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Abstract

In this report a new algorithm is presented which derives the ozone column density
from attenuated direct solar radiation measured at two wavelengths in the ultraviolet.
The attenuation of direct solar radiation by ozone, molecules and aerosol is considered
in this retrieval algorithm for so-called total ozone. A correction is applied for the
spectral attenuation by molecular scattering and the attenuation by aerosol is assumed
to be independent of wavelength. The ozone column density can then be derived by
using the spectral dependence of the ozone absorption cross-section in combination
with the spectrum of the incident solar radiation. If the measurements are absolutely
calibrated, the aerosol optical thickness can also be obtained.

The so-called direct sun observations described above can be performed with a
filter instrument that measures in two selected wavelength bands in the ultraviolet.
The spectral dependence of the incident solar radiation, molecular scattering and
absorption by ozone are considered explicitly in the retrieval algorithm as well as
the spectral sensitivity of the filter instrument, which results from both the spectral
dependence of the filter transmission and the sensitivity of the detector. The effect of
this so-called filter function of the instrument on the observed direct solar radiation is
important at short wavelengths and when the bandwidth of the instrument is large.
The correction of the derived ozone column density for this so-called bandwidth effect
generally depends on both the solar elevation and the ozone column density itself.

The algorithm is tested with simulated direct sun radiances calculated with an
atmospheric shell model. The sensitivity of the retrieved ozone column density to
various assumptions and uncertainties in the algorithm is also investigated. It is
found that the accuracy of the derived ozone column density is mainly affected by:
(i) the wavelength dependence of aerosol leading to an overestimation of the ozone
column density; (ii) errors in the filter function of the instrument; and {ii1) the
presence of diffuse radiation resulting in an underestimation of the ozone column
density, especially for low solar elevations. These errors can partly be avoided by
performing measurements under favourable conditions such as clear atmospheres, high
solar elevations and by careful determination of the filter function of the instrument.
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Chapter 1

Introduction

Ozone is an important trace gas in the Earth’s atmosphere (IPCC 1995, CEC 1993
and WMO 1994). It is a reactive gas that plays a key role in atmospheric chemistry.
Ozone has strong absorption bands in the infrared, and therefore it influences the
energy budget of the Earth’s atmosphere. In addition, ozone has a strong absorption
band in the ultraviolet and a weaker band in the visible. It protects the biosphere by
absorbing almost all harmful solar ultraviolet radiation. However, high levels of ozone
near the Barth’s surface leads to health problems and damage to vegetation. Only
about 10% of the ozone column density can be found in the troposphere, i.e. the lower
part of the atmosphere where the temperature generally decreases with altitude. The
troposphere extends up to about 10 km at midlatitudes and contains about 90% of the
mass of the atmosphere. The stratosphere, which is a layer between about 10 to 50
km, contains about 90% of the ozone. In the stratosphere the temperature increases
with altitude mainly because of the heat generated by the absorption of ultraviolet
radiation by ozone. The tropopause is the boundary between the troposphere and
stratosphere. Therefore, a low elevation of the tropopause, i.e. a high pressure at the
tropopause, generally corresponds with large ozone column density.

Ozone is continuously being created and destroyed by chemical processes under
the influence of ultraviolet radiation. However, because the chemical lifetime of ozone
is in the order of months, rapid variations in the ozone column density are mainly
the result of transport. The elevation of the tropopause varies with meteorological
systems, and therefore the ozone column density can also undergo large day-to-day
ariations. Figure 1.1 shows the daily mean ozone column densities measured with a
Brewer spectrophotometer at De Bilt in 1994 together with the corresponding heights
of the tropopause derived from temperature profiles measured with radiosondes. The
ozone column density shows large day-to-day variations which are up to some degree
correlated with the variations in the height of the tropopause.  The correlation
coeflicient of the curves is 0.62. Generally, a high pressure system at the surface
corresponds with a high elevation of the tropopause. Therefore the surface pressure
will be anti-correlated with the ozone column density. The surface pressure messured
at de Bilt in 1994 is also presented in Fig. 1.1. As could be expected, the correlation
between surface pressure and ozone column density, which is only —0.27, is less than



W.MF, Wauben

400
o
£
a8 2
o
o
el
@
1 TE IR TS N DTN SNTAINY | DUuS W vA———"— 150
e Brapear 1894 {
= 400 T CTOMS 18809882 T -
3 : g
2 |
& o
g 350 4 @
Q o,
g :
2 g
300 |15 ARTUR. S
DB dermnnnennr . ,,,,,,,,,, ,,,,,,,,,,,,, ; v 980
: ; : i { : : »
5
1010 &
o

1040

0 30 80 80 120 180 180 210 240 270 300 330 380
Day numbaer

Figure 1.1 Daily mean total ozone in Dobson Units for De Bilt in 1994 measured
with the Brewer spectrophotometer together with the corresponding pressure at the
tropopause derived from radiosonde temperature profiles and the surface pressure
in hPa. The range of the long-term total czone for De Bilt according to TOMS
satellite data over the period 1980-1992 is also given.

the correlation between the pressure at the tropopause and total ozone. In addition,
the ozone column density depends on many other meteorological parameters (ef.
Fortuin & Kelder 1996). For example, the correlation between surface temperature
and total ozone is ~0.31 for the measurements at De Bilt over 1994, During spring
and summer this correlation is —0.64. The long-term mean ozone column density
obtained by averaging 12 years of TOMS satellite ozone observations for the pixel
containing De Bilt is also given in Fig. 1.1. Here the shaded region indicates the
mean 1 standard deviation of the long-term ozone data. This long-term mean shows
the seasonal variation of the ozone column density with a maxirum in spring and
a minimum in automn.  This seasonality is due to the variations in stratospheric
transport of ozone rich air from the tropics towards the polar region of the winter
hemisphere. The figure also shows that the actual ozone column densities may deviate
considerably from the long-term mean values.

