra and Aqua
equatorial crossing times (10:30 pm and 01:30 pm, respec-
tively) correspond to night scenes, when AOT could not be
retrieval and therefore are not used in this study.

MODIS measures the total of solar radiance scattered by
the atmosphere and light reflected by the ground surface and
attenuated by atmospheric transmission. The intensity of sur-
face reflectance depends on the zenith angle, satellite posi-
tion and the directional reflectance properties of land cover.
The algorithm that generates AOT retrievals uses the MODIS
spatial resolution of 250 m (660 nm band) and 500 m (470
and 550 nm bands) and produces a statistically robust prod-
uct in 10 km×10 km resolution.

The Terra and Aqua (MOD04L2 and MYD04L2 prod-
ucts) MODIS AOT dataset collection (versions 5.0 and 5.1,
respectively) was used for this study. The MODIS dark-
target aerosol retrieval algorithms (Remer et al., 2008, 2009)
derive aerosol properties over dark land (Levy et al., 2007)
and ocean (Remer et al., 2005; Tanré et al., 1997). As stated
in Levy et al. (2009), “regardless of surface target, the al-
gorithm carries out the following: 1) aggregates pixel-level
spectral reflectance observations (at 500 m for most chan-
nels) into 10 km×10 km retrieval regions; 2) discards pix-
els contaminated by clouds and other factors; 3) truncates
the lowest and highest 25% of the reflectance histogram if

the retrieval is over water and the lowest 20% and highest
50% if the retrieval is over land; and, finally, 4) compares the
average of the remaining values to a lookup table to derive
AOT and fine-mode aerosol fraction over water and the fine-
“model” aerosol fraction over land. Each pixel is assumed to
represent a statistical sample of the spectral reflectance over
the 10 km×10 km region. During the retrieval process (Re-
mer et al., 2009), a wide variety of “quality-assurance” (QA)
flags are set, diagnosing any irregularities encountered dur-
ing the retrieval process”.

2.2 Handheld sun-photometer

The handheld sun-photometer measures attenuation of the
direct sunlight as it passes through the atmosphere. As the
aperture of the instrument is small, the light intensity mea-
sured by the sun-photometer is usually not influenced by at-
mospheric scattering, at least for moderate AOT values. The
instrument, therefore, measures the total transmittance from
which AOT of the atmosphere is derived.

The Microtops II (Solar Light Company, USA) handheld
sun-photometer that provides AOT and columnar water vapor
from instantaneous measurements at five channels was used
in this study. The Microtops II sun-photometer can measure
aerosol optical depth and direct solar irradiance and has five
optical collimators and narrow band pass filters with internal
baffles to prevent internal reflections.

The sun-photometer was mounted on a tripod at a fixed
location each time to ensure best results. The collimators
and band pass filters capture incoming radiation and radiate it
onto an array of photodiodes. The radiation is amplified and
converted into a digital signal. In order to get valid results,
collection periods could only occur during cloud-free day-
light hours and for AOT comparison, at periods coincident
with polar orbiting satellites overpasses. A Garmin® GPS 12
Personal Navigator® was connected to the sun-photometer
for retrieval of location and time.

Recordings made at Limassol (34.689◦ N, 33.062◦ E; for
all locations referred to in this study see Fig. 1) were used in
this study. The readings at 500 nm were used in this study,
taken approximately within 15 min from satellite overpass
time on each day with full sunshine.

2.3 Visibility

The Meteorological Service of Cyprus carries out routine
meteorological observations on a 24-h basis. This includes
data collection and archiving of various parameters, such
as temperature, relative humidity, wind speed and direction,
present weather and horizontal visibility. The recordings of
visibility from four stations located at Larnaca (34.883◦ N,
33.633◦ E; 2 m a.m.s.l.), Akrotiri (34.583◦ N, 32.983◦ E;
23 m a.m.s.l.), Nicosia (35.150◦ N, 33.400◦ E; 162 m a.m.s.l.)
and Paphos (34.716◦ N, 32.483◦ E; 11 m a.m.s.l.) were used
in this study, covering the period from January to June 2009
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Fig. 1. Map of Cyprus with locations of visibility (Larnaca, Akrotiri, Nicosia, Paphos) and 

sun-photometer (Limassol) measurements. Coordinates are in UTM (Universal Transverse 

Mercator). 

