Aerosol optical thickness from Brewer spectrophotometers
and an investigation into the stray-light effect
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The Langley method has been applied to the measurements of direct solar radiation made by Brewer »
spectrophotometers to obtain the aerosol optical thickness (AOT) of the atmosphere in the ultraviolet-B
range. In several cases the AOT increased with wavelength, which raises suspicion about the stray-light

effect.

conducted a campaign by using single- and double-monochromator Brewers.

To investigate the quality of the AOT measurements and the possibility of stray light, we

The campaign’s results

have shown that both Brewers’ AOT values are in good agreement and that stray light is not an important
effect for AQT at wavelengths above 306 nm. © 2004 Optical Society of America

OCIS codes:

1. Introduction

Brewer spectrophotometers are capable of making
direct sun (ds) measurements looking straight into
the solar beam. Total column values of ozone (O3)
and sulfur dioxide (SO,) in the atmosphere are de-
termined from those measurements. In addition,
they have also been used to obtain the aerosol optical
thickness (AOT)*2 in the ultraviolet B (UVB) by ap-
plication of the Langley method to the wavelengths of
306.3, 310.1, 313.5, 316.8, and 320.1 nm.

Ozone Laboratory at the Instituto Nacional de Pes-
quisas Espaciais (INPE) in Brazil has used Brewer
spectrophotometers in special campaigns to make ds
measurements for obtaining AOT values in Brazil
and other sites in South America. Site location has
varied from the Brazilian seashore to the high alti-
tudes of the Andes Mountains in Bolivia, passing
through biomass burning, quiet rural, and polluted
metropolitan regions in Brazil. The procedure for
obtaining the AOT from Brewer ds measurements
has been checked to guarantee the highest-quality
values. Nevertheless, in some casesi-2 the AOT val-
ues have shown a puzzling behavior by increasing
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with wavelength. According to Angstrom’s law, the
opposite is expected; could the stray-light effect in the
single monochromator produce erroneous results for
AOT? The stray-light effect is an augmentation of
the detector’s photon count due to the arrival of un-
desirable photons of different wavelengths in the pho-
tomultiplier tube. For shorter wavelengths in the
UVB range, such contamination can be the same or-
der of magnitude as the real photon count, increasing
UVB measurements as much as 10%. It suggests
the misleading idea of a less opaque atmosphere.
The main source of stray light in a spectrophotometer
is its diffracting grating, followed by collimating and
focusing mirrors. Marenco et al.,3 with ds measure-
ments from a double-monochromator Brewer, got re-
sults similar to Kirchhoff et al.}2 without using the
Langley method and found, besides a wavelength in-
creasing behavior, a strong oscillation of the AOT
values below approximately 310 nm, which Marenco
et al. believed to be caused by an imperfect removal of
the ozone contribution or even a sulfur dioxide influ-
ence. Bais et al.4 also compared UVB irradiances
from single- and double-monochromator Brewers and
concluded that for wavelengths greater than approx
imately 300 nm there was no significant effect of
stray light.56 _
According to Bernhard and Seckmeyer,? in addi-
tion to stray light there are other effects also intrinsic
to the spectrophotometer that can cause systematic
errors affecting the measurements of UVB irrafil'
ances and their uncertainties. Those effects arisé
from radiometric calibration, cosine error, spectra
resolution, wavelength misalignment, radiometrit
stability, nonlinearity between the instrument’s s1g-



nal and the flux of photons, signal-to-noise ratio, and
solar position timing errors. Stray light is the
eighth in decreasing order of importance as a source
of error among the above cited. Associated with
spectral resolution and timing error effects, the cone
form of the spectrophotometer field of view in ds mea-
surements allows for undesirable forward-scattering
photons that get inside the detector together with the
other photons from the solar beam not scattered by
the atmosphere. In other words, the Beer’s law as-
sumption [see Eq. (1)] of a direct solar beam of radi-
ation at a wavelength N\ only8-1° is not strictly
followed.