Because ozone plays an important role in both the atmosphere and biosphere
it is important to monitor the ozone column density. Especially, since the amount

Lt
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of ozone in the atmosphere has been influenced by anthropogenic activities (WMO
1994). Emissions of CFC’s caused ozone depletion in the stratosphere {cf. Farman ef
al. 1985), whereas emissions of nitrogen oxides and methane lead to an increase
of tropospheric ozone {(cf. Crutzen & Zimmermann 1991). Furthermore, natural
processes such as the Mount Pinatubo eruption affected the ozone layer (¢f. eg
Kinnison ef al. 1994). The ozone column density is monitored using both satellite
and surface observations. The surface observations are mainly performed by Dobson
and Brewer spectrophotometers. The Dobson spectrophotometer is the standard
instrument to measure the ozone column density (cf. Dobson 1957). 1t is a relatively
cumbersome quartz prism double monochromator which is operated manually and is
not weatherproof. The Brewer spectrophotometer (Kerr ef al. 1985) uses a grating to
select the wavelength band that is incident on the photomultiplier. This instrument
is fully automated and weatherproof. Therefore, the Brewers are gradually taking
over from the Dobsons. However, both instruments are delicate and expensive,
but when calibrated, operated and maintained carefully, they give accurate ozone
column densities with an error of about 1%. The use of optical filters to select
the ultraviolet bands is appealing because it allows the construction of small, ragged
and relatively inexpensive spectrophotometers. Several filter instruments have been
considered. The instruments using glass absorption filters, such as the Russian M-83
spectrophotometers (cf. WMO 1988), produced inaccurate ozone columns with errors
of about 40 % because of the broad transmittance bands of the glass absorption filters
{Bojkov 1968). Interference filter ozone spectrophotometers, such as the New Zealand
Mark instruments {cf. Matthews ef al. 1974), contain more suitable narrow band
filters. These filters still cause problems which are mainly the result of uncertainties
in center wavelength due to calibration and aging and the presence of leakage bands (cf,
Basher & Matthews 1977}, Furthermore, the spectral characteristics of the interference
filters are temperature dependent. The overall accuracy of the ozone column densities
derived from interference filter spectrophotometers is about 5%.

In this paper an interference filter instrument is considered that measures the
attenuated direct solar radiation at 2 wavelengths bands in the ultraviolet. The ratio
of these two measurements can be used to derive the ozone column density. This
instrument is being developed by KNMI and Kipp & Zonen for educational purposes.
Unlike the TOPS instrument (cf. Mims 1992) our instrument uses only one interference
filter to perform the measurements at two wavelengths bands, since tilting such a
filter with respect to the photodiode results in a small, but sufficient, wavelength
shift of the spectral sensitivity of the filter. This handy and relatively inexpensive
filter instrument will be able to produce relatively accurate ozone column densities
under clear sky conditions, i.e. an accuracy of about 10% is envisaged. In addition,
the instrument can yield calibrated narrow band irradiances and could therefore also
be used for monitoring UV and aerosol optical thicknesses. A retrieval algorithm is
presented in this paper that can be used to derive the ozone column density from
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direct sun measurements in two relatively broad wavelengths bands in the ultraviolet.
As a result of the speciral sensitivity of the filter the measurements vield wavelength-
weighted irradiances. This bandwidth effect of the filter is explicitly taken into account
in the algorithm and is not treated by means of bandwidth equivalent coeflicients
together with precaleulated correction terms (c¢f. e.g. Basher 1977}, The algorithm
is tested with simulated direct sun irradiances calculated with an atmospheric model.
The sensitivity of the retrieved ozone column density to the various assumptions and
uncertainties in the algorithm is also investigated.
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Chapter 2

Attenuation of radiation

Solar irradiance, Sy (in Wm™?nm™!) where A denotes the wavelength (in nm), is
unidirectionally incident at the top of the Earth’s atmosphere. This irradiance is
the energy flux per unit wavelength through a plane of unit area perpendicular to the
direction of the incident solar radiation. Here UVB radiation, i.e. ultraviolet radiation
between 290 and 330 nm, is considered. When this radiation traverses through a
cloudless atmosphere it is attenuated by absorption and scattering by molecules and
suspended particles, also called aerosol. The amount of radiation I, attenuated per
optical path length £, is proportional to the radiation itself, ie. dI/déy = I. The
radiation which after one or more scattering evenis contributes to the radiation on the
right hand side of this expression, i.e. the so-called diffuse radiation, is neglected. The
solution of the above expression shows that the attenuated radiation is proportional
to exp{—£,). Therefore, the amount of direct, i.e. unscattered, radiation, D,, that
reaches the surface is then related to the radiation incident at the top of the atmosphere
according to the Lambert-Beer-Bouguer law (cf. e.g. Igbal 1983)

Dy = 8 exp{—bym,), (2.1)

where m, is the relative airmass factor which converts the dimensionless vertical optical
thickness by into the slant optical path length of the radiation £\. If the curvature
of the Earth’s atmosphere and refraction are neglected, the relative airmass factor is
given by

i

* 3
sin 7y

(2.2)

My =

with v the solar elevation (in degrees). The sphericity of and refraction in the
atmosphere must be taken into account when applying the retrieval algorithm to actual
measurements {cf. Sec. 4.8). Because of the different vertical distribution of these
attenuating substances three different relative airmass factors for absorption by ozone,
scattering by molecules and absorption and scatiering by aerosol are required These
three relative airmass factors are denoted by m, o, My ol B0 My ger, rESpeEctively.
Attenuation of UVB radiation in a cloudless Earth’s atmosphere occurs mainly
through absorption by ozone. The absorption optical thickness of ozone, by o, equals
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the product of the ozone column density, do, (in cm™?), and the absorption cross-

- F % x
section per ozone molecule, oy o, {in cm?}, ie.
é&iﬁs = di}agf’nﬁz" 5{2%}

The ozone column density can also be expressed in the more commonly used Dobson

units (DU} by using
2.68675 x 10*° ozone molecules/cm” = 1 DU, {(2.4)

A Dobson unit expresses the ozone column density as the thickness {in 0.01 mm) of
a layer under standard conditions at the Earth’s surface containing the same amount
of ozone. The spectral dependence of the ozone absorption cross-section is given in
Fig. 4.1 for different temperatures. In this study the ozone absorption cross-section
at 228 K is adopted for the retrieval algorithm. The influence of the temperature
dependence of the ozone absorption cross-section will be investigated in Sec. 4.3.