Fig. 1. Map of Cyprus with locations of visibility (Larnaca, Akrotiri, Nicosia, Paphos) and sun-photometer (Limassol) measurements.
Coordinates are in UTM (Universal Transverse Mercator).

(see Fig. 1 for the spatial distribution of the locations). The
recordings used in the study were taken within±1 h from the
corresponding MODIS acquisition time.

“Visibility is defined as the maximum distance that an ob-
ject or details of a complex pattern can be seen. Implications
in estimating visibility can either be caused by imperfections
of the detection system (e.g. short-sighted people trying to
see at large distances) or by interferences of the medium be-
tween the object and the observer, as for example when ob-
serving a pedestrian in fog” (Horvath, 1995).

The visibility measurements used in this study are taken
by experienced human observers. Although such observa-
tions are to a certain degree subjective, they undergo sev-
eral checks before being registered and disseminated. Their
major usage is for the needs of civil aviation and are given
special consideration, frequently being the result of consul-
tation among the duty observers. The training of profes-
sional personnel as far as the recording of visibility is con-
cerned is carried out within the framework of detailed guid-
ance and instructions given by specialized technical manuals
on this matter. With standard weather reporting practices,
visibility represents the prevailing value in the horizontal di-
rection (World Meteorological Organization, 1995).

3 Results and discussion

3.1 Comparison of MODIS and handheld
sun-photometer

Several studies have been conducted on the retrieval of the
accuracy of MODIS AOT by comparing MODIS AOT with
AERONET or field based sun-photometer AOT (Schaap et
al., 2008; Remer et al., 2005; Levy et al., 2005; Li et al.,
2005; Chu et al., 2002). Since launch, validation studies sug-
gested that the expected error over land could be represented
by 1(AOT) =±0.05± 0.15·AOT (see Remer et al., 2005).

In this study, one handheld sun-photometer was deployed
to measure aerosol optical thickness at Limassol, from Jan-
uary to June 2009. This is the first time that MODIS
AOT data over Cyprus are undergone validation. Since no
AERONET data were available for Cyprus, a handheld sun-
photometer was used to verify and study the aerosol prop-
erties from MODIS data. The MODIS dataset was matched
to corresponding readings by handheld sun-photometer only
if the readings were taken within 15 min from satellite over-
pass. Original MODIS and handheld sun-photometer AOT
data were used; none of the data were aggregated.

Figure 2 shows the evaluation results of AOT mea-
surements comparisons between the MODIS and handheld
sun-photometer data at Limassol. The two variables are
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Fig. 2. MODIS aerosol optical thickness retrievals over Limassol as a function of handheld 

sun-photometer observations collocated in space and time. The regression equation, the 

correlation coefficient and the p-value are given at the top of the plot. The dashed lines denote 

the expected uncertainty calculated from prelaunch analysis and the thin solid line the equal 

axis plot.  

 

 

 

 

Fig. 2. MODIS aerosol optical thickness retrievals over Limassol as
a function of handheld sun-photometer observations collocated in
space and time. The regression equation, the correlation coefficient
and the p-value are given at the top of the plot. The dashed lines
denote the expected uncertainty calculated from prelaunch analysis
and the thin solid line the equal axis plot.

strongly correlated (Pearson’sr=0.83, Spearman’sρ=0.779);
the p-values related to the statistical significance of the
positive association were less than 0.0001 indicating very
strong evidence against the null hypothesis of no linear
association. The linear regression equation derived was
y=0.034

(0.023)
+0.692

(0.067)
x. Standard errors are displayed in paren-

theses below parameter estimates. The magnitude of the
standard error for the intercept term is relatively large so that
the evidence against the null hypothesis that the regression
line passes through the origin of the axes is weak, according
to the associated t-test. Re-estimation without the intercept
term resulted iny=0.775

(0.036)
x. It was found that the percent-

ages within the expected error lines are 72%, which are in
agreement with the pre-launch expectations of 66% issued
by NASA (Remer et al., 2005).