In this paper we compare the AOT in the UVB
range from simultaneous ds measurements made by
two Brewers to investigate whether the stray-light
effect acts on measurements. Measurements of ds
are likely to be analyzed by the Langley method after
having been converted from raw counts into count
rates following exactly the same Brewer algorithm’s
routine.’? In 2002 a special campaign was con-
ducted in Sdo José dos Campos (23.18° S, 45.89° W,
600 m above sea level) by use of ds measurements
from single- and double-monochromator Brewers in
the first part of the campaign, and two single-
monochromator Brewers in the second part. For
both parts, Brewers had worked side by side under
the same schedule. Because double monochroma-
tors can reject stray light much more efficiently than
single ones, it is believed that any measurable differ-
ence between AOT values from ds measurements
from single- and double-monochromator Brewers
could be detected, if stray-light effects are important
in these proceedings.

2. Instruments and Methods

During four weeks in 2002, two Brewer spectropho-
tometers were set simultaneously side by side in the
Ozone Lab facilities at INPE and operated together
under the same schedule to make ds measurements
at the wavelengths 306.3, 310.1, 313.5, 316.8, and
320.1 nm with spectral resolution of 0.6 nm FWHM.
In the first part of the campaign, two Brewers, a
double-monochromator MKIII (#167) and a single-
monochromator MKIV (#068), made several ds mea-
surements during the mornings and afternoons.
Brewer checkout routines were conducted periodi-
cally to ensure the best quality of measurements. In
the second part of the campaign the same Brewer
MKIV of the first part and a single-monochromator
Brewer MKII (#056) were used. Unblocked solar
beam conditions for ds measurements were checked
by visual surveillance of the sky. Despite this pro-
tedure, it is impossible to guarantee no influence on
sky-thickness values from invisible high-altitude
clouds or variable plumes of aerosols during mea-
surements.

According to Beer’s law, the solar beam intensity
(I,) at the wavelength A depends exponentially on the
. atmospheric optical thickness (7,,): ;

I, = I, exp(—my). 1

I,, is the intensity of radiation at the Earth’s atmo-
spheric top, and m is the air mass that equals the
inverse of the cosine of the solar zenith angle for
angles less than 60°. Rewriting Eq. (1), we obtain

ln(Ix) = ln(ILO) - Tatmv (2)

where I, is a Brewer ds measurement at air mass m
from a set of data (m, I,), which can be analyzed by
the Langley method to obtain 7, if both I,, and T,
stay constant for some period of time A¢. That
means In(J,) is proportional to m.12

In the UVB band the AOT is equal to 7,, minus the
sum of the optical thicknesses of all other atmo-
spheric components that attenuate the solar beam
intensity along its path in the atmosphere except for
aerosols:

Tae = Tat — (703 + TS0, + TR)- 3

To,» Tso, and 75 are the optical thicknesses due to Oy
and SO22 absorption and the Rayleigh scattering ef-
fect, respectively. 7x can be easily calculated with
the Hansen and Travis formulal3.14 corrected for local
atmospheric pressure that was (960 *= 10) mbar for
both parts of the campaign. 74 and g, are a func-
tion of the gas cross section!516 (o) and the total
column gas value (N) supplied by Brewer ds measure-
ments and come from

7, = oN2.69 X 10%, i = O; or SO,. )

Contributions of trace gases such as formaldehyde
(HCHO), nitrous acid (HONO), and others were not
taken into account because 7,. is not significantly
affected by the poor concentration of those trace gases
in the atmosphere as Kirchhoff et al.2 demonstrated.