Scattering by molecules also contributes significantly to the attenuation of solar
UVE radiation in the Earth’s atmosphere. The approximate expression for the
molecular optical thickness

bamot = ===8.569 x 10°A7* (14 1.13 x 10°A7% + 1.3 x 10°A7%) (2.5)
1013.25

of Hansen & Travis {1974) is used in the present study, where P denotes the surface
pressure {in hPa) and A the wavelength (in nm). Other expressions for the molecular
optical thickness are considered in Sec, 4.2 in order to study the effect of its uncertainty.
Unlike absorbed radiation, scattered radiation can contribute to the radiation in the
direction of the direct solar radiation. In Sec. 4.7 the effect this diffuse radiation is
investigated.

The characteristics of scattering and absorption by aerosol are largely unknown.
However, its contribution to the attenuation of solar UVB radiation is smaller than
that of absorption by ozone and scattering by molecules for clear atmospheres. The
spectral dependence of the optical properties of aerosol is not large, so that the aerosol
optical thickness, beer, 18 assumed to be independent of wavelength, This assumption
is investigated in Sec. 4.4 by considering different expressions for the wavelength
dependence of the aerosol optical properties that are found in the literature.

The attenuation of radiation resulting from absorption by ozone, scattering by
molecules, and scattering and absorption by aerosol is given by

by = g}}af{}g -+ g&,m;}i + bger- {2&}
The direct solar radiation reaching the surface, Eq, (2.1), can then be written as

" . . k Yy
Dy =8, ﬁxi}{wdﬁaﬁﬁ,ﬁg LN M i’)\gnaéﬁir,m&é - 5@36?”???‘??@{23",}5 {3?13
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Figure 2.1 Illustration of the spectral solar irradiance incident at the top of the
atmosphere and the radiation reaching the surface. The atienuation resulting from
aerosol, molecules and ozone is shown for a model atmosphere with a solar elevation
of 45°. Ozone column densities of 300 and 400 DU are considered.

where by e is given by Eq. (2.5) and m, by Eq (2.2). Note that for actual
measurements the relative airmass factor given in Eq. (4.20) is used, with typical
heights of 22, 5 and 1 km for attenuation by ozone, molecules and aerosol, respectively.

Figure 2.1 shows the spectral dependence of the solar radiation incident at the top
of the atmosphere and the attenuated direct solar radiation reaching the surface. The
so-called SUSIM spectrum is used for the solar extraterrestrial irradiance (cf. Sec. 4.6).
The attenuation of direct solar radiation is evaluated according to Eq. (2.7) by using
Angstrém’s turbidity coefficient for the aerosol optical thickness with o = 1.3 and
B = 0.1 (cf. Sec. 4.4); the molecular optical thickness of Hansen & Travis (1974) with
a surface pressure of 1013 hPa (cf. Eq. {2.5)) and the ozone absorption cross-sections
of Bass & Paur (1985) at —45°C {cf. Sec. 4.3) and ozone column densities of 300 and
400 DU. Figure 2.1 shows that the extraterrestrial solar irradiance varies increases only
slightly from 290 to 330 nm. However, it has many spectral features due to absorption
in the outer layers of the solar atmosphere. The attenuation by aerosol is almost
independent of wavelength and the attenuation by molecules differs almost a factor
of 2 between 290 and 330 nm. Ozone attenuation is negligible for wavelengths larger
than 325 nm but it increases rapidly with decreasing wavelength. Below about 305 nm
absorption by ozone is the dominant attenuation process. The spectral dependence of
the UVB irradiance reaching the surface is very sensitive to the ozone column density
due to the strong wavelength dependence of the ozone absorption. Therefore, the
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ozone column density can de derived from direct sun measurements at 2 different
wavelengths in the UVE.
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Chapter 3

Retrieval algorithm

The direct solar radiation reaching the surface is, according to Eq. (2.7), given by
Y . ' - " £ &
Dy = Syexp(~dp,0 MO T, 05 ™ Dy ot Ty mot — éa»zﬁnr,aer}y {(3.1)

with Sy the solar radiation incident at the top of the atmosphere with wavelength A, do,
the ozone column density, o o, the ozone absorption cross-section, by ., the molecular
optical thickness, by, the aerosol optical thickness and m, the relative airmass factor
for each of the three components individually. Of the variables on the right hand
side of Eq. (3.1) only the ozone column density and the aerosol optical thickness are
unknown. All the other variables involved in the expression as well as their spectral
dependence are known. Their values are given in Chapters 2 and 4. Therefore, two
measurements of the direct solar radiation at different wavelengths can be combined to
eliminate the wavelength independent aerosol optical thickness. Division of Eq. (3.1)
for A; by the corresponding expression for A, gives after rearranging terms and taking
the natural logarithm

