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Abstract

From measurements, made with a new sunphotometer, the multispectral aerosol optical thickness has
been derived. This has been done by using the Langley method. An algorithm has been developped
for the automatic removal of data points taken during unstable atmospheric conditions. This method
worked well for measurements taken in De Bilt. At 26 mornings and afternoons between July and
November 1997 the aerosol optical thickness has been determined. The aerosol optical thickness
appeared most of the time to be higher in summer than in autumn. To derive the aerosol optical
thickness for unstable atmospheric conditions, an accurate calibration of the sunphotometer is needed.
This can be done by the Langley method but more Langley plots are needed for this than are available
now.

From the multispectral measurements of the aerosol optical thickness the aerosol size distribution
has been retrieved using a constrained linear inversion method. The inversion algorithm was first
applied to simulated data of the aerosol optical thickness to find optimal settings for parameters used
in the inversion and to obtain insight in the accuracy of the inversion algorithm. Because from the
sunphotometer measurements the aerosol size distribution can only be retrieved in a limited radius
range, the retrieved size distributions are extrapolated to smaller radii with a Junge power law.

Time series of the effective radius and effective variance of the aerosol size distributions, retrieved
from real measurements, are presented as well as some representative size distributions. In summer
the effective radius appeared tQ be smaller and the effective variance appeared to be larger than in
autumn.






1 Introduction

Aerosols are small solid or liquid particles that are found in all planetary atmospheres. For many
reasons knowledge about aerosols is important. One of these reasons is the climate impact of aerosols.
They influence the Earth’s radiation budget by scattering and absorption in the visable part of the
spectrum and by absorption-emission in the infrared (Lenoble, 1984). The resulting effect (warming
or cooling) strongly depends on the particle characteristics. Besides their direct influence on radiation,
aerosols also have an indirect influence, because they play an important role in the formation of clouds,
by permitting the condensation of water vapour into cloud droplets or crystals. Generally the effect of
increasing the aerosol amount is an increase of the planetary reflectance, i.e., a cooling of the surface-
atmosphere system. The way in which this cooling can counteract the greenhouse warming of CO5 and
other trace gases has been studied e.g. by Hansen and Lacis (1990). Another reason why knowledge
about aerosols is important, is that they induce disturbances in remote sensing measurements of other
atmospheric constituents and of the surface.

Because the influences, mentioned above, depend on several properties of aerosols, it is necessary
to obtain information about such properties at different geographical locations during a long period.
Two important aerosol parameters are: the spectral dependency of the aerosol optical thickness and
the aerosol size distribution. The multispectral aerosol optical thickness of the atmosphere can be
derived from direct sun measurements with a sunphotometer. In this study the first measurements
are made with a new sunphotometer at the KNMI in De Bilt. This sunphotometer is called the SPUV
(Sun Photometer UV). From the spectral dependency of the aerosol optical thickness, the aerosol size
distribution can be retrieved. This is an inverse radiative transfer problem. Inverse problems often
occur in remote sensing and are the subject of active mathematical research. In remote sensing a
few popular ways to solve inverse problems are: the optical estimation theory (Rodgers, 1976, 1990),
relaxation methods (Chahine, 1972, Chu, 1985) and the constrained linear inverse technique (e.g.
Twomey, 1977, King et al. , 1978). In this study the main steps of the variant of King et al. (1978) of
the constrained linear inversion method are used.

In Section 2 of this report the derivation of the aerosol optical thickness from the direct sun
measurements by means of the Langley method is explained. For this method in principle clear sky
conditions are required. However, in the Netherlands these conditions are often violated by clouds.
Therefore, the greatest part of this chapter is dedicated to solving the problem of cloudy sky conditions.

The method of inversion of the optical thickness measurements to infer the aerosol size distribution
is described in Section 3, including the problems that occur in this inversion and their solutions.

Before the inversion algorithm was applied to real data it was applied to optical thickness data
which were simulated using known size distributions, to get insight in the reliability of the inverted size
distribution and to find the optimal settings for parameters used in the inversion. This is described
in Section 4.

Section 5 describes the experimental setup of the SPUV. Various problems were encountered when
doing the first measurements with the new instrument. These problems are evaluated in this chapter.

Results of the SPUV measurements done at the KNMI are shown in Section 6 and furthermore
their accuracy is discussed. Also a few size distributions are shown which are derived from these
measurements and time series are given of the effective radius and the effective variance of the retrieved
distributions.

The conclusions and recommendations for further research are given in Section 7.






2 Sunphotometry

2.1 Lambert-Beer’s law

The solar irradiance that reaches the Earth’s surface has been attenuated along its path in the atmo-

sphere due to scattering and absorption by molecules and aerosols.

Figure 1: Plane parallel atmosphere.

The irradiance I of the direct solar radiation at a certain wavelength A that is measured perpen-
dicular to the Sun at the Earth’s surface is given by Lambert-Beer’s law:

I(A) = Iy(\)e ™), (1)

where Ij()\) is the incoming solar irradiance at the top of the Earths atmosphere and [()\) is the slant
optical path length of the radiation through the atmosphere, which is defined by:

1) = /0 " kpds, (2)

where k()\) (m?.kg™!) is the mass extinction coefficient and p(z) (kg.m~3) is the local density. The
integration over s is over the slant path through the atmosphere. The optical thickness, §()), of the
atmosphere is defined by:

5(0) = /0  kpdz, (3)

where the integration over z is over the vertical direction of the atmosphere. The relative airmass
factor, m,, converts §(A) in I(N):

LA) =d6(N)m,. (4)
From Eq. (2), (3) and (4) it follows that m, is defined by:
_ Jo pds

my = fooo pdz (5)

If the curvature of the Earth’s atmosphere and refraction are neglected, it follows from Fig. 1 that

the airmass factor is given by:
1

cosfy’

(6)

my =

7



Here 6 is the solar zenith angle. For values of 8y < 60° the error made when using Eq. (6) is less then
0.1 % (Wauben, 1996). When taking into account the sphericity of and refraction in the atmosphere
the vertical distribution of the different attenuating substances are required in order to calculate m,
from Eq. (5) for each substance. The general expression for the relative airmass between altitudes 2o
and z; of an atmospheric constituent with density n at altitude z for a spherical atmosphere including
refraction may be written as (McClatchey, 1972, pp. 40-42)

= [/ (o)) ; A {1 - (1;120)2 (Z((?)) cos) 2} ke @)

where m is the refractive index of air, R is the radius of the earth and 7 is given by: v = 90° — 6.

Results of calculations with Eq. 7 can be used to obtain approximative expressions for m,. In this
way Kasten (1966) made the following approximation for m, for scattering by molecules taking into
account the curvature of and refraction in the atmosphere:
1

= siny + a(y +b)e’ ()
where a, b and c are constants. According to Kasten and Young (1989): ¢=0.050572, b=6.007995°
and ¢=1.6264. This approximation is used in this study. However, gas absorption and scattering by
aerosols are not taken into account in Eq. (8). This leads to an error in m, in Eq. (8) of less than 1%
for values of 6y < 85° (Wauben, 1996).

The optical thickness of the atmosphere can be written as

5(X) = 0r(A) +84(X) + da(H), 9)

where dp () is the optical thickness due to Rayleigh scattering, §4()) is the optical thickness due to
gas absorption and §,()) is the optical thickness due to scattering and absorption by aerosols, called

the aerosol optical thickness.

2.2 Langley method

The Langley method uses the daily motion of the sun along the sky to determine the aerosol optical
thickness of the atmosphere. Since the solar zenith angle changes during the day, the relative airmass
factor changes. Writing Eq. (1) as

InI(A\) = InIy(\) — §(\)m,, (10)

it is easy to see that there is a linear dependency between InI(X) and m,, when a constant optical
thickness may be assumed during a certain period of a day. So when I(}) is measured at different times
during a day (so for different values of m,), a plot can be made of InI()) versus m,. Such a plot is
called a Langley plot. From such a plot the optical thickness §(\) of the atmosphere can be determined
because it is the slope of the linear regression fit of InI(\) versus m,. If I()\) is measured outside
molecular absorption lines or at wavelengths where d4()) is known, the aerosol optical thickness d,(A)
can be determined from the total optical thickness §(\) with Eq. (9), because the Rayleigh optical
thickness is a known function of wavelength and ground pressure.