Based on the fact that the MICROTOPS sun-photometer
band does not exactly fit with the satellite one (bandwidth),
some discrepancies may occurred. Indeed, the authors use
the MICROTOPS AOT average value for all the bands in re-
lation with Angstrom coefficient in order to find any errors.
However, the AOT difference due to these mismatch discrep-
ancies was very low and negligible.

A few but rather limited handheld sun-photometer mea-
surements were also made in Nicosia and Paphos areas, de-
picting also high correlation coefficients (r=0.79 andr=0.80
for Nicosia and Paphos districts, respectively).

3.2 Comparison of visibility and handheld
sun-photometer

In general, high values of AOT suggest high concentration of
aerosols. More aerosols in the atmosphere scatter off light
more effectively, hence resulting in lower visibility. In gen-
eral, AOT measured from satellite and sun-photometers is the
aerosol optical thickness corresponding to the vertical path
(i.e., this quantity corresponds to the integral of the aerosol
extinction coefficient along the atmospheric column). Con-
versely, visibility data relate to the atmospheric extinction
coefficient along a horizontal path.

Vermote et al. (2002) established a relation between vis-
ibility and aerosol optical thickness to be used for Visi-
ble/Infrared Imager/Radiometer Suite (VIIRS) data onboard
the National Polar-orbiting Operational Environmental Satel-
lite System (NPOESS):

V = 3.9449/(AOT550−0.08498)

where,V is the visibility in kilometres, since the constant
3.9449 is in km, and AOT550 is the aerosol optical thickness
at the 550 nm wavelength. This form is advantageous for VI-
IRS since it measures AOT550 directly with a band at 555 nm.
The above equation is not valid for AOT≤0.08498, however
such AOT values are not observed over the study area. More-
over, the minimum AOT value of 0.1 was used in this study.

The above formula was used in our case in order to esti-
mate AOT at 550 nm from visibility measurements at Limas-
sol to be further calibrated with AOT derived from handheld
sun-photometer data. Sun-photometer data were used when
readings were taken within 15 min from the visibility record-
ings.

The results of the comparison between the estimated AOT
from visibility and handheld sun-photometer AOT data at
Limassol are presented in Fig. 3. The analysis showed a
high correlation coefficient (r=0.76), statistically significant
(p=0.00000). The linear regression equation derived was
y=0.121+0.61x.

3.3 Comparison of MODIS and visibility

Retalis and Michaelides (2009) presented an analysis of
some case studies of dust events at two stations in Cyprus
by using MODIS (Terra) AOT measurements and concurrent
visibility data. In this study, MODIS (Terra and Aqua) AOT
data at 550 nm at a spatial resolution of 10 km×10 km were
compared against AOT estimated values from visibility mea-
surements according to the formula suggested by Vermote
et al. (2002), taken within an hour of each satellite overpass
at four meteorological stations located at Larnaca, Akrotiri,
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Fig. 3. Aerosol optical thickness retrievals from visibility measurements over Limassol as a 

function of handheld sun-photometer observations collocated in space and time. The 

regression equation, the correlation coefficient and the p-value are given at the top of the plot. 

The dashed line denotes the equal axis plot.  

Fig. 3. Aerosol optical thickness retrievals from visibility measure-
ments over Limassol as a function of handheld sun-photometer ob-
servations collocated in space and time. The regression equation,
the correlation coefficient and the p-value are given at the top of the
plot. The dashed line denotes the equal axis plot.

Nicosia, and Paphos. The results (see Figs. 4–7) showed that
for all of the four stations, the AOT estimated from visibility
and the actual MODIS AOT data were found to be well cor-
related, with the correlation coefficient varying from 0.80 to
0.82 and 0.80 to 0.84 for Terra and Aqua, respectively. The
correlations established were also statistically significant (the
value of p-level was used to test the statistical significance).
Also, taking into consideration the established regression re-
lationships, it was found that AOT estimated from visibility
measurements is better associated with Aqua MODIS AOT
data.