30@ <%} - 3%’“’ <{§I\z> == ‘igﬂ;g(g}s:s,ﬁg Gy O }?nf,(}:g + {ékg?mo{ o é’}\; ,moi}?ﬁ'r,m.al* {32}
| A3 & Az .
From this equation the ozone column density can be derived. Sinee this method uses
the ratio of 2 measurements the absolute calibration of the instrument is not needed,
but only the ratio of the sensitivity of the instrument at the 2 wavelengths. The
absolute value of the incident solar radiation, which is a function of the day of the
year because of variations in the distance between Sun and Earth, is therefore also not
required. An absolute calibration is however needed if one wants to obtain the aerosol
optical thickness from Eq. {8.1) once the ozone column density has been derived.
The measurement is complicated by the fact that it is not performed monochro-
matically. A so-called filter function, F), gives the sensitivity of the instrument as a
function of wavelength (cf. Fig. 4.2). Therefore, s measurement of the direct solar
radiation yields a wavelength weighted value given by

<Dy>= j; FADyd), (3.3)
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where the brackets denote the wavelength weighted value of a variable and N is the

normalization of the filter -
N o= FidA. (34)

Hence, the measurement is performed in a wavelength band determined by the filter
function which is characterized by the central wavelength

v = — [ Fod 35
f‘ﬁjm’};?/;}‘ i {«s‘} (e ..r}
the width of the filter function
N (3.6)
W o , 3.6
/’g}‘;ﬂfi:ﬁ )

and the maximum sensitivity of the filter function F,,,. Note that in general, the filter
functions for the two wavelengths under consideration are different. The wavelength
weighted value < D, > should be equal to the wavelength weighted value of the
expression on the right-hand side of Eq. (3.1). However, the wavelength weighted
value of a product of factors generally differs from the product of wavelength weighted
values of the individual factors, Le. < axby >#< ay >< by >. Therefore, the ozone
column density cannot be derived from measurements at 2 wavelength bands by using
Eq. (3.2) with wavelength weighted values for the individual terms occurring on the
right hand side of this expression.

The effect of the filter function is illustrated with some numerical simulations.
The expression on the right hand side of Eq. (3.1) is evaluated using: the SUSIM
spectrum for the extraterrestrial solar radiation {cf. Sec. 4.6); the ozone absorption
cross-section of Bass & Paur (1984) at —45°C (cf. Sec. 4.3}; the molecular optical
thickness of Hansen & Travis (1974) for a surface pressure of 1013 hPa {cf. Eq. (2.5))
and Angstrom’s turbidity coefficient for the aerosol optical thickness with o = 1.3
and § = 0.1 {cf. Sec. 4.4). The expression on the right hand side of Eq. (3.1) is
evaluated for each wavelength separately and afterwards integrated over wavelengih,
Le. < ayby > is caleulated, or the individual terms are first integrated over wavelength
hefore the different terms are combined, Le. < ay >< by > is calculated. A Gaussian
filter function {cf. Sec. 4.5} with F., = 1 is assumed. The two evaluations of the
wavelength weighted right hand side of Eq. {3.1) are performed by using various solar
elevations for the calculation of the relative airmass factors for the three constituents
{cf. Bq. {4.20)), several ozone column densities, and different central wavelengths and
widths of the filter function. Figure 3.1 shows a contour plot of the ratio < ay > < by >
/ < axby > as a function of central wavelength and width of the filter function using a
ozone column density of 325 DU and a solar elevation of 45°. The results indicate that
the effect of the filter function generally increases with decreasing central wavelength
and with increasing width. The effect of the filter function is significant, ie. gives
deviations larger than 1%, for central wavelengths smaller than about 10 nm and
widths larger than about 1 nm. The bandwidth effect is mainly the vesult of the

10
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BoerMirer) > as a function of the central wavelength and width of the filter function
(top} and as a function of the relative airmass factor of ozone and the ozone column

density {bottom}. For more information see text,
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strong spectral dependence of the ozone absorption cross-section. The dependence on
the relative airmass factor of vzone and the ozone column density of the effect of the
filter function on the ratio < ay >< by > / < axby > is given in the lower panel
of Fig. 3.1 for a Gaussian filter function with central wavelength 306 nm and width
3.6 nm. Note that the ratio at e.g. m,p, = 6 and dy o, = 150 DU differs from that
at myp, = 3 and dy o, = 300 DU. Therefore, the effect of the filter function does
not depend on the slant ozone column density ny 0,m, o, but depends on the ozone
column density and ozone airmass factor individually, Hence, no prescribed correction
factor for the effect of the filter function as function of the slant ozone column density
can be used.

The ozone column density cannot be derived by using Eq. (3.2), but instead
Eq. {3.1) has to be solved iteratively. For this the filter function of the instrument
has to be accurately known. The first step in the iteration procedure is using the
approximation that the wavelength weighted value of a product of factors equals the
product of the wavelength weighted values of the individual factors. A first estimate
of the ozone column density can then be obtained form Eq. (3.2) according to

R " RT e
Ny < Dy, > Ny < Dy, > . , )
fog | i e Eﬁg R S é’}f(, (< 3y O o ™ 05 O o T 0 {3/‘?\3

: f’\;i < 5}\1 = j*;‘;:a < S};g - {Fak Ag.485 A1 ,44% FREL XS Y K

+{< f{)’}\g;xmé’ S &’},g._,moi ::’,}7”"{,%1&5 3

where Ny < Dy, > and Ny < Dy, > are the measured values of the attenuated direct
solar radiation; Ny < 8y, > and Ny < 5, > are the wavelength weighted values of the
incident solar radiation {cf. Sec. 4.6); < 0y, g, > and < ¢y, 0, > are the wavelength
weighted values of the ozone absorption cross-section (cf. Sec. 4.3); < by, mw > and
< by, met > arve the wavelength weighted values of the molecular optical thickness {cf.
E. {2.5)); and my g, and my e are the relative airmass factors given by Eq. (4.20).
Hence, Eq. (3.7) can be solved for d,,, i.e. the first estimate of the ozone column
density. The next steps of the iteration procedure correct the estimated value of aiigo
obtained in the previous iteration step, starting from dj, , with a correction term &di;
leading to a better approximate solution dif," = di, + Ady,,. Substitution of this next
approximation di." for do, in Eq. (3.1) gives

