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Abstract

The Langley Plot Method (LPM) is adapted for the retrieval of Aerosol Optical Depth
(AOD) values at 340 nm from Brewer#178 sun scan measurements between 335 and
345 nm (convoluted with the band pass function of the Cimel filter at 340 nm). The
use of sun scans instead of direct sun measurements simplifies the comparison of5

the AOD values with quasi-simultaneous Cimel values. Also, the intensities are larger
at 340 nm due to lower ozone absorption, thus improving the signal to noise ratio.
For the selection of the cloudless days, a new set of criteria is proposed. With the
new method, individual clear sky AOD values, for which the selection criteria are also
presented in this article, are calculated for a period from September 2006 to December10

2009. These values are then compared to quasi-simultaneous Cimel measurements,
showing a very good linear agreement (the correlation coefficient, the slope and the
intercept are, respectively 0.960, 0.992 and 0.005), which proves that good quality
observations can be obtained from Brewer sun scan measurements at 340 nm. The
seasonal and monthly variability of the Brewer AODs at Uccle are consistent with other15

studies. The highest values can be observed in summer and spring. More than 50% of
the winter AODs are lower than 0.3 whereas in summer, more than 50% of the values
are larger than 0.5. On a monthly scale, the lowest AOD are observed in December
and the highest values occur in June and April. No clear weekly cycle is observed for
Uccle.20

1 Introduction

Aerosols are particles in the solid or the liquid phase that are suspended in the at-
mosphere and have an important influence on the atmospheric chemistry and physics
(Cheymol and De Backer, 2003; Raghavendra Kumar et al., 2010). They affect the
tropospheric chemical composition, they can reduce visibility and they have important25

impacts on human health (Unger et al., 2009; Lyamani et al., 2010; Raghavendra Ku-
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mar et al., 2010). Aerosols also influence the Earth’s radiation budget in a direct and
indirect manner. The scattering and absorption of short and long wave radiation is
called the direct effect (Kaufman et al., 2002; Ramanathan et al., 2001; Myrhe, 2009;
Andreae et al., 2005). The indirect effect concerns the ability of aerosols to act as
cloud condensation nuclei which influences the microphysical and optical properties5

of clouds, thus changing the radiative and precipitation properties and the lifetime of
clouds (Kaufman et al., 2002; Ramanathan et al., 2001; Unger et al., 2009; Lohmann
and Feichter, 2005; Lohmann, 2002). Because of a lack of information concerning the
temporal and spatial distribution of aerosols, they are key contributors to the uncertain-
ties in current climate studies (IPCC, 2007; Andreae et al., 2005).10

Much attention has been paid to the influence of aerosols on ultraviolet (UV) radia-
tion, since the impact of UV radiation on human health, the biosphere and atmospheric
chemistry strongly depends on the characteristics and quantity of aerosol in the at-
mosphere. An overexposure to UV-B radiation can lead to serious health damage for
humans such as skin cancer, accelerated aging of skin, cataract, photokeratitis (snow15

blindness) and changes in the immune system (Cordero et al., 2009; Rieder et al.,
2008). UV-B radiation also has adverse effects on terrestrial plants. It can cause
reduced growth, reduced photosynthetic activity and flowering (Cordero et al., 2009;
Tevini and Teramura, 1989). Other elements of the biosphere are also influenced by
UV-B radiation (e.g. inactivation of micro-organisms, reduction in food stocks for zoo-20

plankton; Diffey, 1991). There is increasing evidence that elevated UV-B radiation
has significant effects on the terrestrial biosphere with implications for the cycling of
carbon, nitrogen and other elements (UNEP, 2006). Increased UV-B is expected to
enhance the concentration of hydroxyl radicals (OH) and results in faster removal of
pollutants such as carbon monoxide (CO), methane (CH4), non-methane hydrocar-25

bons (NMHCs), sulphur and nitrogen oxides, hydrochlorofluorocarbons (HCFCs), and
hydrofluorocarbons (HFCs) (Tang et al., 1998). The increase of anthropogenic aerosols
in non-urban areas of the industrialized countries since the industrial revolution is sup-
posed to have decreased the biologically active UV radiation by 5 to 18% (Liu et al.,
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1991). Accuracy in UV prediction can be improved if the role of aerosols on surface
UV radiation is clarified (Kim et al., 2008). However, little information is available on the
optical properties of atmospheric aerosols in the UV spectral region, compared to the
visible spectral range (Sellito et al., 2006).