The reasons that the correlations found vary could be
due to: (1) the coarse spatial resolution of MODIS
(10 km×10 km) considering that visibility is recorded at a
single location; (2) satellite AOT represents measurement of
atmospheric aerosol loading in a vertical rather than a hori-
zontal sense in comparison to visibility; and (3) the time gap
between the two measurements, since visibility and MODIS
AOT are not retrieved at the same time.

Since visibility data are available on an hourly basis, and
the correlations found were significant, such AOT estima-
tions could be used, as a secondary source of information,
for the study of air quality information over Cyprus, on a
daily and local basis. However, it should be noted that cau-
tion should be taken in handling such data, since it is only an
estimation of AOT and not real measurements.
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Fig. 4. Relationship between AOT estimated from visibility and actual MODIS measurements 

at Larnaca. The regression equation, the correlation coefficient and the p-value are given at 

the top of the plot. The dashed line denotes the equal axis plot.  
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Fig. 4. Relationship between AOT estimated from visibility and
actual MODIS measurements at Larnaca. The regression equation,
the correlation coefficient and the p-value are given at the top of the
plot. The dashed line denotes the equal axis plot.

4 Conclusions

An overall study for assessing aerosol optical thickness over
Cyprus from January to June 2009 was presented. Satellite,
sun-photometer and visibility range data were used to assess
aerosol optical thickness. A handheld sun-photometer was
used for the validation of both MODIS and visibility data
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Fig. 5. Same as Fig. 4, but for Akrotiri. 
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Fig. 5. Same as Fig. 4, but for Akrotiri. 
 

Fig. 5. Same as Fig. 4, but for Akrotiri.

at Limassol. In this paper, validation of MODIS AOT re-
trievals is presented for the first time in Cyprus. It was found
that MODIS AOT data are within the expected accuracy as
reported by NASA. AOT estimated from visibility was also
found to be in good agreement with sun-photometer data.

We also investigated the comparison between MODIS
AOT measurements and AOT based on visibility measure-
ments at four meteorological stations. The established rela-
tionships were also found to be significant. The differences
found could be due to the coarse MODIS AOT spatial reso-
lution (10 km×10 km).
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Fig. 6. Same as Fig. 4, but for Nicosia. 
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Fig. 6. Same as Fig. 4, but for Nicosia.

It must be clarified that Fig. 3 illustrates retrievals from
visibility measurements over Limassol as a function of hand-
held sun-photometer observations collocated in space and
time, while Figs. 4–7 depict the relationship between AOT
estimated from visibility and actual MODIS measurements.
Thus, Fig. 3 is used to interpret the validation of the AOT es-
timated from visibility, while the rest of the images are used
to examine how AOT estimations could be utilized, as a sec-
ondary source of information, for the study of air quality in-
formation over Cyprus, on a daily and local basis. The fact
that AOT estimated from visibility values is frequent noticed
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Fig. 7. Same as Fig. 4, but for Paphos. 
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around the value of 0.2 is due to the fact that the visibility
data, referred to the period of our study, were of the order
of about 40 km, and hence heavy aerosol loads were not ob-
served.

The results suggest that for the particular times and places,
the atmospheric aerosol loading was relatively homogeneous
on scales of a few metres to several tens of kilometres, so
the handheld sun-photometer and visibility recordings yield
AOT values which are representative of the large areas sam-
pled by MODIS.

The major finding derived from this study suggests that
MODIS AOT data provide relatively accurate information
of the aerosol loading, in terms of aerosol optical thickness,
over Cyprus. It was also proved that visibility measurements
could be also used as a supplementary source of information
of atmospheric loading, although such AOT data retrieval
should be handled carefully, as they only provide an esti-
mation of AOT and not a real measurement. The advantage
of using visibility data is that such data are available every
hour on each day from four meteorological stations, located
within a short distance from urban areas. Thus, taking into
account all the considerations discussed, an early warning to
the authorities could be provided in near-real time intervals
following also the analysis of the synoptic situation.
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