Dy = Yy exp(—~Adp, 04,05r,05) XP{boer My ger ), (3.8}
where
}/% = gk Q‘XE}{W{{}3{;&03@2‘&{}3 o E}}s,'ﬁ‘z{?f?ﬁ?’,?‘ﬁf}zé}‘ {3%}

Assuming that < Yy exp(—Adp,05,0,M0,05) >=< Vi >< exp(~Adh,04,0,M0.0,) >
because Ady, is small, enables computation of the wavelength weighted value of ¥}
since dﬁ}g has been derived in the previous iteration step and all other parameters are
known. The correction term for the ozone column density can then be obtained from

12



A new algorithm for total ozone retrieval from direct sun measurements with a filter instrument

the measured ratio’s by using

N, < Dy, > Ny < Dy, > |
%{) WW o EC} «W..f.‘..,,,,.wm,.t,.i;};‘w,_,m o »{}&{F R < v, ¢ :N)' i ’: O "% ::3" H 17 P
5 Ny < Yx} e g Ny < §xg > 0&(&“ Ag, (g SRS PR } e
(3.10)

This yields a new estimate for the ozone column density {}’ff;il = gié}a - &fiéﬁg, The
iteration procedure given above can be repeated to get better estimates of the ozone
column density, until the correction term is negligible.

An actual measurement yields N < DDy >, where the factor N cancels the
normalization of the filter which occurs in the wavelength weighting (cf. Fq. (3.3)).
Thus N < Dy > takes the attenuation by the filter function into account. The aerosol
optical thickness can be obtained from

Io N < 8, i’ﬁxp{mdﬁpgﬁ 20 e O ™ fi’hmz-a!mmnai} >\ ; _
o8 N <Dy > = Oger Wy ey {3.11)

once the ozone column density has been derived. The above equation can be applied
to the measurements at both wavelength bands. However, the instrument that is used
for measuring the direct solar radiation must be calibrated absclutely in order to allow
derivation of the aerosol optical thickness. Furthermore, variations of up to about 43
% in the solar irradiance incident at the top of the atmosphere resulting from seasonal
changes in the Sun-Farth distance have to be taken into account {(cf. Sec. 4.6).
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Chapter 4

Tests of the algorithm

in this section the algorithm presented in Chapter 3 is tested. Since actual
measurements are not yet available, the algorithm is tested by using surface irradiances
obtained with model calculations. In order to perform the model calculations certain
assurmptions about the structure of the atmosphere and the radiative processes
occurring in it have to be made. In addition, the scattering and absorption properties
of the atmospheric constituents in this atmospheric model are not accurately known.
Therefore the model calculations may give surface irradiances that differ from observed
irradiances.  However, using model calculations to simulate the signal that an
instrument measures has the advantage that the accuracy of the retrieval algorithm
can be tested and the sensitivity of the results to various assumptions in the retrieval
algorithm can be studied. Another advantage is that uncertainties related to the
instrument that would be used for the actual measurements can be circumvented or
investigated. Such tests and sensitivity studies of the ozone retrieval algorithm by
using modelled surface irradiances are presented in the following sections.

The atmospheric model that is used for simulating the direct sun measurements
takes scattering and absorption by trace gases, molecules and aerosol into account.
Model calculations have been performed for the mid-latitude summer (MLS) and
winter (MILW) standard atmospheres (Anderson et al. 1986). The pressure and
temperature profiles of these atmospheres are used to calculate the molecular scattering
cross-section at each altitude {cf. Sec. 4.2). Integration of the molecular scattering
cross-section over altitude gives the wavelength dependent molecular optical thickness.
The ozone profile together with the temperature profile and the temperature dependent
ozone absorption cross-section of Bass & Paur (1984) and Paur & Bass (1984) gives
the speciral ozone absorption optical thickness (ef. Sec. 4.3). An actual ozone column
density of 334 DU is obtained for the MLS standard atmosphere and 378 DU for
the MLW atmosphere. Absorption by sulpherdioxide and nitrogendioxide are also
considered by using their profiles in combination with the absorption cross-section of
Hearn & Joens (1991) and Schneider et al. {1987), respectively. The resulting colurnn
densities of sulpherdioxide and nitrogendioxide are 0.1 and 0.2 DU, respectively, for
both atmospheres. The aerosol scatiering and absorption properties as well as their
variation with altitude are taken from the LOWTRAN 7 model (Kneizys ef al. 1988).
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For the model calculations presented here the rural aerosol at 80 % relative humidity
and with 10 km visibility is considered in the boundary layer (0-2 km); tropospheric
aerosol at 80 % relative humidity and with 23 km visibility is used between 2-10
km; background stratospheric aerosol is employed in the stratosphere (10-30 km); and
meteoric aerosol is used in the upper atmosphere (30-100 k). In addition, empirical
expressions for the spectral dependence of the aerosol optical thickness are considered.
These expressions are used to test the assumption of an aercsol optical thickness
independent of wavelength {cf. Sec. 4.4}.

The SUSIM extraterrestrial solar spectrum {cf. Sec. 4.6) is assumed to be incident
at the top of the atmosphere model. The attenuation of this radiation through
scattering and absorption by the atmospheric constituents mentioned above is given
by the Lambert-Beer-Bouguer law {¢f. Eq. (2.1)). The amount of radiation received
by the instrument is obtained by integration of the spectral surface irradiance over the
‘actual’ filter function centered at 306 nm {cf. Sec. 4.5). This represents the wavelength
weighted value of the direct solar radiation reaching the surface that is observed by the
instrument. For the second wavelength band of the instrument the same filter function
is used, but centered either at 302 or 310 nm. The effect of diffuse, Le. scattered,
radiation is investigated in Sec. 4.7 with a radiative transfer model coupled to the
optical parameters generated by the atmospheric model (c¢f. Stammes ef al. 1996) and
considering an isotropically reflecting surface with an albedo of 0.05. The so-called
adding-doubling radiative transfer method (cf. e.g. De Haan et ol 1987) is employed
to account for the full angular dependence of the multiply scattered radiation. The
modelled surface irradiances are computed for solar elevations of v = 15, 20, 30, 45 and
60°. The relative airmass factor given in Eq. (2.2) is used since the curvature of the
atmosphere and refraction are neglected in the model calculations. Relative airmass
factors which are more appropriate for the actual direct solar irradiances observed at
the surface are considered in Sec. 4.8.