To gain a better understanding of the effect of aerosols in the UV, knowledge of5

the parameters that determine the optical and physical properties of aerosols is es-
sential (Cazorla et al., 2009). One of these parameters is the Aerosol Optical Depth
(AOD), an integral measurement of the combined aerosol scattering and absorption
in the atmospheric column (Mulcahy et al., 2009). Several reports have been writ-
ten on the retrieval of AOD in the UV range. For example, Taylor et al. (2008) and10

Corr et al. (2009) use MFRSR (Multi Filter Rotating Shadowband Radiometer) mea-
surements for this retrieval. Research also shows that the standard Brewer direct sun
(DS) measurements allow AOD retrieval at the wavelengths used for ozone determina-
tion (mainly 320.1 nm). Some authors base their retrieval on the absolute calibration
of the solar spectral irradiance measured by the Brewer (Marenco et al., 1997; Bais,15

1997; Kazadzis et al., 2005) whereas others use the Langley extrapolation method to
determine the absolute calibration of the irradiance (Marenco et al., 2002; Kirchhoff
et al., 2001; Cheymol and De Backer, 2003). Arola and Koskela (2004) discussed
the systematic errors in the AOD retrieval from Brewer DS measurements, which led
to improvements of the conventional Langley Plot method (e.g., Cheymol et al., 2009).20

Several authors studied the spatial and temporal patterns in AOD. Both Xia et al. (2008)
and Bäumer et al. (2008) reported a weekly cycle in AOD for Central Europe (45–55◦ N;
0–20◦ E). Seasonal patterns in AOD with maximum values in spring and summer and
minimum values in autumn and winter are observed in many studies (Remer et al.,
2008; Meleti and Cappellani, 2000; Behnert et al., 2004; Kim et al., 2006; Estellés,25

2008; Léon et al., 2009; Che et al., 2009; Lyamani et al., 2010). Gröbner and Meleti
(2004) studied long-term trends in AOD at Ispra and detected a decrease between
1991 and 1997, followed by a stabilization in the AOD values. Kazadzis et al. (2007)
however, reported on a statistically significant (99% level) decrease in AOD for Thessa-
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loniki after 1997. Hatzianastassiou et al. (2009) studied the spatial distribution of AOD
over the Mediterranean basin.

In this paper, we present a new and improved method for the retrieval of AOD val-
ues. Instead of using the standard direct sun ozone measurements from the Brewer
instrument (as in Cheymol and De Backer, 2003), we will use sun scan measurements5

between 335 and 345 nm, convoluted with the band pass function of the Cimel filter
at 340 nm, to obtain AOD values at 340 nm. This will allow for a direct comparison
between these retrieved AOD values and the AODs from the Cimel sun photometer at
the same wavelength. Information about the used instruments and the measurement
location is included in Sect. 2. The method applied for the retrieval of the Brewer AOD10

values is described in Sect. 3. The resulting AOD values are compared with Cimel
measurements in Sect. 4. Also, the temporal patterns in AOD are discussed and com-
pared to results of other studies.

2 Instruments and location

In this study, we make use of the measurements of a Brewer spectrophotometer and15

a Cimel sun photometer. Both instruments are located in Uccle, a residential suburb of
Brussels about 100 km from the shore of the North Sea. The prevailing meteorological
conditions will determine whether the station is influenced by sea salt aerosols, by
aerosols from urban activity or by continental type of aerosols (De Backer, 2009).

The Brewer spectrophotometer was developed in the early 1980s to measure total20

ozone in the atmosphere from UV-B radiation (Brewer, 1973; Kerr et al., 1988). The in-
strument records raw photon counts of the photomultiplier at five wavelengths (306.3,
310.1, 313.5, 316.8 and 320.1 nm) using a blocking slit mask, which opens succes-
sively one of the five exit slits. The five exit slits are scanned twice within 1.6 s and this
is repeated 20 times. The whole procedure is repeated five times for a total of about25