The important condition of a constant optical thickness during the period of the Langley plot
is often violated because of cloud passages. These cloud passages produce dips in the Langley plot,
so datapoints taken during cloud passages have to be removed from the data set. The remaining
datapoints can be used for a leasi-squares regression to obtain the aerosol optical thickness. The
method used for 'removal’ of cloud passages is described in Sect. 2.2.2. On days during which §, () is
variable with time, the Langley method cannot be used.



2.2.1 Calibration by the Langley method

When using the Langley method for determining the optical thickness, it is not necessary to use a
calibrated sunphotometer, because the slope of the Langley plot is independent of the calibration of
the instrument. On the other hand, the Langley method can be used to calibrate the sunphotometer.
This can be done by extrapolating the regression line to zero airmass . The intercept with the In I'()\)-
axis should give the extra terrestrial solar irradiance, Ip(\), which is a known quantity. Comparing
the intercept of the Langley plot with the value In I3()), found from tabulated values of Iy()), gives
the calibration constant of the sunphotometer.

A necessary condition for the Langley method, however, is the stability of the sunphotometer.
The value found for In I5(\) can be used to check this stability, since this value may not change from
day to day, apart from the changing distance between Sun and Earth.

The advantage of using a calibrated sunphotometer is that the variation of the aerosol optical
thickness during the day can be measured. To find the optical thickness at a certain time of the day,
only one instantaneous absolute measurement of I()) is needed. The optical thickness at a certain
time t of the day is then given by:

_ InIy(A,t) —InI(N)

S(\ 1) = —) . (11)

This method can be used at each time the direct solar irradiance can be measured. The condition of
a constant optical thickness during a certain period of a day is then no longer needed. However, also
for calibrated measurements of I()), it is still useful to apply Langley analysis to check the stability
of the sunphotometer.

2.2.2 Removal of cloud passages

Harrison and Michalsky (1994) have published an algorithm for automatic analysis of sunphotometer
data including a method for removing data points taken during cloud passages. This algorithm consists
of a sequence of "filters” that reject useless points. The five filters are:

1. The airmass range is restricted to airmasses between 2 and 6 (this corresponds to solar zenith
angles of 60° and 80°). This airmass range is covered in a relatively short time, so one can
assume a constant optical thickness during this period, which is an important condition for
Langley analysis. Airmasses higher than 6 are not used, because for those airmasses uncertainty
exists about the refraction correction for the airmass.

2. In Eq. (10) can be seen that a constant aerosol optical thickness results in a Langley plot with
a negative slope. Harrison and Michalsky (1994) assume that cloud passages produce minima
in the Langley plot followed by a period where the Langley plot has a positive slope. Therefore,
this filter identifies regions where the slope % is positive and rejects these points. The number
of points corresponding to the cloud passage left of the minimum in the Langley plot is assumed
to be equal to the points with positive slope, right of the minimum. The second filter also reject
these points.

3. Points where the slope % is more than twice its mean are also rejected. These points correspond
to cloud passages near the edge of the selected airmass range and points where filter (2) is not
agressive enough.



4. The remaining points are used for a least-squares regression. The points that lie more than 1.5
o (standard deviation) from the regression line are rejected.

5. The remaining points are used for the final Langley plot. The Langley analysis is assumed to
be valid only when 1/3 of the initial points remain after filtering and o < 0.006.

Harrison and Michalsky (1994) state that it is a well working algorithm, even for difficult sites (sites
with many cloud passages). However, for a few days, data taken in De Bilt were analyzed with this
algorithm with an unsatisfactory result. An example of analysis in this way is shown in Fig. (2).

In(l)
(3
L
%

' f | L L L L 1 L L
2.0 3.0 4.0 5.0 6.0 2.0 3.0 4.0 5.0 6.0
airmass airmass

Figure 2: Ezample of data analysis with the algorithm of Harrison and Michalsky (1994). The figure on the
left contains all the data points, the figure on the right contains the datapoints that remain after ’filtering’ with
the algorithm. Morning Langley plot of August 12th, 1997. A = 670nm

This figure shows a morning Langley plot in which the points between airmass 4 and 6 are useful
for Langley analysis and the datapoints between airmass 2 and 4 correspond to a cloud passage. It is
easy to see that the data points that remain after filtering with the algorithm (on the right in Fig. 2)
are not all useful for linear regression. For other days similar problems appeared. It was found that
the algorithm only works for almost clear days with only a few little dips in the Langley plot, like
the dip near airmass 4 in Fig. (2). It is obvious that this way of data analysis is not useful for a site
like De Bilt. The reason for this becomes clear when considering the second filter in the algorithm of
Harrison and Michalsky. This filter assumes that cloud passages produce smooth dips in the Langley
plot and the algorithm only works well for these kind of dips. In reality, clouds more often produce
large dips like in Fig. 2. The filter does not work for this kind of cloud passages because ”inside” the
cloud passage the slope becomes negative and positive more than once. Therefore a more agressive
method is needed for removal of cloud passages that are typical for De Bilt. The method used in this
study is as follows:

1. e Determine the first point of a cloud passage: m, = m} and I = I*

e From this first point, remove all points (m,.,I) for which @777?—-—’371,!11-1

of the cloud passages are removed now.

> 0. Most of the points

2. e Make an estimate des of the optical thickness, using only the points points for which
—0.05 < ﬁg InJ < 0.05. These are points for which ¢ does not vary much in time.

10



e Remove all points for which |%I > 0.58¢s¢|- These are cloud passage points that remained

after step 1 and cloud passages near the edge of the airmass range. It is decided to choose
the value 0.56.5; after evaluating the influence of this value for data of different days.

3. The third step is the same as filter 4 in the algorithm of Harrison and Michalsky, i.e. removing
all the points that lie more than 1.5 ¢ from the regression line.

In the present data analysis an airmass range is chosen between 2 and 6, as suggested by Harrison
and Michalsky (1994). This is decided after having evaluated the effect of longer airmass ranges. The
chosen airmass range appeared to be one where one could assume a constant aerosol optical thickness.
In figure 3 it is shown how this new filtering process works for the same data as in figure 2.

02— ————

00
0 0o®

In(1)

-0.8 { . I . I . ! . . I . | . .
2.0 3.0 4.0 5.0 6.0 2.0 3.0 4.0 5.0 6.0

airmass airmass

Figure 3: Ezample of data analysis in the new way. The figure on the left contains all the datapoints, the figure
on the right contains the datapoints that remain after ‘filtering’ with the new algorithm. Morning Langley plot
of August 12th, 1997. X\ = 670nm

Clearly, for this day the new method for removing clouds works better than the algorithm of
Harrison and Michalsky. Also for other days the new method gave satisfactory results. So, for the
data analysis in this study, the new method is used.

All days for which more than 5% of the datapoints remained after filtering were used to determine
the aerosol optical thickness. An indication of the reliability of the determined 4(\) is is of course
given by the standard deviation of the regression fit. Another check of reliability of the determined §
is the value found for In Iy{\) by the Langley method. Days for which this value deviates too much
from the average value found for In I4(\) should not be used to determine the optical thickness by the
Langley method.

11



12



3 Procedure for retrieving aerosol size distributions

3.1 Angstrom’s turbidity law

Angstrom (1930) found the following empirical relation for the spectral dependency of the aerosol
optical thickness. This relation is:
5(0) = BA~°, (12)

in which « and (8 are called the Angstrém turbidity parameters. o gives an indication of the size of
the aerosols and has typical values between 0.5 and 2.5. A small value of & indicates that there are
many large aerosols in the atmosphere and a large value of « indicates that there are many small
aerosols. [ is related to the total number of aerosols in the atmosphere.

3.2 Size distribution of aerosols

The aerosol size distribution is variable with time and depends on the geographical location. In this
study the aerosol size distribution, n(r), is defined as the number of aerosols per unit area per unit
radius interval in a vertical column of the atmosphere. Often the real size distribution is not known
and for many purposes (e.g. radiative transfer models, satellite aerosol retrieval) standard aerosol
models are used. The size distribution is then represented by a mathematical expression with a few
adjustable parameters. An important parameter for the aerosol size distribution is the effective radius,
introduced by Hansen and Travis (1974):

_ frarin(r)dr 1 /°° 5
Teff—-—fooowﬁn(r)dr =al raron(r)dr. (13)

Teff is a measure for the optically mean radius of the distribution. The associated effective variance
is (Hansen and Travis, 1974):

1 o0
Veff = W/O (r — repf)2mrn(r)dr. (14)

vess is a measure for the width of the distribution. The two parameters r.;; and v.ss are useful,
because two size distributions that are different but have the same r.;; and v.fs lead to similar
radiative characteristics of the aerosol.

