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Abstract At the facilities of the Laboratory of Atmospheric Physics of the Aristotle University of
Thessaloniki, Greece, a double monochromator Brewer spectrophotometer records nearly simultaneous
direct and global solar UV irradiance spectral measurements at 10 nm intervals between 310 and 360 nm.
At these wavelengths, the effective single scattering albedo (SSA) of aerosols is calculated by comparing
the ratio between the direct and global irradiance with the corresponding ratio from simulations by a
radiative transfer model, for the same atmospheric conditions. A comprehensive uncertainty analysis has
been performed regarding the calculation of the SSA in this spectral region, which shows that two
important uncertainty factors above 320 nm are the measured irradiance levels and the AOD, while below
320 nm the total ozone is also an important factor of uncertainty. The effect of using default aerosol
extinction profiles in the simulations, instead of the real ones, has been also investigated for specific cases
using lidar profiles. Comparison with measurements of the SSA in the visible spectral region from a co-
located CIMEL sun-photometer shows that the SSA in the UV is significantly lower confirming the
findings of other recent studies.

1 Introduction

Although numerous studies are focused on explaining the physical and chemical processes in the
atmosphere affected by aerosols (IPCC, 2013), and have shed light in the complicated interactions
between aerosols and solar radiation, (e.g. Kazadzis et al. (2009)), the level of understanding remains low.
The description of the role of aerosols in global climate models and satellite algorithms is still poor,
making aerosols a major uncertainty factor in both, model simulations and satellite retrievals (Lee et al.,
2016; Samset et al., 2013).

The understanding of the interactions between aerosols and solar radiation in the UV region is even
lower compared to the visible part of the solar spectrum (e.g. Palancar et al. (2013)). Although
measurements of the aerosol optical depth (AOD) in the UV are nowadays available by large networks
(Holben et al., 1998; Nakajima et al., 1996), providing useful information regarding the specific
parameter, very few stations provide reliable measurements of the absorption efficiency of aerosols in
UV, usually described by the single scattering albedo (SSA) and the absorption optical depth (AAOD).

Several studies suggest that, for particular aerosol species, the SSA in the UV differs largely from the
corresponding SSA in the visible region, (e.g. Corr et al. (2009)), pointing out the need for reliable
measurements of SSA in UV, also given the vital importance of UV radiation for humans and the
ecosystems. In the present study, the methodology described by (Bais et al., 2005) has been used to
calculate and study the SSA over Thessaloniki in the spectral region 310 — 360 nm with a step of 10 nm.
Analysis of the uncertainties in the calculation of the SSA has been also performed.



2 Data and Methodology

For the calculation of the SSA, direct-sun and global UV measurements from the double monochromator
Brewer (type MKIII) with serial number 086 (Brewer#086) have been used. The particular instrument is
operating at the facilities of the Laboratory of Atmospheric Physics of the Aristotle University of
Thessaloniki, Greece (LAP) since 1993, and performs automated measurements of the global solar
irradiance in the region 290 — 363 nm with a step and a resolution of 0.5 nm. The temporal resolution of
the spectral scans is ~ 20 — 30 mins. Since 1997, each spectral scan of the global UV irradiance is
interrupted at specific wavelengths (300 — 360 nm with a step of 10 nm) and measurements of the direct
sun irradiance are performed. The temporal difference between the measurements of the direct sun
irradiance and the corresponding measurements of the global irradiance at the same wavelength is of the
order of a few seconds, thus they are considered simultancous. The ratio of the direct and global
irradiance is then calculated and used for the retrieval of the SSA.