three minutes. The total ozone column is obtained from a combination of measure-
ments at 310.1, 313.5, 316.8 and 320.1 nm weighted with a predefined set of constants
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chosen to minimize the influence of SO2 and linearly varying absorption features such
as from clouds or aerosols (Brewer manual, 1999; Gröbner and Meleti, 2004). RMIB
has two Brewers on the roof of its building in Uccle (50◦48′ N, 4◦21′ E, 100 m a.s.l.).
Brewer#016 is a single monochromator Mark II model that was installed in Uccle in
1983. In 1989, the instrument was equipped with an automated azimuth and zenith5

pointing system, resulting in a higher observation frequency (Cheymol et al., 2006).
Brewer#178 is a double monochromator Mark III that was installed in September 2001.
In addition to the standard observation routines, an additional routine was developed
to be able to determine the AOD at 340 nm with the double monochromator Brewer.
More precisely, the sun scan routine was adapted to make scans between 335 nm and10

345 nm. The obtained spectral data are convoluted with the band pass function of the
Cimel filter (standard Cimel filter values; Barr Associates Inc.). The data of this type,
available since 17 August 2006, allow retrieving the AOD at 340 nm.

The Cimel sun photometer, which belongs to BISA (Belgium Institute of Space
Aeronomy), is located at approximately 100 m from the Brewer instrument. It is an15

automatic sun-sky scanning filter radiometer allowing the measurements of the direct
solar irradiance at wavelengths 340, 380, 440, 500, 670, 870, 940 and 1020 nm. These
solar extinction measurements are used to compute Aerosol Optical Depth at each
wavelength except for the 940 nm channel, which is used to retrieve total atmospheric
column precipitable water in centimeters. The instrument is part of the AERONET20

network (http://aeronet.gsfc.nasa.gov/; Holben et al., 2001).

3 Method

To derive the AOD at 340 nm from the measurements described above, we apply the
Langley Plot method in a similar way as described in Cheymol and De Backer (2003).
The Langley Plot method is a linear regression technique that can be used for the25

retrieval of the Aerosol Optical Depth from direct radiation measurements. Only the
basics of this method and the deviations from the algorithm in Cheymol and De Backer
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(2003) will be described here. Details can be found in Cheymol and De Backer (2003)
and in Marenco et al. (2002).

3.1 Basic equation

An important difference between this work and the one by Cheymol and De Backer
(2003) is that the latter uses the direct sun measurements from the Brewer instru-5

ment for the received signal values, whereas here we use sun scans between 335 and
345 nm, convoluted with the band pass function of the Cimel filter at 340 nm. The use
of the sun scans is an important improvement that simplifies the comparison of the
AOD values, since it is no longer necessary to extrapolate the Cimel AOD values to
the Brewer wavelength. Another advantage is that the intensities at this wavelength10

are larger due to the lower absorption by ozone, improving the signal to noise ratio.
The signal, received by the Brewer instrument, is governed by Beer’s law (using the
notations as in Cheymol and De Backer, 2003):

S(λ)=K (λ)I0(λ)exp[−µα(λ,T )Ω−mβ(λ)
P
Pstd

−δ(λ)sec(za)] , (1)

with S(λ) the received signal, K (λ) the proportionality factor of the instrument’s re-15

sponse to the incoming solar radiation at wavelength λ, I0(λ) the irradiance outside
the Earth’s atmosphere at wavelenght λ, µ the relative optical airmass of the ozone
layer at height=22 km, α(λ,T ) the ozone absorption coefficient at wavelength λ and
temperature T , Ω the equivalent thickness of the ozone layer, m the relative optical
airmass of the atmosphere in a thin layer assumed to be at an altitude of 5 km for20

Rayleigh scattering, β(λ) the Rayleigh scattering coefficient, Pstd the standard pressure
(1013.25 hPa), P the station pressure (1000 hPa), δ(λ) the aerosol scattering optical
thickness of a vertical path through the atmosphere and za the zenith angle of the sun.

This law reflects that, while passing through the atmosphere, the intensity of the di-
rect beam at the top of the atmosphere is subject to absorption and scattering through25

three different physical phenomena: (a) absorption by ozone, (b) scattering by air
2749
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molecules (Rayleigh scattering) and (c) scattering by aerosol particles. The SO2 ab-
sorption is not considered here, since this term is very low compared to the ozone
absorption term, which is already small at 340 nm. To eliminate the dependence on
the effective ozone temperature, the ozone absorption coefficient is computed using
the effective ozone temperature (as in Cheymol and De Backer, 2003). This effective5

ozone temperature is calculated using ozone profiles from balloon soundings available
at Uccle.