The uncertainty of 7, (8,) must reflect the param-
eters and processes used in its calculation. That
means the error propagation analysis must be ap-
plied to Egs. (3) and (4) and the Hansen and Travis
formula. 75 uncertainty is supposed to depend on
the local atmospheric pressure only and is equal to
approximately 1%. 7o, and 75, uncertainties come
from the following formula:

8; = 2.69 X 10™[(N®,)? + (0dy)2]°%,
i = O or SO,. ' (5)

The uncertainties 3, and 3, (related to ¢ and N) for
O, are less than 1% and 2%, respectively, whereas for
SO, they can be much larger. Nevertheless, owing
to its low concentration in the atmosphere at the
scenarios of this paper, the SO, optical thickness and
its uncertainty have small, or even negligible, influ-
ence on 1,,. The uncertainty of 1, is drawn from the
linear regression analysis used to calculate the Lan-
gley method’s parameters, and it is usually the larg-
est source of error for 7,,. Then the uncertainty of
T, 18 equal to

8ae = [(Bat)2 + (803)2 + (8802)2 + (BR)z]O'S- (6)
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Table 1. Report of ds Measurements Made by Brewers MKIH
and MKIV in the First Part of the Campaign
Brewer  Brewer
Day Number MKIII MKIV
of At of ds D
Year (hr) Am Measures R? R? (%)
60 0.33 0.093 5 0.90 0.88 16.1
63 0.97 0.155 14 0.92 0.92 11
64 1.75 0.549 23 0.96 0.95 7.7
66 0.76 0.219 11 091 0.89 9.2
69 2.00 0.481 25 0.93 0.92 11.0
72 141 0.215 17 0.86 0.88 5.6
75 241 0.295 20 0.93 0.92 3.6
76 1.80 0.304 21 0.92 0.94 94

250_- N 03

] 1 i

2] : [+

1

240 T T T T T T T —
60 62 64 66 68 70 72 74 76 78

Dobson unit

a5

1 1
1 1

3. Results and Discussion

The campaign was organized to obtain ds measure-
ments for the application of the Langley method dur-
ing periods of time A¢ (or intervals Am of m) in the
mornings or afternoons. Table 1 shows Af and the
corresponding number of n ds measurements re-
leased in the first part of the campaign by Brewers
MKIII and MKIV. Table 2 shows the same for the
second part of the campaign by use of Brewers MKII
and MKIV. Time periods as short as 0.33 h and as
large as 4.11 h, with a proportional number n of ds
measurements, were obtained.

The optical thicknesses for O3 and SO, absorption
come from the representative values of O; and SO,
for the period of time of n ds measurements. Tables
1 and 2 show n as the number of ds measures. The
representative values of O3 and SO, are averages
among n ds measurements with one standard devia-
tion (sd) taken as uncertainty. Figures 1 and 2 show
those values in the two parts of the campaign. Even
though there is some disagreement on days of year
60, 282, 302, and 307, such disagreement neither
significantly affects the corresponding AOT values
nor changes their wavelength behavior. Typical val-
ues for the optical thickness of aerosols, Oz, SO,,
Rayleigh scattering, and the atmosphere obtained in
the campaign can be seen in Table 3.

At the end of the campaign, 16 groups of n ds
measurements were obtained (15 in the mornings
and only one in the afternoons). After applying the

Table 2. Report of ds Measurements Made by Brewers MKII
and MKIV in the Second Part of the Campaign

1 T 1 T
60 ) 70 72 74 76 78

Day of year
Fig. 1. Representative Oy and SO, values from Brewers MKIV
(circles) and MKIII {triangles) in the first part of the campaign.

Langley method to those groups and calculating T,
Ts0, and 75 values, we used Egs. (3) and (6) to obtain
the corresponding AOT values and their uncertain-
ties, respectively. Figure 3 shows the AOT values

- for the first part of the campaign, in which they

ranged from 0.35 * 0.05 to 1.91 = 0.18 at 306.3 nm,
with Brewer MKIV and Brewer MKIII values as cir-
cles and triangles, respectively. The day of year is
shown in the corner of the figures, and uncertainties
are 1 sd. Figure 4 shows the AOT values for the
second part of the campaign with Brewer MKIV (cir-
cles) and Brewer MKII (triangles). In this case the
AOT values range from 0.20 + 0.18 to 2.63 + 0.39 at
306.3 nm and are larger than the ones in the first part
of the campaign. That is because October, in which
almost all the second part of the campaign was car-
ried out, marks the end of the dry season, which is
typically more polluted than the rainy season of
March in the first part of the campaign.