For each of these measurements, simulations are performed with the radiative transfer model (RTM)
uvspec, of the libRadtran package, version 2.0 (Emde et al., 2016), for the same AOD, total ozone, and
solar zenith angle and different values of the SSA (from 0.3 to 1 with a step 0.01). The direct to global
irradiance ratio from Brewer#086 is then compared with the corresponding modeled ratios and the SSA is
considered to be that, for which the modeled ratio is closest to the measured one. The AOD used in the
RTM is directly calculated from the same direct irradiance measurements used for the calculation of the
ratio (Kazadzis et al., 2005). The total ozone is derived from a single monochromator MKII Brewer with
serial number 005 (Brewer#005), also operating at the facilities of LAP. The closest to the direct-to-
global irradiance ratio total ozone measurement is used in the model. If no measurements of total ozone
are available for a particular day, this day is discarded. Cloud screening of the measured ratios is achieved
using data from a CM-21 pyranometer (Vasaras et al., 2001) and only ratios measured under cloudless
skies are used in the analysis. The SSA at 340 nm has been also calculated using the 340 nm (level 1.5)
AOD product from a co-located CIMEL sun-photometer as input to the RTM. The level 1.5 SSA product
at 440 nm from CIMEL has been compared with the SSA from Brewer#086. Simulations have been also
performed using extinction coefficient profiles from the lidar also operating at LAP, to quantify the effect
of using a default aerosol profile.

3 Results

In the present study the SSA in the UV (310 — 360 nm) derived from Brewer#086 is presented for the year
2015, and compared to the SSA in the visible region (440 nm) as it is calculated from measurements
performed by CIMEL sun-photometer. Furthermore, an effort is made to quantify the main uncertainties
in the calculation of the SSA from the Brewer.

3.1 Uncertainties

According to Kazadzis et al. (2016), the main factors introducing uncertainties in the measurements of
Brewer#086 are:

e Uncertainties in the AOD used for the RTM simulations
Uncertainties in the AOD and SSA profiles used for the RTM simulations
Uncertainties in the profile and the total column of ozone (important for UV-B wavelengths)
Calibration uncertainties
Measurement uncertainties



The 1-sigma uncertainties in the retrieval of the (extinction) AOD from Brewer#086 have been
estimated to 0.05 for UV-A and 0.07 for UV-B (Kazadzis et al., 2007). Comparison between
measurements by Brewer and CIMEL confirms their findings since the mean difference between the level
1.5 AOD at 340 nm from the two instruments (for the year 2015) is 0.01 + 0.03. The (absolute and
relative) difference between the calculated SSA, when the AOD from the Brewer or the CIMEL are used
in the simulations, is shown in Figure 1.
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Fig. 1. (a) Absolute differences between the AOD from Brewer and CIMEL at 340 nm (for 2015), (b)
absolute differences between the SSA at 340 nm when AOD from the Brewer and CIMEL is used in the
simulations, (¢) same as (a) showing the relative (%) instead of the absolute differences, and (d) same as
(b) showing the relative (%) instead of the absolute differences,.

From Figures la and lc it is evident that the Brewer usually reports higher AOD (by up to ~0.035),
particularly when the AOD is low. The impact of this overestimation in the calculation of the SSA also
becomes more important for lower AOD values (Figures 1b and 1c), for which the relative differences
between the AOD from the two instruments are larger (Figure 1c). The largest (absolute and relative)
differences in AOD occur at high SZA, inducing correspondingly large differences in the SSA.

Different extinction coefficient profiles were used instead of the default aerosol profile to estimate the
effect of using a climatological profile. The profiles were for six different days during which the mixture
of aerosols was mainly consisted by one of the following aerosol types: dust (two days), biomass burning



(two days) and continental (two days). The profiles and the aerosol type were derived by lidar
measurements (Giannakaki et al., 2010; Siomos et al., 2017). The lidar profiles have been derived at 355
nm and have been scaled to the measured AOD for the particular days. In all cases, the derived SSA is not
changing by more than 0.03 for all wavelengths (310 — 360 nm). Although uncertainties due to the use of
a default SSA profile in the simulations are expected to be more important, presently, there are no reliable
SSA profiles which can be used to assess this effect.

Overall uncertainties in total ozone column (due to uncertainties in the used cross sections,
stratospheric temperature variations, calibration and measurement uncertainties) are estimated to be of the
order of ~2.3% (Carlund et al., 2017). The change of the calculated SSA due to a change of 2.3% in the
total ozone column used in the simulations, is in all cases lower than 0.01 (thus not detectable). However,
a 2.3% error in total ozone induces an error of 0.02 to 0.03 in the AOD calculation at 310 nm, which in
turn induces a corresponding error in the calculation of the SSA, ranging from ~0 for high AOD (near
0.9) to ~0.1 for low AOD (near 0.1). Uncertainties also arise from the use of default ozone profile in the
simulations, though they have not been investigated yet.