3.2 Langley plot method

Taking the logarithm of Eq. (1) gives Eq. (2):

ln[S(λ)]+µα(λ)Ω+mβ(λ)
P
Pstd

= ln[K (λ)I0(λ)]−δ(λ)sec(za) . (2)10

Let us define:

Y = ln[S(λ)]+µα(λ)Ω+mβ(λ)
P
Pstd

, (3)

CF = ln[K (λ)I0(λ)] , (4)

A = −δ(λ) , (5)

X = sec(za) . (6)15

(7)

With Eqs. (3)–(6), Eq. (2) can be simplified to

Y =CF−A∗X . (8)

Now, one AOD value (−A) and one calibration factor (CF) can be estimated per day.
The quality of the linear regression depends on the range of the solar zenith angles20

covered during a certain day. Good observations at both high and low solar zenith
angles are needed and the atmospheric conditions must remain stable over the day.
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This leads to different criteria for the selection of the days on which the LPM can be
applied (cloudless days). Cheymol et al. (2009) proposed the following criteria:

1. The individual DS data for which the air mass is above 3 are removed.

2. The ozone column and its standard deviation are computed on each group of
5 individual DS measurements for each wavelength. Data are accepted if the5

standard deviation is lower than 2.5 DU.

3. The range of zenith angles covered by valid DS observations for one day must be
at least 20◦.

4. The number of individual DS data must be at least 50 per day (i.e. 10 sequences
of 5 observations).10

Since in our case sun scans are used instead of DS measurements, these criteria have
to be adapted. The test done on the ozone values (2nd criterion) loses its significance
since the ozone observations of Brewer#178 and the sun scans between 335 nm and
345 nm are not performed simultaneously. Clouds are thus able to influence the inten-
sity measurements during the sun scan, while the closest ozone observations (in time)15

could be made under cloudless conditions. The remaining criteria are applied to the
sun scans instead of to DS measurements.

Manually verifying whether the selected days are indeed cloudless showed that these
criteria were not sufficient. An additional criterion is therefore proposed. It is based on
the ratio of the observed and expected intensities for a certain day. The observed in-20

tensities are obtained from the sun scans between 335 and 345 nm that are convoluted
with the band pass function of the Cimel filter. The expected intensities (under cloud-
less circumstances) are calculated by the Tropospheric Ultraviolet and Visible Radia-
tion Model (TUV model version 3.0; Madronich, 1993), which uses the band pass func-
tion of the Cimel filter at 340 nm. The climatological monthly mean total ozone value25

and a default constant AOD value are used as input parameters for the calculation of
the monochromatic radiative transfer. The cloud optical depth and surface albedo are,
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respectively 0 and 0.05. If a certain day is cloudless and the atmospheric conditions
are stable, the ratio of the intensities should be more or less constant throughout the
day (Fig. 1 shows the calculated ratios for a cloudless and for a cloudy day). In this
context, a day is considered cloudless if the maximum deviation of the individual ratios
(of a day) from the mean ratio is smaller than 20% (different threshold values were5

tested, but the 20% value generated the best results).
This leads to the following set of criteria for the selection of cloudless days

(CCD=Criteria Cloudless Days) for the determination of the calibration factors with
the Langley plot method:

1. The sun scans for which the air mass is above 3 are removed.10

2. The range of zenith angles covered by the sun scans for one day must be at least
20◦.

3. At least 10 sun scans per day have to remain after applying the first two criteria.

4. The maximum deviation of the individual ratios (of the observed and expected
intensities) from the mean ratio for a certain day has to be smaller than 20%.15

After applying these criteria, the selected cloudless days are used to determine the
calibration coefficient of the instrument. With this calibration coefficient, the AOD can
now be calculated for each individual observation. To avoid the influence of clouds on
the calculated AOD values, we only calculated AOD values for the individual sun scans
for which a direct sun observation, made with Brewer#178, is available within a time20

period of 5 min. It has to be mentioned that this however does not exclude all cloud-
perturbed measurements. This is shown in the resulting AOD values, some of which
seemed too high to be reliable. As the definition of simple criteria to detect cloud inter-
ference in the UV is complex (Dürr and Philipona, 2004) we propose at this stage only
a manual method to exclude this cloud contamination. The application of a more so-25

phisticated and automated method will be the subject of a subsequent study. Figure 2
shows the scatter plot of the Brewer AOD measurements and the corresponding Cimel
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measurements (with a maximum time difference of 30 min). There is a good agree-
ment between Brewer and Cimel for Brewer AOD values lower than 2. When the AODs
become larger than 2, there is virtually no agreement between the measurements of
the two instruments. Based on this result, we decided to automatically remove all AOD
values larger than 2 from our results on the assumption that they were influenced by5

clouds.
A set of criteria to select the individual clear sky AOD values (from all the calculated