The most popular distributions are (Lenoble 1993, Hansen and Travis 1974):

Junge power law
Between radii m; and rg, the Junge power law is defined as:

n(r) = Cr—v1 (15)

and n(r) = 0 for other values of 7. In Eq. (15), v is given by v = o+ 2 where « is one of the Angstrém
turbidity parameters. The constant C is fixed by the total number of particles.

Log-normal distribution:
1
n(r) = C—exp|~(lnr —In rg)?/(20)2). (16)

Here o is given by: logo = y/log(1 + vefs) and 1 is given by: g = reps /(1 +vef7)*°. C depends on
the total number of particles and o.

13



Two-parameter gamma distribution:
n(r) = Cr(1=30/ exp (—r/ab). (17)

Here: a =refp and b = vejy.

3.3 Inversion equation

From measurements of the aerosol optical thickness at different wavelengths, d,(\), the aerosol size
distribution can be obtained. If all aerosols in the atmosphere are assumed to be spherical and an
homogeneous aerosol distribution in the atmosphere may be assumed, the spectral dependence of the
aerosol optical thickness can be written as:

80 = [ 7 Qulr A min(r)dr (18)

where is Q. the extinction efficiency factor , calculated by using Mie scattering theory for spherical
particles (Van de Hulst (1957)) and m is the complex refractive index which is considered to be
independent of height. To obtain the size distribution from Eq. (18), finite boundaries (r, and 3) of
integration have to be chosen and the integral in Eq. (18) has to be written as a finite sum over small
radius intervals. For each wavelength A; for which measurements of d,()) are available, we may write:

b N o i
8a00) = [ 72 Qur N min(rydr = 3 [ w2 Qur, My myn(r)dr. (19)
Ta j_l Tj

Assuming that n(r) is constant over each interval [r;,7;41], Eq. (19)can be written in matrix form as:
g=Af+e (20)

In this equation g is a vector of dimension M, of which each element g; represents the measured values
of the optical thickness at A;: dq(\;).

f is a vector of dimension N which represents n(r). The element f; represents the value of n(r) at the
midvalue of the radius interval [r;, 7j41].

A is a M x N matrix, which is called the kernel matrix. Each element of A can be written as:

Tj+1 9
Ajj =/ Tr°Qe(r, Aiym)dr. (21)
r

J

In Eq. (20) e is an unknown error vector of M elements e; which are given by:
ei=gi— Y Aylfj (22)
J
The vector e represents the deviation between measurements and model.

3.4 Problems involved with inversion

As described e.g. by Twomey (1977) the inversion of Eq. (20) is not at all straightforward. On first
sight, it seems obvious to use the standard method for solving a set of M linear equations in M

unknowns, namely:
f=A"1g. (23)

14



However, this leads to a very unstable solution for f. This is a result of interdependence among the
rows of A, i.e. some of the rows of A can be expressed by a linear combination of other rows. So, in
fact less than M linear equations are available. Doing measurements of d,(\) at more wavelengths will
not improve the retrieval because more rows in A would lead to a higher interdependency among the
rows of A. Apparently, the multispectral measurements of ,(\) do not contain sufficient information
about n(r). This means that n(r) is not uniquely defined by the different measurements d,();), i.e.,
a set of different solution vectors f exist.

To obtain a solution for f, two possibilities exist. One is to add information to the system
of linear equations in Eq. (19), external to the measurements. Another possibility is to impose a
constraint on the solution. With this constraint one f can be chosen among the set of solution vectors.
Many methods have been proposed for solving inversion problems. A popular method is the optimal
estimation method (Rodgers 1976), which relies on previous knowledge of the solution, based for
example on climatological data. However, because the aerosol size distribution is known to be very
time dependent, this method is not useful for the retrieval of this quantity.

3.5 Constrained linear inversion method

Among the various methods for dealing with inverse problems, that have been proposed during the
past years, the constrained linear inversion method of King et al. (1978) is one of the most popular
methods for retrieval of the aerosol size distribution. For recent applications of this method see for
example Herman et al. (1997) and Gonzalez and Ogren (1996). In the constrained linear inversion
algorithm three constraints are imposed on the solution f, namely:

e A smoothing constraint, i.e. the smoothest of the possible solutions is chosen
e 3, e;? is minimized
e All elements of f must be positive

The form of n(r) is being partially assumed. In this way information is added to Eq. (19). The added
information and constraints are discussed below.

3.5.1 Assumptions regarding the form of the size distribution

In the constrained linear inversion method of King et al. (1978), the form of n(r) is being partially
assumed by writing:

n(r) = f(r)h(r), (24)

where h(r) is the Junge power law (Eq. (15)) which is a rapidly varying function with 7 and f(r) is a
slowly varying function with r. Because information about n(r) is added to the inversion algorithm
it is no longer necessary that the number of inverted sizes (i.e. the number of unknowns in Eq. (20))
equals the number of wavelengths at which measurements of §,(\) are available. f now is a vector of
dimension N and A is a M x N matrix with N > M. The set of linear equations in Eq. (19) can now

be written as:
Tj+1

N
6a0) = Y- 1) [T 7 Qu(r, N, mh(r) (25)
= i

J

In this way the quadrature error is reduced because the assumption of a constant f(r) for each interval
[rj,7j41] is more plausible than it was for n(r), because f(r) is more slowly varying with r. For each

15



element of A can now be written:

A= [ Qulr, \iymh(r)dr. (26)

rj

The solution vector f now represents the function f(r) in Eq. (24).

3.5.2 Constraints on the solution

For the smoothing constraint, which is imposed on the solution, the measure of smoothness is used
that is proposed by Phillips (1962). He states that the smoothest solution, is the solution for which
the sum of the squares of the second derivatives of the solution points is minimized. The condition
of choosing the smoothest f(r) is combined with the constraint that 3, e;? is minimized. Taking
into account these two constraints, the procedure consists of minimizing the performance function ¢
(Phillips, 1962):

Q= Q1 +7Q2, (27)
where 7 is a non negative Lagrange multiplier. Since at the minimum of a function the first derivative

equals zero, () is differentiated with respect to each of the N elements fi of f, in order to find the
minimum of @). This results in a set of N equations:

d d d
df_kQ = df—le +’Y@Q2 =0. (28)
Q1 is given by:
M
Q=) e’ (29)
i=1

Often some information is available about e in the form of measurement errors in §(};). Q1 can now
be written as:

M M

Q1= Z Z Cigleiej. (30)

i=1j=1
Here C;; is an element of the measurement covariance matrix C, from which the diagonal elements
are given by the measurement errors in the d,(\) and the other elements are given by the correlations
between these measurement errors (see e.g. Liebelt 1967). In most cases, the measurement errors are
uncorrelated and C is a diagonal matrix. Using Eq. (22) for the e; results in:

M M N
Qu=—Y_ > Y Cii'(Awfr — gi)e;- (31)
i=1j=1k=1
Differentiating (1 with respect to fi gives:
—Qu=—3"> Cj'Aige;. (32)
dfi i=1j=1 !

()2 represents the measure of smoothness (Phillips, 1962):

Q= [ () ar, (33)

T1
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where f(r) is taken from Eq. (24). When the derivative of f(r) in each point r; is approximated by
fiir) = Hr)=Iri-1) gy (33) can be expressed in the elements fi of f:

Ti—Tj—1
N-1
Qo= (fom1—2fx + frs1)™. (34)
k=2
Twomey (1977) composed a matrix H, called a smoothing matrix, such that Eq. (34) can be written
as:
N N
Q2=Y_Y  feHg;fj- (35)
k=1j=1

Here Hy; is an element of H. Differentiating Q2 with respect to fy gives:

d N
df_kQQ = ; Hy;fj. (36)

With the expressions obtained for %Ql and %QQ the N equations in Eq. (28) can be written as:

M M N
=3 > Gyt Awes +Y Hiifj = 0. (37)
j=1

i=1j=1

In matrix form this can be written as:
—ATCcle +yHf = 0. (38)

Combining Eq. (38) with the original problem (Eq. (20)), and eliminating e, leads to the solution for
f:
f=(ATC'A +~H) "ATC g, (39)

In this equation the value of v is related to the influence of the smoothing constraint. A suitable
value for v is found, taking into account the constraint that all elements of f must be positive. Since
v enters Eq. (39) in a manner such that the elements of the matrix yH are to be added to the
elements of ATC™'A to produce the desired smoothing, the magnitudes of the yH;;/(ATC~1 A),; are
of importance. Therefore, a relative gamma is introduced by King et al. (1977), defined as:

vH1,

Vrel = — (40)
T (ATCH1A)

If 7,1 becomes very small (approaching to zero) the constrained linear inversion equation (Eq. (39))
reduces to that of direct inversion (Eq. (23)), which leads to unstable solutions. If, on the other
hand, 7, becomes very large, the solution is constrained too much. This means that the smoothing
constraint influences the solution much more than the measurements and the kernel matrix. Both
effects (too small or too large v,¢;) are undesirable. King (1982) suggested that the best « is found by
varying 7ye; between 1073 and 1, and to choose the smallest value of 7,4 for which all elements of f
are positive.