AOT uncertainties have been chosen as 1 sd to
emphasize the agreement between the Brewers. As
can be seen from a typical value of AOT in Table 3,
although 8, is wavelength decreasing by approxi-
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Brewer  Brewer

Day Number MKII MKIV
of At of ds

Year (hr) Am Measures R? R? (%)
282 1.08 0.081 7 0.92 0.95 15.5
283 411 0912 34 0.92 0.95 13.1
284 3.08 0.629 14 0.85 0.89 15.7
285 4.10 0.893 30 0.99 0.99 5.0
286 4,04 0.885 31 0.96 0.97 4.5
289 2.16 0396 20 0.95 0.95 11.1
302 2.33  0.424 21 0.97 0.97 5.6
307 3.41 0.504 29 0.94 0.97 6.1
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Day of year

Fig. 2. Representative Qg and SO, values from Brewers MKIV
{circles) and MKII (triangles) in the second part of the campaig?
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Table 3. Typical Values of Optical Thickness for Aerosol, O,, SO,, Rayleigh Scattering, and the Atmosphere Obtained from Brewer MKII!

on Day 72 as a Function of Wavelength

i 306.3 nm 310.1 nm 313.5 nm 316.8 nm 320.1 nm

Aerosol 1.09 = 0.18 1.14 = 0.17 1.15 £ 0.17 1.18 £ 0.17 1.21 = 0.16

Og 1.06 = 0.02 0.58 = 0.01 0.42 = 0.01 0.23 = 0.00 0.18 = 0.00
SO, 0.04 = 0.01 0.01 = 0.00 0.01 = 0.00 0.01 = 0.00 0.00 = 0.00
Rayleigh scattering 1.05 = 0.01 0.99 = 0.01 0.95 = 0.01 0.91 = 0.01 0.87 = 0.01
Atmosphere 3.24 + 0.18 2.72 £ 0.17 2.53 £ 0.17 2.33 £0.17 2.26 £ 0.16

mately 0.02, AOT is wavelength increasing by ap-
proximately 0.12. Because the latter is as much as
six times the former, it can hardly be believed that
the wavelength behavior of the AOT values is af-
fected by the uncertainties, even though some minor
influence cannot be denied.

The Brewers had worked side by side under the
same schedule. AOT values have been compared by
use of both the square correlation coefficient (R?),
from the linear regression for obtaining .., and the
average relative difference (D). For a wavelength A\
the ratio of the difference between the AOT values of
the two Brewers to their average is the relative dif-
ference. Then D is the average among the relative
difference values for the five wavelengths. Those
parameters are shown in Tables 1 and 2. The limits
for acceptance of 7, have been chosen as R? = 0.85
and D = 20% because they are associated with reli-
able sets of ds measurements. Sometimes, even for
an apparently cloudless day condition, ds measure-
ments plotted along a period can show some incon-
gruities due to AOT variations that are undetectable
by a naked-eye observation. Every time any heter-
ogeneous plume of aerosols had been detected in the

sky during a set of ds measurements, AOT values of
R? < 0.85 and D > 20% were obtained. This fact has
been used to disqualify the AOT values associated
with it.

A question rising from D = 20% as a limit is if two
Brewers were working under identical conditions,
looking at the same point in the sky at the same time,
why is D as large as 20%? Brewer ds measurements
are not calibrated ones, and they depend on the effi-
ciency of the photomultiplier tube inside the Brewer.
Thus ds measurements from two Brewers are photon
counts that can be different from each other even
though the Brewers can be looking at the same point.
As Eq. (1) suggests, the lack of calibration of ds mea-
surements is not important because 7,, is not depen-
dent on the units of I, and I,;,. Nevertheless, Bais1?
has proposed a method to calibrate Brewer ds mea-
surements.