4.1 Check of the algorithm

The algorithm described in Chapter 3 is used to derive the ozone column density from
the modelled direct irradiances reaching the surface. The retrieval algorithm uses the
SUSIM extraterrestrial solar spectrum (cf. Sec. 4.6); the Bass & Paur ozone absorption
cross-section at 228 K (ef. Sec. 4.3); the analytical expression of Hansen & Travis for
the molecular optical thickness (cf. Sec. 4.2}; and assumes no wavelength dependence
of the aerosol optical thickness. In Table 4.1 the retrieved ozone column densities
obtained from the modelled surface irradiances are given for the MLS atmosphere
with and without aerosol. Table 4.1 shows that the first estimate of the ozone
column density is rather poor, especially for low solar elevations. However, successive
iterations improve the results rapidly for all solar elevations. The retrieved ozone
column densities for the clear atmosphere are in good agreement with the actual ozone
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Table 4.1 Derived total ozone (in DU} for the MLS standard atmosphere with an
ogone column density of 334 DU after subsequent iteration steps. The results are
gives for b solar elevations and the wavelength combinations 302 & 306 and 308 &

310 nm.

1o aserosol

# iterations

== 15%

Yo 20°

ry = 307

v = 45°

¥ = 60°

0 253 /291 263 /300 275 /311 285/ 318 289/ 322
1 300 /326 315 /330 321 /333 325 /335 327 /335
2 327 /334 330 /335 332 /336 334 /336 334 /336
3 333 /336 334 /336 335 /337 335 /337 336/ 337
4 335 /337 335 /337 336 /337 336 /337 336 /337
5 336 /337 336 /337 336 /337 336 /337 336/337
aerosol
# iterations vy = 15° v=20° vy =30° oy =45° y = GU°
0 256 /296 266 /306 278 /316 288 /324 292/ 328
1 313 /333 318 /336 325/ 339 329 /341 331/ 342
2 331 /341 334 /342 336 /343 337 /343 338/ 343
3 337 / 343 338 /343 339 /343 339 /343 339/ 343
4 339 / 344 340 / 343 340 /343 340/ 343 340/ 343
5 340 / 344 340 / 344 340/ 343 340 / 343 340/ 343

column density. The difference of 2 to 3 DU is the result of using the ozone absorption
cross-section at a fixed temperature instead of using the temperature profile to account
for the temperature dependence of the ozone absorption cross-section (cf. Sec. 4.3),
The test case with aerosol gives ozone column densities that are slightly higher, since
the spectral dependence of the aercsol optical thickness is partly attributed to ozone.
The optical thicknesses for the MLS standard atmosphere at 302, 306 and 310 nm are,
respectively, 2,481, 1426 and 0.778 for ozone, 1.177, 1.112 and 1.052 for molecular
scattering, 1.141, 1.134 and 1.128 for scattering by aerosol, and 0.097, 0.093 and 0.089
for absorption by aerosol. The aerosol optical thickness in this example is rather
large, but its spectral variation, which hampers the algorithm, is small. The retrieval
algorithm yields aerosol optical thicknesses of 0.008 at 302 & 306 nm and 0.005 at 306
& 310 nm for the model atmosphere without aerosol and 1.406 at 302 & 308 nm and
1.391 at 306 & 310 nm for the case with aerosol. These aerosol optical thicknesses
differ from the actual values given above because errors in the ozone and molecular
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optical thickness are also ascribed to the aerosol optical thickness.

The above results show that the ozone column density can be derived by the
method given in Chapter 3. This retrieval algorithm takes attenuation by molecules
and aerosol into account as well as the effect of the filter function. The presence of
sulpherdioxide and nitrogen dioxide in the atmosphere model did not influence the
retrieved ozone column densities. Iven enhancing the sulpherdioxide contents by a
factor of 100, which gave a total sulpherdioxide colurn of about 11 DU, did ot show
any significant effect. The total ozone obtained with the wavelength pair 302 & 306 nm
are better than those obtained for 306 & 310 nm, since the signal of ozone is stronger at
shorter wavelengths and it is therefore less influenced by attenuation by molecules and
aerosol, The accuracy of the retrieval algorithm for the MLS atmosphere model with
aerosol is about 2 to 3%. However, for actual measurements the observed irradiances
at shorter wavelengths may introduce larger errors due to the low irradiance levels
at these wavelengths and the larger fraction of diffuse radiation compared to longer
wavelengths. The ozone retrieval for the MLW standard atmosphere shows the same
behaviour as for the MLS atmosphere. The ozone column densities derived for the
MEW atmosphere including aerosol differ about 1% from the aciual value. If the
aerosol optical thickness decreases with increasing wavelength the presence of aerosol
will lead to an overestimation of the ozone column density.

4.2 Molecular optical thickness

The optical thickness of molecular scatiering is defined as
B
"Xﬂ, 3 5 5 P
g}}“‘yn{}i fees Bji GA;;’Q{;‘{ (Zj??{C}dZ, i4 « 'E. )

with 03 me{2) the molecular scattering cross-section per molecule (in em?), n{z) is the
number of molecules per unit volume {in cm™?), and z the altitude (in cm). Molecular
scattering applies to molecules and particles much smaller than the wavelength of the
radiation. The electromagnetic field incident at the molecule can then be assumed to
be constant around the molecule. The incident field induces a dipole moment in the
molecule. This oscillating dipole emits according to classical electromagnetic theory.