3.5.3 Iterative procedure

With Eq. (39) the aerosol size distribution can be obtained. This is done by an iterative procedure.
The first iteration consists of applying the constrained linear inversion as described above. This results
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in a size distribution: n®(r) = fM(r)h(r) (see Eq. (24)). The second iteration consists of the same
procedure as the first iteration with the only difference that n(!))(r) takes in the place of A(r). This
results in a size distribution: n(® (r) = @ (r)n(M(r) which is used for the third iteration. The iteration
continues until a stable solution is reached. This is after a iteration (j) when n)(r) = nU~(r) within
1%. For each iteration j > 1 the elements of A) are given by:

Ag) = / ™ 72 Qe(r, )\i,m)n(j_l)(r)dr. (41)

J
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4 Tests of the retrieval procedure using simulated data

4.1 Introduction

The inversion method was first applied to simulated data of the aerosol optical thickness. This is
useful for two purposes:

e To find the influence on the retrieval of several parameter choices, like the radius interval of the
retrieval, the number of inverted sizes, the value of the Lagrange multiplier -y and the number
of wavelengths at which measurements of d,()\) are available.

e To obtain insight in the accuracy of the retrieval procedure.

4.2 Aspects of Mie calculations

For the simulation, the aerosol optical thickness was calculated according to Mie theory for standard
size distributions. The size distribution retrieved from these simulated data was compared to the
original size distribution. Also the values of r.¢; and v.¢; were compared to those of the original size
distribution. The standard distributions used for simulation of optical thickness data were log -normal
and two-parameter gamma distributions with various values for r.¢; and vy ;.

The wavelengths chosen for the Mie calculations were: 368 nm, 500 nm, 670 nm, 780 nm and 870
nm. These are wavelengths at which measurements are made with the available sunphotometer. The
refractive index used for the Mie calculations is 1.53 —0.0057 for all wavelengths. This is the refractive
index for water soluble acrosols taken from a Standard Radiation Atmosphere (Radiation Commission
of TAMAP (1986)). The Mie calculations (for the simulations and for the calculation of the elements
of A) were performed using subroutines of the Meerhoff Mie program (De Rooij and Van der Stap,
1983). The inverse of the matrix ATC~'A +~vH (Eq. (39)) cannot be calculated in a straightforward
way, because in some cases this matrix is close to singular. Therefore, singular value decomposition
(Press et al., 1986) was used for calculating inverse matrices. This worked well in all cases.

4.3 Optimal choice of parameters
4.3.1 A limited radius range

The aerosol size distribution can only be retrieved in a certain radius range rmin t0 Tmes (e.g. Heintzen-
berg et al., 1981). This can be understood by looking at the elements of the kernel matrix (Eq. (26))
plotted against radius in Fig. (4) for A = 368 nm and A = 870 nm (i.e. the minimum and maximum
wavelengths for which measurements of d,()\) were made in this study). For the exponent v in the
power law h(r) a value of 3.8 is taken in this figure (corresponding to a turbidity coefficient o of 1.8,
which often occurs in practice). The kernel elements for the other wavelengths lie between these two
lines. In Fig. 4 can clearly be seen that the linear dependence between the two kernels becomes higher
with increasing r. If r exceeds a certain value rp,, the kernels are totally linear dependent. The
matrix A clearly contains no information about the size of the particles when r > rp40. If 7 < rin
the elements of A become too small and A contains no information about the particle size. Obvi-
ously the retrieval is most accurate in the radius range where the different kernels are mostly linear
independent.

Applying the inversion to the simulated data, it became clear that in most cases problems occured
with the inversion for radii lower than 0.1pxm. For these low radii often negative (so aphysical) solutions
were found for the size distribution. When r,,,,, exceeded the value of 0.8 yum the result of the retrieval
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Figure 4: Elements of kernelmatriz plotted against radius. The total radius interval has been divided in 50
parts.

became worse but still positive solutions were found. The radius range depended slightly on the original
distributions used for simulations, but for all simulations the size distribution could be retrieved for
the interval between 0.1 ym — 0.8 pym. This radius range is used for evaluating the accuracy of the
retrieval procedure.

4.3.2 Number of discrete sizes

As stated before, the number of discrete sizes, N, may exceed the number of wavelengths, M, at which
measurements of the optical thickness are available. This is because in the algorithm of King et al.
(1978) a priori information about the shape of the size distribution is introduced in the inversion
procedure in the form of the power law. However, if N becomes too large, too much weight is given
to this first guess size distribution. On the other hand, if N becomes too small, the assumption of a
constant solution function f(r) for each subinterval [r;,7;41] (see Eq. (19)) is no longer true. Therefore,
an optimum value of N has to be chosen. Therefore, the inversion of the simulated optical thickness
data is performed N = 5, 10 and 15. For both N = 5 and N = 10 the retrieved size distribution
corresponded better to the original size distribution than for N = 15. Because it is desirable to retrieve
n(r) at many points, a value of N=10 is chosen to be the optimum.

4.3.3 Lagrange multiplier

King (1982) suggested to to vary v, between values 4" = 103 and Tret® = 1 and to choose the
lowest 7y, for which all elements of the solution vector f are positive (see Sect. 3.5.2). However, most

of the time this value appeared to be 10~2 and in some cases the solution seemed quite unstable. To
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evaluate the influence of v on the retrieved size distribution, inversions were applied to the simulated
optical thickness for 3 different values: 'y;’é}” = 1075, 1073 and 10~!. The value of Tl was not
increased because values greater than 5 would give too much influence of the smoothing constraint.

The results of inversions with 3 different values of 47" are shown in Fig. 5 a,b, and ¢ for a two-

rel
parameter gamma distribution with ref; = 0.15 pm and vesp = 0.2.

5.0

-10.0

log n(r)

3 0 S N N R
-10 -07 -04 -0.1 -0 -07 -04 -0.1

log r(micron)

Figure 5: a, b and c¢: Inversions for different minimum values of the Lagrange multiplier v . The solid line is
the original distribution, the dots represent the retrieved size distribution. a: ™" =107, b: 4™" = 10~° and
c: ymin =107, d and e: Inversion of simulated data for three wavelengths (368 nm, 670 nm and 780 nm). d:
log-normal distribution with r.;;=0.13 pm and veyr=0.30. e: two-parameter gamma with refr=0.15 pm and

Vs =0.25. n(r) is in pm=2.

The inversion with 'y;’;f" = 107 clearly gives the worst result, while the inversion with 7;2}" =10""!
gives the best result. Also for the other original distributions this was the case. The value 7;’3" =1073

lead most of the times to a unstable solution. However, it is important to notice that a large value
of vrer leads to solutions with a relatively large influence of the smoothing constraint and a smaller
influence of the measurements. This gives better results for perfectly smooth functions like the two
parameter-gamma distribution and the log-normal distribution, but not necessarily for the real size
distributions that occur in nature. Since a value for v, of 107! is quite normal (King, 1982), this
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value for /™" is chosen for the inversions made in this study.

rel

4.3.4 Effect of the number of wavelengths

For most of the time of this study measurements of the aerosol optical thickness were available only at
three wavelengths. Therefore, it is important to check if this small number of wavelengths is sufficient
for retrieving the size distribution. The three available wavelengths were 368 nm, 670 nm and 780
nm. The effect of reducing the number of wavelengths on the inversion of the simulated data was
studied for the three wavelengths mentioned above. The result is shown in Fig. 5 d and e for a log
normal-distribution with r.;y=0.13 ym and v.;y=0.30 and a two-parameter gamma distribution with
Teff=0.15 pm and v.s=0.25.