AOD values), can now be defined (CICA= Criteria Individual Clear sky AOD):

1. A direct sun observation must be available for each individual AOD measurement
within a time period of 5 min.10

2. Each individual AOD value must be lower than 2. Larger values are removed from
the results.

The remaining AOD values were compared to quasi-simultaneous Cimel AODs at
340 nm (AERONET level 1.5 data). Only quasi-simultaneous measurements of both in-
struments (with a maximum time difference of 3 min) are considered. The AOD values15

from Brewer#178 at 320 nm were also compared to quasi-simultaneous Cimel values.
Angström’s law was applied to the Cimel measurements to extrapolate the values to
320 nm.

4 Results and discussion

4.1 Comparison between Brewer and Cimel measurements20

For the comparison with the AOD values from the Cimel, the Brewer#178 sun scan
measurements at 340 nm from September 2006 until May 2009 were used. For this
period, a total of 12 cloudless days (Table 1) were selected using CCD (as mentioned
in Sect. 3.2) combined with individual inspection. The mean calibration factor (CF)
for these days is 18.579±0.084. With this calibration coefficient, the individual clear25
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sky AOD values (according to CICA) are calculated, using the Brewer#178 sun scans.
The applied method resulted in 2059 AODs at 340 nm for a period from September
2006 to May 2009. Only quasi-simultaneous measurements from Brewer and Cimel
(level 1.5 data from AERONET) were used for comparison. The remaining 274 quasi-
simultaneous values Brewer and Cimel AODs at 340 nm had a correlation coefficient5

of 0.861 (Fig. 3). Selecting only those Brewer AOD observations with a concurrent
Cimel observation (maximum time difference of 3 min) and with a quasi-simultaneous
DS measurement (maximum time difference of 5 min) automatically eliminates most of
the cloudy conditions. The scatter plot of the compared AODs still showed the pres-
ence of a few outliers (highlighted in red in Fig. 3), causing the rather low correlation10

coefficient compared to the one obtained by Cheymol et al. (2009) (correlation coeffi-
cient of 0.96 for the comparison between Brewer#016 at 320 nm and Cimel at 340 nm).
These remarkable outliers solicit for further examination. We consider a single point
in the scatter plot to be an outlier if the difference in AOD between Brewer and Cimel
measurements is bigger than 0.5. All the sun scan measurements of days with an out-15

lier were plotted. Figure 4 shows the theoretical and the observed relative intensity for
a day on which an outlier was present (13 September 2006). The figure clearly shows
that the outlier measurement (highlighted in red) is influenced by clouds. This justifies
the removal of this point from the comparison. Similar checks were performed for the
other outliers and it turned out that for those outliers, the Brewer measurements were20

made under cloud-perturbed circumstances. Then a comparison was made excluding
these outliers. This resulted in a much higher correlation coefficient of 0.960. The slope
is 0.992±0.018 and the intercept is 0.005±0.008 (Fig. 3), confirming a very good lin-
ear agreement between the AOD measurements of both instruments. The agreement
between the AODs at 340 nm is better than at 320 nm (Fig. 5), where the correlation25

is 0.915, the slope 0.964±0.016 and the intercept 0.006±0.007. This shows that good
quality AOD observations can be obtained at 340 nm from Brewer#178 with the pro-
posed method.
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4.2 AOD variability in Uccle on different timescales

A total of 2482 individual AOD measurements from Brewer#178 were calculated for
the period between September 2006 and December 2009 and the values were ex-
amined for possible variations on seasonal, monthly and weekly timescales. Some
of the individual AOD values were questionable, especially the values larger than 1.5.5

When Brewer and Cimel measurements were compared, these values were automati-
cally removed from the results because the Brewer AOD values larger than 1.5 did not
have a concurrent Cimel measurement. However, for the study of the individual values
(which are not compared to the Cimel data) it is required to manually check the data
for cloud-perturbed measurements. This manual cloud screening showed that most of10

the values larger than 1.5 were calculated under cloudy circumstances. These AOD
values were removed from our results. So, next to the automatic cloud screening (us-
ing CICA), a manual check is done for the individual AOD values larger than 1.5. (An
objective method to remove observations affected by clouds is under development.)
The remaining 2393 individual AOD values were used to study variability on different15

time scales.