The AOT variation during ds measurements can
pose a huge problem to determine AOT values by the
application of the Langley method. The coefficient
In(Z,) in Eq. (1) could be used to get some informa-
tion about the variation of the AOT. If a set of ds
measurements were made daily under aerosol stable
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Fig. 3. AOT values as a function of wavelength from Brewers MKIV (circles) and MKIII (triangles). Except for day 69, all values are

related to morning periods.
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Fig. 4. AOT values as a function of wavelength from Brewers MKIV (circles) and MKII (triangles).

periods.

layer conditions, low variability could be expected
from the In(J, ;) value for all the measured UVB wave-
lengths in a couple of days. In the first part of our
campaign, In(/,;) equals 20.778 + 0.568 (1 sd).
Even if we had used Bais’s method to convert I, into
physical units [watts per (square meter times nano-
meter)], the interpretation of low variability for it as
a sign of constancy of the atmospheric condition must
be taken with care because AOT variations along a
set of ds measurements can be offset (see Fig. 3 at
Kirchhoff et al.1), leading to a value of I, similar to
that for a stable atmosphere.

Research has been done to develop a criterion to
improve the confidence in the AOT values from the
application of the Langley method under aerosol
layer variable conditions. That is a hard issue in
that changes can be not only in the quantity but also
in the chemistry and size of the aerosols.181® A
quantity variation can be reflected in 7, by augmen-
tation (or diminution) of its value and growth of §,.
Nevertheless, such a type of variation does not
change the AOT wavelength behavior. On the other
hand, according to Abel et al.,'® changes in the chem-
ical composition and size of aerosols in a course of a
few hours can lead to variations in their optical prop-
erties. Could this result in AOT wavelength behav-
ior changes? Some recent papers such as
Jaroslawski et al.29 have found similar results but
regarded AOT wavelength behavior as a problem
linked to the Angstrom coefficient. As canbe seen in
Figs. 3 and 4, there are cases of both AOT wavelength
increasing and decreasing behavior.

The whole campaign had been driven to show the

consistency of the methodology in obtaining AOT by -

use of Brewer ds measurements. The first part had

2488 APPLIED OPTICS / Vol. 43, No. 12 / 20 April 2004

All values are related to morning

also been intended to determine whether AOT values
were affected by stray light. For this, Fig. 3 shows
four out of eight cases (days of year 60, 69, 72, and 75)
in which, at least for the two shortest wavelengths, a
wavelength increasing behavior was observed. Re-
searchers, who had been suspecting stray-light con-
tamination, were surprised to see that Brewer MKIII
data showed not only a wavelength increasing behav-
ior but also, as seen on days 60 and 72, a stronger one
when compared with MKIV data. After these re-
sults, it can be said stray-light effect was not present,
or at least not significantly, on the AOT values ob-
tained in this proceedings.

4. Conclusions

In this paper we investigated the procedure to obtain
AOT values from Brewer ds measurements and de-
termine whether stray light was acting on them.
The Brewers’ AOT values, which are in good agree-
ment, have been associated with square correlation
coefficients R? = 0.85 and average relative difference
D = 20%. Even though such a criterion has deliv-
ered values matching quite well, we believe that more
applications to compare AOT values among Brewers
and other instruments should be made to improve the
confidence in the procedure.

The doubt about stray light as causing the wave-
length increasing behavior of the AOT values has
been removed in that the comparison between values
from double- and single-monochromator Brewers 18
the first part of the campaign has clearly showed the
lack, or the low significance, of such an effect on the
measurements. In some cases the double monochro-
mator had even determined AOT values with stron-
ger wavelength increasing behavior.
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