The size distributions shown in Fig. 5 differ a little from the corresponding distributions using
five wavelengths, shown in Fig. 6 c and d, but it seems that the retrieval is not worse using only three
wavelengths. The retrieved 7,75 and v.s; have comparable values. The main problem of using only
the three wavelengths mentioned is that the radius range is more limited. However, it has to be stated
that this result is only valid for smooth original size distributions.

4.4 Accuracy of the retrieval procedure

With the optimal values found for the different parameters, a test of the inversion algorithm was
performed. The size distributions used for the simulation were chosen in such a way that the optical
thickness spectra, calculated with Mie theory, yielded realistic values for the Angstrém parameter o,
namely between 0.8 and 2.0. The distributions were:

Log normal-distributions with:
e voff = 0.25; ro5s is varied between 0.09 pm and 0.15 pm with steps of 0.01 um
e verr = 0.30; refy is varied between 0.09 pm and 0.15 pm with steps of 0.01 pm
Two parameter gamma distributions with:
e verp = 0.25; refy is varied between 0.15 pm and 0.22 pm with steps of 0.01 pm
e vors = 0.30; 7¢s is varied between 0.13 pym and 0.20 pm with steps of 0.01 pm

For some of these distributions the result of the inversion is shown in Fig. 6.

In these figures it can be seen that the retrieval is much better if the original size distribution is a
two parameter gamma distribution. To get a quantitative impression of the goodness of the retrieval, it
is useful to compare 7.y of the original distributions with rs ¢ of the inverted distributions. Therefore
in Fig. 7 the correlation is shown between the original r.;; and the retrieved r.ss, where v,y is kept
constant.

For all four cases the correlation is linear, but deviates seriously from the z = y line. The error in
Tefs is partly an error in the retrieval method and partly an error due to the limited radius range of
the retrieval. The error in the retrieval method can be evaluated when the retrieved r¢sy is compared
with the 7.¢; of the original distribution, now calculated for the radiusrange of the retrieval (see Sec.
4.3.1). This is done in Fig. 8 a and b. The differences between the retrieved r.ss and the original
refs lie between 11% (small ro¢) and 25% (large regy) for the log-normal distributions. For the two-
parameter gamma distributions these differences are always less than 3%. The differences between
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Figure 6: Comparison of original size distributions (solid line) with distribution inverted from simulated data
(dots). a-c: log-normal distributions. a: rerp = 0.12um, vepr = 0.25, b: repr = 0.15um, verpr = 0.25 and
c: Tepf = 0.13um, vepp = 0.30. d-f: two-parameter gamma distributions. d: repy = 0.15u, veff = 0.25, e:
Tefs = 0.17um, vess = 0.30 and f: repy = 0.20um, vepy = 0.30. n(r) is in pm >

the retrieved v.ss and the original v.s; are somewhat larger than they are for 7.7 because the r.;; is
used to calculate v.;;. However the differences for v.;; have about the same magnitude as they have
for Teff-

4.4.1 Extrapolation of the retrieved size distribution

The main cause of the difference between the retrieved r.5; and the original 7y in Fig. 7 is the
limited radius range of the retrieval. Because for the simulations, the retrieved r.ss is always larger
than the original 7.y, it seems obvious that these differences are mainly a result of not taking into
account the particles with » < 0.1 ym. Not taking into account the particles with r > 0.8 ym doesn’t
have much influence on the retrieved r.ss, because in most cases the size distribution is several orders
of magnitude lower at 0.8 pym than it is at 0.1 pm. Figure 7 suggests that a simple correction can be
applied to the to retrieved r.ss in order to get the real r.ss. Another (better) approach is to assume
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Figure 7: Correlations between resy of the original distribution and ey of the retrieved distributions (dots).
Figure a: log normal distribution with vesr=0.25. Figure b: log normal distribution with vesy=0.30. Figure c:
two parameter gamma distribution with vesy=0.25. Figure d: two parameter gamma distribution with vey s =0.30.
The solid line is the x = y line

a certain size distribution for 7 < 0.1 pgm (i.e. extrapolating the retrieved size distribution to smaller
sizes) in order to obtain a better value for re;; and vess. In this study only the simplest way of
extrapolating the size distribution is evaluated: extrapolating with the Junge power law ( Eq. {15)) to
r=0.01 pm. C and v can be determined by requiring continuity of the function and its first derivative
at the first point of the retrieved size distribution. The result of extrapolation with the Junge power
law is shown in Fig. 8 ¢ and d.

The error in 1.y due to the limited radius range of the retrieval is reduced for a great part by the
extrapolation with a Junge power law to radii smaller than 0.1 ym. For the two-parameter gamma
distribution the difference between the retrieved r.s; and the original r.s; is always less than 1.5%
after the extrapolation. For the log normal-distribution however this difference is about 35%. This is
about the same value as for Fig. 8 a. In all cases the extrapolation with the power law led to better
results than cutting off the retrieved size distribution at 0.1 gm. Furthermore there is no reason for
assuming zero particles at radii below 0.1 pm, since in most cases the maximum of the distribution
was not yet reached at 0.1 pm.
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Figure 8: Correlations between original reyy and retrieved repyr. a and b: original resys is calculated for radius
range of the retrieval. ¢ and d: Result for extrapolated size distributions. Log-normal distribution with vepp=0.25
n a and c. Two-parameter gamma distribution on b and d. The solid line is the z=y line.

4.5 Discussion

In most inversion problems three kinds of errors occur (Rodgers, 1990):
e An error due to measurement errors

e An error due to assumptions in the forward equation (Eq. (18)), like the sphericity of the particles
and the refractive index

e The so called null space error due to the non-unicity of the solution

The differences between the retrieved distributions and the original distributions, used for simulation
only gives indications for the null space error, because the influences on the solution of measurement-
noise and assumptions in the forward equations are not evaluated in this study.

The retrieved distributions corresponded well to the original distributions when these were two-
parameter gamma functions. However, if the original distribution was a log-normal distribution the
retrieval was much worse. A reason for this could be that the constrained linear inversion method of
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King et al. (1978) tends to produce narrow distributions, but further research is needed to get at a
more satisfactory explanation.

For a accurate analysis of the different errors in the retrieved size distributions, the method of
Rodgers (1990) should be applied.
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5 Experimental setup

In this study a sunphotometer called the SPUV is used (Sun Photometer UV, Yankee environmental
systems, type: SPUV-6). A dedicted data aquisition system, called the YESDAS (Yankee Environ-
mental Systems Data Aquisition System), has been used. In this section the SPUV, the YESDAS and
the terminal emulator programme are described. Also the startup problems of working with this new
instrument are described.

5.1 The Sun Photometer UV

The SPUV is designed according to the WMO recommendations for sunphotometers (Frohlich and
London, 1986). Because it is placed on a sun tracker, it follows the sun all day. It measures the solar
irradiance in six different channels as shown in Table 1.

channel || wavelength | width | purpose
1 368 nm 2.4 nm | aerosol
2 500 nm 15 nm | aerosol
3 670 nm 17 nm | aerosol
4 780 nm 14 nm | aerosol
5 870 nm 12 nm | aerosol
6 940 nm 14 nm | water vapour

Table 1: Wavelengths of the SPUV channels and the belonging widths of the wavelength bands.

In Fig. 9 a solar spectrum at ground level (including the atmospheric extinction) is shown together
with the positions of the SPUV channels. In some of the aerosol channels there is influence of molecular
absorption. The 368 nm channel is slightly influenced by NO; absorption and the 500 nm channel
by ozone absorption. In the 670 nm channel the influence by ozone is more serious (Chappuis band).
There is some weak water vapour absorption in the channels at 670 nm, 778 nm and 870 nm. The
corrections for absorptions are explained in Sect. 5.3.1.