4.2.1 Seasonal and monthly variability

Many studies that investigate the seasonal variability of aerosols, report high AODs
during summer (June, July, August) and spring (March, April, May) and low AODs in
winter (December, January, February) and autumn (September, October, November).20

In Valencia (Spain), maximum AOD values were observed (between 2002–2005) from
June to September, whereas the minimum values occurred from October to February
(mainly in December and January) (Estellés, 2008). Behnert et al. (2004) observed
two peak periods in the AOD values from Helgoland Island, Hamburg, Oostende and
Lille. They occurred during spring (April–May) and summer (July–August). Studies in25

Ispra (Italy), Granada (Spain), M’Bour (Senegal), Gwangju (Korea) and Thessaloniki
(Greece) also show high AOD values in summer and low values in winter (Meleti and
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Cappellani, 2000; Léon et al., 2009; Lyamani et al., 2010; Kim et al., 2006; Kazadzis
et al., 2007). (The latitude and longitude of the places mentioned in this article can be
found in Table 2.)

The obtained AODs from Brewer#178 at Uccle are consistent with these studies.
Figure 6 displays the mean seasonal AOD values for Uccle. The highest values can be5

observed in summer (respectively 0.64(±0.35), 0.59(±0.34) and 0.54(±0.27) for 2007,
2008 and 2009) and spring (respectively 0.56(±0.32), 0.61(±0.39) and 0.64(±0.38)
for 2007, 2008 and 2009). This can also be derived from the histograms in Fig. 7. In
winter more than 50% of the AODs at Uccle are below 0.3 and in summer more than
50% of the values are above 0.5. This is in agreement with the results from Kazadzis10

et al. (2007) for Thessaloniki, Greece. On a monthly scale (Fig. 8), the lowest AODs
are observed in December (respectively 0.29(±0.22), 0.07(±0.02) and 0.23(±0.14) for
2007, 2008 and 2009), whereas the highest values occur in June (0.8(±0.38) in 2007)
and April (0.74(±0.31) in 2008 and 0.78(±0.41) in 2009).

Possible explanations for the higher summer AODs are given by several authors.15

Behnert et al. (2004) attribute the summer peak values to the slowing down of air mass
circulation in summer and the production of smog. This results in an accumulation of
high aerosol concentrations above midlatitude regions. Kaskaoutis et al. (2007) explain
the higher summer AODs at Ispra as a result of the absence of wet removal processes.
According to Kazadzis et al. (2007), the enhanced evaporation and the higher tem-20

peratures during summer in Thessaloniki cause a rise in the turbidity of the boundary
layer. Combined with stagnating weather systems, this will lead to the formation of
aerosols. In winter, there is a significant amount of wet deposition of aerosols, which
will cause a cleaning of the atmosphere and therefore lower AOD values. Koelemei-
jer et al. (2006) also state that high precipitation in winter leads to low AOD values.25

They observed an anti-correlation (−0.41 for the region of Belgium and The Nether-
lands) between precipitation and mean monthly AOD. We calculated a correlation of
−0.24 between the mean monthly AOD and the monthly percentage of rain days at
Uccle for a period between 1984 and 2009. The used AOD values are calculated from
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Brewer#016 observations at 320 nm, since our time series from Brewer#178 at 340 nm
is too short. In order to get a better view of the possible relationship between AOD
and precipitation, we divided the calculated AOD values from 1984 to 2009 in two cat-
egories, “dry AODs” and “wet AODs”, based on the influence of precipitation on the
values. We considered a single AOD value to be wet if precipitation was observed on5

this day or on the previous day. If both days were precipitation-free, we considered the
AOD value to be representative for a dry day. Figure 9 shows the mean monthly AOD
for the dry and for the wet days. It can be seen that during winter and early spring
(November–April) the dry AODs are clearly higher than the wet values. The difference
is less obvious for the summer and autumn months. This could be due to the rather10

frequent occurrence of local thunderstorms in these seasons, causing only local de-
position of aerosols. Air flowing from other places can transport aerosol masses that
were not influenced by these local thunderstorms and the measured AOD can thus be
higher than one would expect based on the precipitation associated with the thunder-
storms. In winter, precipitation is mainly related to the passage of large frontal systems.15