The uncertainties of the Brewer global UV irradiance calibration are not affecting the calculation of the
SSA since the same calibration factor affects both terms of the ratio (direct and global irradiance). Thus,
only the uncertainties in the calibration transfer function from global to direct irradiance affect the
calculation of the SSA. These uncertainties have been estimated to ~3% (Kazadzis et al., 2005). For high
AOD (> 0.3), changes in the ratio, of the order of 3%, have small impact in the calculation of the SSA
(<0.05). Though, for low AOD the error in the calculation of the SSA becomes more important, reaching
0.3 for AOD near 0.1. Uncertainties in the measurements of the direct and global irradiance are estimated
to be smaller and less significant compared to the uncertainties discussed above.

3.2 Annual variability of the SSA from Brewer#086 and CIMEL

In Figure 2(a), the monthly mean values of the SSA at 310, 320, 340 and 360 nm are presented. The
monthly mean values have been calculated as averages of the daily mean SSA for the days of each month.
The SSA for SZAs above 75° has not been taken into account in the analysis for both instruments. Shaded
areas represent the standard deviation. There is a clear annual cycle while differences between different
wavelengths are within the estimated uncertainties.
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Fig. 2. (a) SSA at 310, 320, 340 and 360 nm from Brewer#086. The shaded areas represent the standard
deviation and (b) SSA at 340 nm from Brewer#086 calculated using AOD from Brewer#86 and CIMEL
and SSA at 440 nm from CIMEL.



In Figure 2(b), the monthly mean SSA at 340 nm derived from the Brewer, calculated using both the
AOD derived from the Brewer and the CIMEL, and the SSA at 440 nm from the CIMEL are presented.
For both cases, the SSA at 340 nm is lower than the corresponding SSA at 440 nm. When the AOD from
the Brewer 1s used for the calculation of the SSA, the differences between the SSA at 340 and 440 nm
range from ~0.05 to ~0.2, while when the AOD from the CIMEL is used in the simulations the
differences become smaller, ranging from ~ 0.01 to ~ 0.15. In both cases the annual cycle of the SSA at
340 nm is more pronounced from the corresponding annual cycle of the SSA at 440 nm. During the cold
period of the year the SSA at 340 nm gets very small values, possibly associated with more absorbing
urban aerosols, originating mainly from local sources in this period (Amiridis et al., 2005). This behavior
is not seen in the SSA at 440 nm which stay rather stable during the year with a small decrease in January.
This behavior is possibly related to the smaller differences in SSA at visible than UV wavelengths for
different aerosol types.

4 Conclusions

In the present study, the methodology for the retrieval of SSA in the wavelength range 310 — 360 nm
from measurements performed by a double monochromator Brewer has been presented. The most
important uncertainty factor in the calculation of the SSA is the magnitude of AOD. The uncertainties
induced due to errors in the AOD are very important when the AOD is low (below ~0.2) and less
important for higher AOD. However, the parameter that describes the radiative effect of absorption by
aerosols is AAOD, which is calculated by multiplying AOD by SSA. Even large errors in SSA at low
AODs induce small absolute errors in the calculation of the AAOD, thus have a small impact in the
quantification of the radiative effect of the absorption by aerosols. A clear annual cycle is found for the
SSA in the UV which is not evident for the SSA at 440 nm. Generally, the SSA in the UV is lower
compared to the SSA at 440 nm by ~ 0.05 — 0.15 depending on month. When AOD from the CIMEL is
used for the calculation of the SSA at 340 nm, the SSA values are slightly higher (compared to the SSA
calculated using AOD from Brewer#086) mainly for winter. This is possibly due to the lower AOD in
winter compared to the AOD during the rest of the year, which makes the differences between the AOD
from the two instruments more significant, and leads to larger differences in the SSA during this period.
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