Each channel is an independently working unit with its own detector and amplifier. A cross section
of a channel is shown in Fig. 10. The detectors are solid state photodetectors. The 368.5 nm channel
has a GaP detector and the other channels have Silicon detectors. The filters used in each channel
are state-of-the-art thin film interference filters. The 368 nm channel also has a 2 mm UG-11 UV
transmission filter in order to minimize degradation of the interference filter from visible radiation.
The output of each channel is a voltage that is proportional to the incident irradiance. A mechanical
collimator in the channel assembly precisely limits the direct beam field of view to 2.5° (half angle, as
described by Frohlich and London (1986))

The irradiance measured in each channel is not the irradiance at one specific wavelength A but
integrated over a narrow wavelength band AM. The filter in each channel has a transmission function
¢(\), which is the fraction of the light transmitted at a wavelength A. The central wavelength of each
channel is given by:

Aeff = foaAe)d) (42)

Jarc(X)dA
As an example, in Fig. 11 the transmission function is shown for the 780.4 nm channel. The maximum
transmission is set to 1.0 in this figure. The wavelength bands of the channels should not be too wide
because the variation of the solar irradiance, the atmospheric attenuation and the response of the

diodes should be negligible within each wavelength band.
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Figure 9: Solar spectrum at surface level calculated by LOWTRAN for 6y = 0°. The thick lines indicate the
place of the SPUV channels

Frohlich and London (1986) state that one of the most important specifications for sun photometers
is the demand for high temporal and operational stability. A weak temperature dependence exists for
Silicon detectors, however, this dependence is almost zero at the central visible wavelengths. At the 870
nm and 940 nm channels there is a positive dependence of about 0.1%per K. The SPUV temperature
is measured continuously and was always stable within 0.5 K during a Langley plot period. About
the stability of the filters no information is given by the manufacturer. Fréhlich and London (1986)
state that modern sun photometers with state-of-the-art filters are stable within about 1% at 368 nm
and within 0.2% at 780 nm over a period of several years.

5.1.1 Data aquisition system

YESDAS is the data aquisition system connected to the SPUV. It receives the (analog) output voltages
of the SPUV channels and converts these in to digital counts. YESDAS is connected to a computer
at which a terminal emulator programme is installed, which is called YESTALK. In this way com-
munication with YESDAS is possible. YESDAS must first be initialized, i.e. date, time, lattitude,
longitude, sampling time and averaging time can be specified. In this study the sampling time was
set at 5 seconds and the averages were stored once a minute. After initialization YESDAS is an
independently working unit. It has its own clock and calculates the solar position during the day. In
the YESDAS memory for every sample is stored: the daynumber in days since 1900, the dayfraction
in UT, the cosine of the solar zenith angle, the voltage output of each SPUV channel and the internal
temperature. If an averaging of the data is required, YESDAS only stores the average. The data can
be downloaded to the computer with YESTALK. The only file transfering protocol that can be used
for downloading data from the YESDAS is the zmodem checksum protocol. The down-loaded, raw
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Figure 11: Transmittance of the 780.4 nm channel

data (voltages) can be used for further analysis.

5.1.2 Problems with the SPUV

When working with the SPUV several problems were encountered. Two important problems are dis-
cussed here

Saturation of SPUV channels

The analysis of the first few days yielded strange results for two of the six SPUV channels (500
nm and 870 nm). An example is shown for the 500 nm channel in Fig. 12. In this figure it can be
seen that this channel is saturated when the incoming direct solar irradiance exceeds a certain value.
This value corresponds to an output voltage of 3.6 V. The output of the detector is amplified too
much. The problem was similar for the 870 nm channel. Therefore, these two channels had to be
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Figure 12: Dayplot of the saturated 501.4 nm channel

sent back to the manufacturer for repair. During most of the time of this study (July 1997 until
January 1998) measurements were made with only four channels, of which one was the water vapour
channel. Consequently, the aerosol optical thickness was measured at three instead of five wavelengths.

Size of the YESDAS memory

The YESDAS has a standard memory of only 32 KB. This means that when a sampling time of
10 seconds is used, the memory is full in three quarters of a day (in summer). With the YESTALK
terminal emulator it was not possible to automatically download the data from the YESDAS to the
computer at the end of each day. It was not possible to write a simple script in a programming
language to perform this task, because YESDAS only accepts the zmodem checksum file transfer pro-
tocol, so a terminal emulator with a scripting language is needed for this. It appeared to be a problem
that the zmodem checksum file transfer protocol is not commonly used. The terminal emulator with
scripting language available at KNMI, called PROCOM PLUS, did not accept this protocol. Because
of the limited YESDAS memory, the data were stored once a minute. Then it takes about three days
until the memory is full. An expansion of the YESDAS memory to 2 MB has been ordered and will
be placed in the YESDAS soon.

5.2 Calibration of the SPUV

The SPUV has been calibrated by the manufacturer by making use of a so called FEL lamp, of which
the irradiance is known at several discrete wavelengths. Although this is the most accurate way for
indoor calibration, still an uncertainty exists of about 10%. This uncertainty is due to:

e The signal to noise ratio of the FEL lamp is low, especially in the UV.

e The spectral output of the lamp is different from the spectral output of the sun. Variation exists
in the irradiance of the lamp within the wavelength band of the SPUV-channels.
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e The sun and the FEL lamp have different angular sizes.

e The provided spectral irradiance of the standard FEL lamp has a 5% uncertainty factor.

Harrison and Michalsky (1994) stated that the most accurate way of calibrating a sun photometer is
the calibration by the Langley method. For calibration in this way it is important that only Langley
plots are used, which correspond to stable clear sky conditions. With this method an uncertainty in
the calibration can be obtained of less than 1 %, for which about 40 Langley plots are needed.

5.3 SPUYV data analysis

One of the purposes of this study was to create a way of data analysis which is automatic for the
greatest part. This means that from the raw data files (containing data for different days), which are
downloaded from the YESDAS, only with a few actions the optical thickness for each day (divided in
a morning and an afternoon part) must be obtained. It is important that the aerosol optical thickness
obtained has a reliable value. It is also important that for the automatic removal of data points taken
during cloud passages, an algorithm is chosen that works for all days. The SPUV data analysis consists
of the following steps:

1. The raw datafiles contain data for different days. These files have to be split in different files for
different days.

2. The files for the different days are split in morning and afternoon data. From these data only the
data points between airmasses 2 and 6 are used. Then all the points are removed from which the
measured direct irradiance in one of the channels is less than 10% of the extra terrestrial solar
irradiance at the corresponding wavelength (according to the calibration of the manufacturer).
This is the minimum level at which direct radiation can be distinguished from diffuse radiation
which is also partly detected by the SPUV.

3. The next step is to remove datapoints that are taken during cloud passages. This is done by the
method described in Sect. 2.2.2.

4. Linear regression is applied to the remaining datapoints. This regression results in a total optical
thickness of the atmosphere and a value for the extra terrestrial solar irradiance Ip(\)

5. To obtain the aerosol optical thickness dy:(A) has to be corrected for Rayleigh scattering and
molecular absorption (Eq. 9).

5.3.1 Corrections for gas absorption and Rayleigh scattering

In the aerosol channels the most important molecular absorptions take place by NOg (368 nm channel)
and O3 (500 nm and 670 nm channels). The corrections for NOy and O3 absorption are performed
using the DAK radiative transfer model. This model calculates for a standard gas profile (e.g. mid-
latitude summer AFGL, 1986) the gas absorption optical thickness at the different wavelengths for
many thin layers in the atmosphere. The contributions from all of these layers are added in order to
find 0, (Eq. (9)) of the total atmosphere. For the mid-latitude summer ozone profile the total ozone
column equals: OC* = 334.02 DU. At the KNMI the real ozone column (OC) is measured each day
by a Brewer instrument. To find the ozone optical thickness for a particular day, 6,,()), the optical
thickness calculated by the DAK model is scaled according to the measured ozone column:

9C 5. (). (43)

5oz()‘) = OC* "0z
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The effect of variation of the ozone optical thickness within the wavelength band A\ of each SPUV
channel has been evaluated and found to be negligible.

The optical thickness due to NOo absorption at 368 nm has been found to be 0.003. This is
about 0.2% of the total optical thickness at 368 nm. No NO, measurements are available to scale this
calculated value.

The Rayleigh scattering optical thickness 0%(A) is calculated by the DAK programme for the
standard surface pressure py,, /<1013 Pa. The calculated 0% (A) is scaled according to the actual value
of the surface pressure, which is measured at KNMI, to find dr(A) (Eq. (9)):

op = 2L gy (44)
surf
Also for the Rayleigh optical thickness the effect of variation within the wavelength band of each

SPUYV channel has been evaluated and found to be negligible.
The values of §3,(A), dx0,(A) and 6%(A) for each SPUV channel are tabulated in Table 2.