The molecular scattering cross-section is then given by (cf. e.g. Lenoble 1993)

() 12875 s B4 3p,
TamelS] = =
T 3xd

(4.2)

Yoot s
237} 6 — 55975

where p,, is the depolarization factor, A, is the wavelength in cm and v,y is the
molecular polarizability. The refractive index m{2) of a gas containing n{z) molecules
per unit volume is related to the molecular polarizability by the Lorentz-Lorenz relation
3 (m{z)*-1)
Yol T ; v o

“ dmn(z) (m{2)? + 2)

(4.3)
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Equation (4.3) shows that (m(z)? — 1)/{m(z)? + 2) varies proportional to the density
50 that it is convenient to introduce the refractive index m, at standard pressure
Py = 1013.25 hPa and temperature Ty = 288.15 K according to

{m(z)* — 1 {(m? ~ 1) n(z)

{?“{3}2 +2) (m2+2) n, (4.4)

with n, = 2.54743 x 10" em™%. Inserting Egs. (4.3) and (4.4) in (4.2) gives for the
molecular scattering cross-section the familiar expression (cf. Bucholiz 1995)

247% (m? - 1)26+ 3p,
A2 (m2+2)26—Tp,

i’?mmz{ﬁ} wxfﬁj
The number density n{z) (in em™*) which occurs in Eq. (4.1} is related to the local
pressure P(z) (in hPa) and temperature 7'(z) (in K} by the equation of state

Pz} = n{2)kT(z), (4.6)

with & = 1.38066 x 107*% the Boltzmann constant. The molecular scattering optical
thickness can be calculated from Eq. (4.1} by using Egs. (4.5) and (4.6) in combination
with the refractive index of air according to Peck & Reeder (1972}, ie.

5791817 , 167909

- , 4.7
238.0185 — A2 | 57.362 — Az (4.7)

(ms — 1) x 10° =

with A, the wavelength in microns and using the wavelength dependent depolarization
factor reported by Bates {1984) with a value of p, = 0.03178 near 306 nm.

Equations (4.5) - (4.7) are used in the atmospheric model to calculate the scattering
optical thickness of molecules. The approximate analytical expression of Hansen &
Travis (1974) is used in the retrieval algorithm in order to avoid the use of temperature
and pressure profiles for the computation of the molecular scattering optical thickness.
This expression (cf. Eq. (2.5)) gives the optical thickness for molecular scattering as a
function of wavelength and requires only the surface pressure as input. In Table 4.2 the
optical thickness obtained with this approximate analytical expression is compared to
the optical thicknesses for the MLS and MLW standard atmospheres calculated by the
atmospheric model. Molecular scattering optical thicknesses that have been computed
by using other analytical expressions that can be found in the literature are also listed.
These alternative expressions are

}.’}
)/ - i 10y 408 49
according to Leckner {1978},
P 300
by, 0
Py mol T }813 o ( ) (@.3}
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Table 4.2 Molecular scattering optical thicknesses for the MLS and MLW standard
atrospheres at 302, 306 and 310 nm and the results obtained with the analytical

expressions.
muodel A=302 nm A =306 nm A=310nam
MILS 1477 1.112 1.0582
MLW 118D 1.115 1.055
Hansen & Travis 1.174 1.110 1.0580
Leckner 1.1568 1.065 1.039
Gireen et gl 1187 1.1922 1.081
Bucholtz 1.181 1.118 1.055
No correction (.000 3.000 3.000

after Green et ol {1980) and

5)&,%3{ - mé A%&G{jﬁsﬂgﬁggg{3.,55@21%Lzzié,ﬁ?&i\w&115%;3;&“} {4‘3{3}\,
according to Bucholtz (1895). Table 4.2 shows that the molecular scattering optical
thicknesses obtained with the analytical expressions of Hansen & Travis {1974) and
Bucholtz {1995} are close to those calculated for the MLS and MIW standard
atmosphere. The molecular scattering optical thickness according to the expression of
Leckner {1978} is slightly to low, whereas that of Green ef al. {1980} is a little to high
compared to the optical thicknesses computed with the atmospheric model.

The ozone column densities that have been derived by using the different analytical
expressions for the molecular scattering optical thickness are given in Table 4.3 for
the MLS and MLW standard atmospheres without aerosol. These results have been
obtained for a solar elevation of 45° and the wavelength pairs 302 & 308 as well as 306
& 310 nm. The ozone column densities obtained by using the analytical expression
of Hansen & Travis are slightly higher than the actual value for the MLS and lower
for the MLW atmosphere. This is a result of the temperature dependence of the
vzone absorption cross-section which is approximated in the retrieval algorithm by
considering the ozone absorption cross-section at an average temperature (cf. Sec. 4.3}
Green ef al's and Bucholte’ expressions for the molecular scattering optical thickness
vield ozone column densities that are almost identical to the ones obtained by using
the analytical expression of Hansen & Travis. The ozone column densities derived by
using Leckner’s expressions are slightly higher since the molecular scattering optical
thickness was underestimated. Without a correction for the spectral attenuation of
direct solar radiation by molecular scattering the ozone column densities obtained by
the algorithm are overestimated (cf. Table 4.3). This because the spectral dependence
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Table 4.3 The ozone column densities for the MLS and MLW standard atmospheres
and those retrieved for these atmosphere models for the wavelength pairs 302 & 306
and 306 & 310 nm by using the different analytical expressions for the molecular

scatiering optical thickness.

model MLS MIW
Actual value 334 378
Hansen & Travis 336 / 337 376 / 375
Leckner 337 /339 377 /7376
Green ef al 336 /336 376 /374
Bucholte 336 / 336 376 ] 374

No correction 359 /372 399 /410

which results from molecular scattering is atiributed to ozone and a wavelength
independent optical thickness is ascribed to aerosol.