The wet deposition of the aerosols will thus be spread over a larger region. According
to Cheymol and De Backer (2003), a relation with a pollution cycle or with a general
circulation could be an explanation of the annual cycle in AOD at Uccle. The seasonal
variation of the mixing height, which is smaller in winter and autumn, could be another
explanation for the lower AOD in winter and autumn compared to summer and spring20

where the mixing layer height is thicker. The correlation between the monthly mean
mixing height (Fig. 10) and the monthly mean AOD is 0.701 for Uccle. The correlation
decreased strongly when the daily mean mixing height and the daily mean AOD are
compared (correlation of 0.196).

4.2.2 Weekly periodicity25

Bäumer et al. (2008) and Xia et al. (2008) observed a weekly AOD cycle in Central Eu-
rope. They recorded the lowest values on Sunday and Monday, whereas higher values
occurred between Wednesday and Saturday. This cycle is greater for the urban sites
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than for the rural sites. For our measurements in Uccle, there is only a weak signal
for such a weekly cycle (Table 3). The largest difference in mean AOD value occurs
between Monday and Friday (respectively 0.48 versus 0.55). However, this difference
is not statistically significant since the calculated t-value (1.32) is smaller than the theo-
retical t-value of 1.98 for the 95% confidence level (at 150 degrees of freedom). All the5

others t-values were smaller than this value and thus also not statistically significant.
The t-value is calculated using Eq. (8) (Brandt, 1970).

t=
x−y
s∆

, (9)

where

s2
∆ =

Nx+Ny

NxNy (NxNy −2)
[(Nx−1)s2

x+ (Ny −1)s2
y ] (10)10

x,sx and Nx the mean, standard deviation and number of xi
y,sy and Ny the mean, standard deviation and number of yi

It has to be mentioned that the AOD values are not perfectly normal distributed
(which is a condition for applying the t-test), but they are close to a normal distribu-
tion. The skewness and kurtosis are, respectively 1.13 and 1.33 and 5.1% of all the15

values is situated in the interval [µ−2σ;µ+2σ].

5 Summary and conclusions

Aerosols are the most important source of uncertainty in current climate change re-
search (IPCC, 2007). Therefore knowledge of optical and physical properties of
aerosols, such as the Aerosol Optical Depth, is essential to gain a better understanding20

in their effects. In this perspective, a new method was developed to retrieve AOD val-
ues at 340 nm from Brewer#178 sun scan measurements at Uccle, which allowed for
a direct comparison with AOD values from the co-located Cimel sun photometer at the
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same wavelength. The AOD retrieval method was based on the Langley Plot Method
(as described in Cheymol and De Backer, 2003). For this linear regression technique,
the cloudless days in the time period for which the AOD is to be calculated, have to be
selected. The criteria from Cheymol et al. (2009) had to be adapted so that they could
be applied on sun scan measurements instead of direct sun measurements. Also,5

a new criterion, based on the ratio of the observed and expected intensities for a cer-
tain day, was added since the adapted criteria were not sufficient. This led to a new set
of criteria for the selection of the cloudless days (CCD). The selected cloudless days
were then used to determine the calibration coefficient of the instrument. With this
coefficient, the individual clear sky AOD values (selected using CICA) were calculated10

from the Brewer sun scans. These values were then compared to the AOD values from
the Cimel. After removing the outliers from the comparison, the correlation between
the Brewer#178 and Cimel measurements was 0.96, the slope was 0.992±0.018 and
the intercept was 0.005±0.008. This proves that there is a very good linear agreement
between the AOD measured by both instruments and that good quality AOD observa-15

tions can be obtained at 340 nm from the sun scans of Brewer#178. The seasonal and
monthly variability of the Brewer AODs is consistent with other studies that report on
higher AOD values during spring and summer and lower values in autumn and winter.
No clear weekly cycle is present for the measurements in Uccle.