A(mm) || 85,(A) | Ovo,(N) | TRV
368 [ 0.00008 | 0.00301 | 0.50888
500 || 0.01411 | 0.00093 | 0.14021
670 || 0.01421 | 0.00006 | 0.04274
780 || 0.00258 | 0.00000 | 0.02355
870 | 0.00127 | 0.00000 | 0.01507
940 | 0.00127 | 0.00000 | 0.01106

Table 2: Values of the optical thickness due to gas absorption and Rayleigh scattering for the SPUV channels.
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6 Results

6.1 Measurements of the optical thickness

Measurements have been made in De Bilt (latitude=52.1°, longitude=—>5.18°) from half July until
half November (1997) at 4 wavelengths (see Sect. 5.1). In this period, 29 Langley plots (24 morning
and 5 afternoon) could be made for all four channels, according to the cloud removal algorithm. The
best clear sky conditions were obtained in August. In Table 3 the Langley analysis results are shown
for the 780 nm channel. It is remarkable that even on the day with the best clear sky conditions

date % o In Iy Oex Otot 2F) dger o Oa

970711 am || 36.0 | 0.01097 | 0.28496 | 0.00388 | 0.12617 | 0.00105 | 0.10003 | 1.67773 | 0.0082116
970723 am || 11.8 | 0.00972 | 0.15236 | 0.00720 | 0.13483 | 0.00160 | 0.10870 | 1.77867 | 0.0552254
970728 am || 12.5 | 0.03517 | 0.33100 | 0.02909 | 0.16839 | 0.00728 | 0.14226 | 1.73677 | 0.1001679
970804 am | 10.0 | 0.07218 | 0.58088 | 0.08771 | 0.32992 | 0.02189 | 0.30386 | 0.69789 | 0.1774237
970806 am | 36.3 | 0.00623 | 0.25426 | 0.00216 | 0.09601 | 0.00063 | 0.07000 | 1.49734 | 0.0471307
970808 am | 28.1 | 0.02221 | 0.41533 | 0.01520 | 0.17990 | 0.00391 | 0.15381 | 1.31536 | 0.0044881
970809 am || 47.8 | 0.00338 | 0.20976 | 0.00134 | 0.09881 | 0.00035 | 0.07273 | 1.73761 | 0.0600518
970810 am || 22.2 | 0.01301 | 0.30475 | 0.01245 | 0.22964 | 0.00387 | 0.20358 | 1.74238 | 0.0867314
970811 am || 17.0 | 0.01758 | 0.20765 | 0.01144 | 0.10278 | 0.00351 | 0.07670 | 1.96908 | 0.2984379
970811 pm || 25.7 | 0.00563 | 0.26179 | 0.00999 | 0.11062 | 0.00402 | 0.08453 | 1.55605 | 0.1110725
970812 am |{| 15.6 | 0.00136 | 0.24259 | 0.00321 | 0.09231 | 0.00062 | 0.06618 | 1.48704 | 0.0822526
970812 pm || 16:4 | 0.00749 | 0.21020 | 0.02392 | 0.13667 | 0.00913 | 0.11053 | 1.65961 | 0.0542262
970813 am || 8.9 | 0.01673 | 0.21824 | 0.01184 | 0.13697 | 0.00295 | 0.11089 | 1.77323 | 0.0353859
970820 am | 40.4 | 0.02311 | 0.30054 | 0.01030 | 0.22894 | 0.00260 | 0.20283 | 1.77860 | 0.0734541
970824 am || 8.8 | 0.02994 | 0.88366 | 0.04254 | 0.54197 | 0.01377 | 0.51610 | 1.15363 | 0.0896024
970901 am || 6.5 | 0.00944 | 0.29390 | 0.01494 | 0.13600 | 0.00387 | 0.11021 | 1.36113 | 0.0760334
970903 am || 10.7 | 0.04089 | 1.09581 | 0.06649 | 0.63039 | 0.02187 | 0.60466 | 0.82490 | 0.2118932
970910 am || 9.4 | 0.00762 | 0.24258 | 0.01066 | 0.11392 | 0.00237 | 0.08815 | -0.16444 | 0.0624949
970926 am || 7.5 | 0.00658 | 0.44057 | 0.02289 | 0.16898 | 0.00906 | 0.14322 | 1.42928 | 0.0372192
970926 pm || 9.5 | 0.01126 | 0.21174 | 0.02549 | 0.09322 | 0.01044 | 0.06745 | 1.42492 | 0.1153781
971018 am | 7.9 | 0.00621 | 0.24919 | 0.00547 | 0.06650 | 0.00132 | 0.04064 | 1.12857 | 0.2743580
971019 am | 7.6 | 0.02155 | 0.48893 | 0.01544 | 0.23402 | 0.00466 | 0.20808 | 1.01551 | 0.1409534
971021 am || 11.8 | 0.00113 | 0.31187 | 0.00140 | 0.06160 | 0.00040 | 0.03569 | 1.55588 | 0.2072317
971022 am || 18.6 | 0.00246 | 0.29419 | 0.00163 | 0.05272 | 0.00039 | 0.02704 | 1.53757 | 0.2792874
971022 pm || 6.8 | 0.00105 | 0.28204 | 0.00318 | 0.04969 | 0.00116 | 0.02401 | 1.63474 | 0.3548557
971027 am || 21.7 | 0.00191 | 0.30898 | 0.00128 | 0.05253 | 0.00031 | 0.02870 | 1.31809 | 0.2050010
971104 am || 15.4 | 0.00283 | 0.27145 | 0.00198 | 0.06388 | 0.00046 | 0.04009 | 1.63412 | 0.2380716
971104 pm || 11.8 | 0.00268 | 0.26684 | 0.01880 | 0.06848 | 0.00644 | 0.04469 | 1.14092 | 0.1825240
971109 am || 5.7 | 0.01430 | 0.47147 | 0.02118 | 0.14093 | 0.00440 | 0.11717 | 0.36445 | 0.0255026

Table 3: Langley analysis results of 4 months in 1997. ”%” means the percentage of points remaining after
removal of clouds, o is the standard deviation of the regression fit, 0., is the standard deviation inlnly, o5 is
the standard deviation in 0;,; and o4 is the standard deviation in «. Iy is in (Wm_znm_l) with calibration of
manufacturer.

(97-08-09) only 48% of the initial data points remain after filtering with the cloud removal algorithm.
In Table 3 it can be seen that this percentage mostly lies below 20%.
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6.1.1 Measurements of a single day

To illustrate the direct sun measurements and Langley analysis for a representive day, Fig. 6.1.1 shows
day plots (irradiance measurements) and Langley plots for all four SPUV channels for the morning of
the 10th of August, 1997.

0.5

Direct irradiance (W/m2/nm)

(- - I I
0.1 0.3 0.6

. 5.0
dayfraction in UT airmass

Figure 13: Results for the 10th of August. Left: day plots, right: Langley plots. a: 670 nm channel, b: 780 nm
channel, ¢: 940 nm channel, d: 368 nm channel

This was a day with partly clear sky conditions, which also can be seen from the day plot in
Fig. 13. The points with m, > 4 are rejected by the cloud removal algorithm because J(\) seems to
increase in this period.

6.1.2 Quality of the retrieval

To get an idea of the quality of the Langley analysis, it is useful to look at the intercept with the In I-
axis in the Langley plot. Because this intercept represents the value In Iy, it must have the same value
for all days at which Langley plots are made (after correction for the Sun-Farth distance). Another
measure for the quality of the Langley analysis is the standard deviation of the Langley regression
fit, 0. Both quantities are shown versus day number in Fig. 14. In this figure it can be seen that
quite some variation exists in the value found for Inlj for the different days. However, the relative
differences in In Iy for the different days can partly be explained because the value of In Ij is close to
zero. In most cases where this value differs much from the average value the standard deviation of the
regression fit is quite big. As expected, these are often the days when only a small percentage of the
original data points remain after filtering. If only the best days (e.g. o < 0.01 and percentage higher
than 10%) are used, the deviation of In Iy between the different days reaches a value of 0.1.

The three values of the aerosol optical thickness, for which InJ; deviates the most from the
average, corresponding to the Langley plots of 97-08-04, 97-08-24 and 97-09-03, are not considered to
be reliable. The rest of the results are stored in an optical thickness data base. From these results,
some are more reliable than others, as is indicated by ¢ and oy.

The Iy for the different wavelengths, as was found by the Langley method, was in all cases larger
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Figure 14: Values of InIy and ofl as found by the Langley method.

than the real value. It seems that this is the result of a calibration error. After rejecting the three cases
mentioned above, the standard deviation in Iy for the different days reduced to about 7%. These values
of Iy can be used for calibration. However, for an accurate calibration much more Langley plots are
needed. Once accurate values for the calibration constants are determined, it is possible to determine
the daily variation of the optical thickness in order to get optical thickness information at days with
an unstable atmospheric conditions. With the calibration information of the FEL lamp this is not

useful. From Eq. (11) follows:
AI(N)

AS(A)=AlnI()) = — 4
since the dominant error in Eq. (11) is the error in In /. From Eq. (45) it follows that an uncertainty of
10% in the measured irradiances I()) leads to an error of about 40% in the retrieved optical thickness
(for the 780 nm channel)

The errors in d,(\), found by the Langley method, are a result of:

e An error in the measured irradiance. The manufacturer assures a linearity of better than 1%.
Another error in the measured irradiance is caused by the pointing error of the suntracker.
However, if the the suntracker is following the sun correctly within 1°, this effect is negligible.

e An error due to instability. This can be instrumental (see sect.5.1) or atmospheric instability. In
this study the error due to instrumental instability is assumed negligible compared to the error
due to atmospheric instability.

e An error in the correction for ozone absorption. The error in the ozone column measured by the
Brewer (and thus the error in the ozone optical thickness) is about 3%.
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e An error due to forward scattering by aerosols (see Sect. 6.1.3).

The standard deviation in the slope of the Langley plot is a good measure of the error in the retrieved
total optical thickness, because it includes both instrumental errors and errors due to atmospheric
instability. The standard deviation in 6,(\) lied most of the times between 1 and 3 %. Systematic
errors, e.g. caused by changes in time of the transmittance of the filters in the SPUV channels, are
not included in the standard deviation. These errors can be traced by trends in the found InIy(X).

The influence of the error in the ozone correction is found to be negligible (about 0.01 % of the
retrieved aerosol optical thickness) in comparison with the standard deviation. This even holds for
the 670 nm channel where the ozone absorption optical thickness has the greatest value.

6.1.3 Error due to aerosol forward scattering

Because a part of the measured irradiance is not direct solar irradiance but irradiance due to forward
scattering by aerosols, the derived values for the optical thickness are underestimated (aureole effect).
This effect is different for the different SPUV-channels and for different aerosol size distributions,
because the forward peak increases when the aerosols are large compared to the wavelength. According
to Frohlich and Quenzel (1974) the value of §,()) is overestimated by a value A®"§,()\), given by:

aur _ 1 IGUT()\)
where I,,,(\) is the irradiance due to forward scattering. This expression accounts for the case that
§(X) is determined from one calibrated measurement of I(\). The fraction of singly scattered light
in a 5° solid angle around the sun (field of view of SPUV-channels) is calculated according to Mie
theory. This was done for log-normal and two-parameter gamma distributions which yielded normal
values for a.

From these calculations it was estimated that for large effective sizes (a=0.9), the error due to
the aureole effect was about 0.4% for A=368 nm and 0.2% for A=870 nm. For small effective sizes
(o = 1.8) this error was estimated at 0.3% for A=368 nm and 0.1% for A=870 nm. For the other
wavelengths the errors lie between the values for these two wavelengths. For these estimations a value
of m,=4 is chosen in Eq. (46), because this is the mean value of m, for the Langley plots made in this
study. In the future, correction for the aureole effect should be applied to the derived values of §(X).

6.2 Time series

The measurements made in the period of 108 days between half July and half November 1997 resulted
in the time series of the aerosol optical thickness presented in Fig. 15. In Fig. 15 it can be seen that the
aerosol optical thickness is very variable with time. For the 670 nm SPUV channel §, varies between
about 0.03 and 0.3, a difference of one order of magnitude.

6.2.1 Discussion of selection effects

As stated before, Langley analysis can only be applied when the optical thickness is constant during
a certain period of a day. The time series presented here, does not give a complete picture of the
aerosol properties for the period between July and November 1997, because only values of the aerosol
optical thickness are determined for parts of days with clear sky conditions for which the aerosol optical
thickness did not change during the period of the Langley plot. This is all that can be achieved with
an uncalibrated sunphotometer. Therefore, an accurate calibration of the SPUV is needed. Then,
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Figure 15: Time series of the aerosol optical thickness at 368 nm, 670 nm and 780 nm. The open circles
correspond to afternoon measurements.

all clear sky moments of a day can be used to determine the aerosol optical thickness with Eq. (11).
More fluctuations in §,(A) are expected to be seen then, because measurements taken at different
atmospheric conditions can be used.
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6.3 Retrieved size distributions

For all days at which measurements of the optical thickness are available the aerosol size distribution
has been retrieved. In Fig. 16 some typical size distributions for the four months of measurements are

shown.
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Figure 16: Size distributions for 4 days in 1997: August 9 (upper left), August 11 (upper right), October 18

(lower left) and November 4(lower right). n(r) is in pm=2.

To characterize the aerosols for different days it is informative to consider r.;; and v.y; of all
retrieved size distributions. In Fig. 17 time series are shown of these quantities for the retrieved
distributions, extrapolated with the Junge power law (see Sect. 4.4.1). In Fig. 17 it can be seen that
in the summer (July and August) the retrieved size distributions have a relatively small ro¢¢ and large
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Figure 17: Upper and middle figure: Time series of rory and vesy for the retrieved distributions, extrapolated
with the Junge power law. Lower figure: time serie of the Angstrom parameter a. The open circles correspond
to afternoon measurements.

vefs in comparison with the aerosol size distributions retrieved in October and November. This result
can be explained by the fact that small aerosols mostly correspond to polluted air (anthropogenic
aerosols) while large aerosols mostly correspond to clean air. In summer the air is known to be most
polluted. In Fig. 15 it can be seen that in summer the aerosol optical thickness is relatively large
which is also an indication of polluted air. In Fig. 17 also the time series is given of the Angstrém
parameter o (Eq. (12)). This time series correspond well to the time series of ropy and vess: if &
increases, the effective particle size decreases.
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7 Conclusions and future work

Cloud passages often disturb the clear sky conditions, needed for Langley analysis of sunphotometer
data. The new algorithm, proposed here, for the automatic removal of cloudy data points from the
data set, works well for measurements taken in De Bilt. However, the number of useful days for
Langley analysis is still limited. In 5 months of measurements only 26 mornings and afternoons were
found to be useful for Langley analysis. Therefore, an accurate calibration of the SPUV is needed in
order to retrieve the aerosol optical thickness with a single measurement and to obtain information
about the daily variation of the aerosol optical thickness. Then, more representive time series of
aerosol characteristics could be made. The time series, presented in this report, are only based on
days with (partly) clear sky conditions. The calibration information available about the SPUV is only
accurate within 10%. This would lead to errors of more than 30% in the optical thickness, derived
from one calibrated measurement. With the Langley method a calibration can be obtained with an
error of less than 1%. However, more Langley plots are needed for this than available now.

From the inversion of simulated optical thickness data it follows that the retrieval of the aerosol
size distribution is good when the actual size distribution looks like a two-parameter gamma function.
However, the retrieval is worse when the actual distribution looks like a log-normal function. The
reason for this should be object of future research. It seems that the aerosol size distribution is not
uniquely defined by multispectral measurements of the aerosol optical thickness. Another problem is
that the size distribution can only be retrieved in a limited radius range (0.1 um—0.8 pum). For retrieval
of the effective radius .7 and effective variance vss the greatest problem seems to be caused by not
taking into account particles with radii smaller than 0.1 pm. Extrapolation with the Junge power
law to smaller sizes led always to better results for refr and verr. More information is needed to
retrieve the size distribution outside the given radius range. This information could come e.g. from
measurements of diffuse sky light (e.g. aureole, almucantor) or polarisation.

In this study only an indication of the error in the retrieved size distributions due to non-uniqueness
is given. Errors due to assumptions in the forward model and due to measurement errors are not
evaluated. However, these errors may be important. Therefore, in future a complete error analysis
should be applied to the inversion algorithm.

From the time series presented in this report it follows that the aerosol optical thickness d,()) in
De Bilt is very variable in time. At 670 nm ¢,()) varied between 0.03 and 0.3. In the summer (July
and August) the aerosol optical thickness was most of the time laréer than in the autumn (October
and November). The values found for s varied between 0.1 ym and 0.4 pm. In the summer months
this value was most of the time smaller than it was in the autumn months. In future, the aerosol
properties found in this study could be correlated with e.g. wind direction.
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