Still some AOD measurements may exist that are perturbed by clouds, which are20

not removed by the automatic and manual cloud screening. Currently, the automatic
cloud screening selects the sun scan measurements that have a direct sun measure-
ment within a time period of 5 min for the calculation of the AOD. The individual AOD
measurements larger than 2 are automatically removed from the results, since these
values are very unlikely for our location. During the manual screening, AOD values25

larger than 1.5 are removed when the scatter plot of the relative intensities (i.e. photon
counts) shows that the AODs are calculated under cloudy circumstances. The influ-
ence of scattered clouds on our measurements is still an issue for the calculation of the
AOD values and the current cloud-screening algorithm has to be improved to further
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increase the quality and reliability of the data.
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Table 1. List of selected cloudless days from September 2006 until May 2009.

6 Sep 2006 30 Apr 2007 5 Aug 2007 11 May 2008
4 Apr 2007 1 May 2007 5 May 2008 1 Jul 2008
22 Apr 2007 2 May 2007 8 May 2008 29 May 2009
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Table 2. List of places mentioned in this article with their latitude and longitude.

Location Latitude Longitude

Uccle (Belgium) 50◦48′ N 4◦21′ E
Oostende (Belgium) 51◦13′ N 2◦55′ E
Lille (Belgium) 50◦36′ N 3◦06′ E
Helgoland Island (Germany) 54◦10′ N 7◦53′ E
Hamburg (Germany) 53◦34′ N 9◦56′ E
Ispra (Italy) 45◦49′ N 8◦38′ E
Valencia (Spain) 39◦30′ N 0◦25′ W
Granada (Spain) 37◦10′ N 35◦35′ E
Thessaloniki (Greece) 40◦30′ N 22◦54′ E
Beijing (China) 39◦59′ N 116◦19′ E
Gwangju (Korea) 35◦13′ N 126◦50′ E
M’Bour (Senegal) 16◦58′ N 14◦23′ E
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Table 3. Mean AOD values and their standard deviations for each day of the week.

Day of the week Mean AOD

Monday 0.48±0.31

Tuesday 0.54±0.36

Wednesday 0.53±0.32

Thursday 0.54±0.40

Friday 0.55±0.33

Saturday 0.51±0.34

Sunday 0.51±0.35
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Fig. 1. Ratio of the observed and expected intensities for a cloudless (5 August 2007; in blue)
and for a cloudy (20 July 2008; in red) day at Uccle.
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Fig. 2. Scatter plot of the Brewer and Cimel AOD at 340 nm (time period for the comparison is
30 min). The red curve represents f (x)=x.
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Fig. 3. Comparison of the Brewer and Cimel AOD values at 340 nm (time period for the com-
parison is 3 min). The red curve (f (x)=0.822x+0.055) represents all the data. The blue curve
(f (x)=0.992x+0.005) shows the data without the outliers.
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Fig. 4. Sun scan measurements of Brewer#178 on a day for which an outlier was present
(13 September 2006). The green dashed line represents the theoretical values, based on the
output of the TUV model, whereas the black line represents the observed relative intensities.
The highlighted points (red and blue) represent the points for which the comparison with the
Cimel measurements was done (which means there was a Cimel observation within a time
period of 3 min). The difference between the Brewer and Cimel measurements was larger than
0.5 for the red point, which was considered to be an outlier. From this plot, it is clear that this
outlier measurement is strongly influenced by clouds.
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regression curve (f (x)=0.964x+0.006) of the comparison.
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Fig. 6. Seasonal variation in AOD at Uccle (based on data from September 2006 to December
2009). The blue line is the mean seasonal value, whereas the dashed black lines represent the
mean value ± its standard deviation.
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Fig. 8. Monthly variation in AOD at Uccle (based on data from September 2006 to December
2009). The blue line is the mean seasonal value, whereas the dashed black lines represent the
mean value ± its standard deviation. For December 2007, the mean monthly value is based on
only 3 individual AOD values. This explains the low standard deviation for this month.
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Fig. 9. Mean monthly AOD values (at 320 nm from Brewer#016) for dry and wet days for a time
period from 1984 to 2009.
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Fig. 10. Monthly mean mixing height for Uccle (ECMWF). The blue line is the mean seasonal
value, whereas the dashed black lines represent the mean value ± its standard deviation.
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