Table 4.3 shows that a correction for the attenuation of direct solar radiation by
molecular scattering is needed in order to derive the ozone column density accurately.
All analytical expressions for the molecular scattering optical thickness considered
above give about equally good results for both wavelength pairs with errors in the
retrieved ozone column densities of 21 DU, The analytical expression of Hansen &
Travis will be used in the retrieval algorithm.

4.3 Ozone absorption cross-section

The ozone absorption cross-section depends on temperature. This dependence is given
in Fig. 4.1 by using the experimentally established data from Bass & Paur (1984) and
Paur & Bass (1984). They expressed the temperature of the ozone absorption cross-
section at each wavelength in terms of a second order polynomial in temperature.
Figure 4.1 shows that the absorption cross-section of ozone between 290 and 330 nm
increases with temperature and this increase is relatively more for longer wavelengths.
The temperature dependence of the ozone absorption cross-section is considered in the
atmospheric model by using the profiles of temperature and ozone for the MLS and
MLW standard atmospheres (Anderson et ol 1986). The ozone absorption optical
thickness is calculated from these profiles by using

bro, = J{} h 75,05 (T(2))no, (2)dz. (4.11)

The influence of the temperature dependence of the ozone absorption cross-section
i studied by applying the retrieval algorithm with ozone absorption cross-sections
at different temperatures. The retrieved ozone column density as a function of the
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Pigure 4.1 Spectral dependence of the absorption cross-section per ozone molecule

75,0, for different temperatures,

temperature of the ozone absorption cross-section are listed in Table 4.4 for the MLS
and MLW atmosphere. The ozone column densities are obtained by using the 302 &
306 and 306 & 310 nm wavelength pairs. Since the actual ozone columuns are 334 and
378 DU for the MLS and MLW atmospheres, respectively, Table 4.4 indicates that
the best results are obtained by using the czone absorption cross-section at T=233 K
for the MLS and T=223 K for the MLW atmosphere. Clearly, this difference in the
optimum temperature for the ozone absorption cross-section is a result of the lower
temperatures in the MLW than the MLS standard atmosphere. Table 4.4 shows that
a temperature difference of 10 K corresponds to a difference of ahout 4 DU in the
ozone column density derived from the 302 & 306 nm wavelength pair, and 5 DU for
the 306 & 310 nm wavelength pair. As could be expected from Fig. 4.1, the effect
of the temperature dependence of the ozone absorption cross-section is larger for the
wavelength combination at larger wavelengths. For both wavelength pairs a lower
temperature leads to a larger ozone column density. The ozone column densities given
in Table 4.4 are obtained for a solar elevation of 45°. The ozone column densities
obtained for the other 4 solar elevations under consideration differ maximally about 2
DU for the MLS and 3 DU for the MLW atmosphere, respectively, from the tabulated
results. The ozone column densities obtained for temperatures above the optimum
temperature are smaller (larger) for smaller (Jarger) solar elevation, and vice versa for
temperatures below the optimum temperature. The ozone column densities obtained
for the 5 solar elevations differ only slightly for temperatures near the optimum
temperature for the ozone absorption cross-section. The ozone absorption cross-section
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Table 4.4 The ozone column densities {in DU) derived for the MLS and MLW stan-
dard atmospheres by using ozone absorption cross-sections at different temperatures
{in K. The total ozone obtained with the 302 & 306 and 306 & 310 nm wavelength

pairs are reported.

Temperature MLS MLW
193 345 / 352 387 / 392
203 343 / 348 383/ 387
213 340 / 344 381/ 382
223 337 / 339 378 / 377
233 334 / 334 374/ 372
243 331 /329 370/ 366
253 328 / 324 366/ 361
263 324 / 319 362/ 355
273 320 /314 358 / 349
283 315 / 308 353 / 343
293 311 /303 348 / 337

at 228 K gives good results for both the MLS and MIW standard atmospheres, and

b W i

is used in the retrieval algorithm.

4.4 Aerosol optical properties

Aerosol consists of small solid or liquid particles and is present even in clear
atmospheres. The size of these particles ranges from nanometers to several microns.
The aerosol which is most important in radiative processes are comparable to the
wavelength of the radiation. Therefore, the aerosol optical properties have to be
derived by solving the Maxwell equations. The solution depends on the refractive
index, shape and size distribution of the particles. Generally, aerosol is assumed to
consist of homogeneous spheres so that the solution of the Maxwell equations can
be obtained from the so-called Mie theory (cf. e.g. Bohren & Huffman 1983). The
spectral aerosol optical properties used in the atmospheric model have been caleulated
with Mie theory by using the refractive indices and size distributions of the basic
aerosol models reported by the Radiation Commission of TAMAP (1986). The vertical
distribution of the aerosol is also taken from this standard atmosphere. The spectral
aerosol optical thickness that is thus obtained by the atmospheric model is used in the
numerical simulations to test the retrieval algorithm (cf. Sec. 4.1).

The spectral dependence of the aerosol optical thickness is generally expressed in
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Table 4.5 The ozone column densities {in DU} derived for the MLS standard
atmosphere by using different coefficients in Angstréim’s turbidity formula for the
aerosol optical thickness. The total ozone obtained with the 302 & 306 and 306 &
310 nin wavelength pairs are reported. Note that the atmospheric mode including
aerosol vielded 340 / 343 DU and using Green ef ol’s expression gave 337 / 338 DU

o F=01 G =0.2 =103 8 == 0.4 G == 0.5

0.0 336 /337 336 /337 336 /337 336/337 336 /337
(.8 337 /338 338 /340 339 /341 340 /343 341 /345
0.9 3377330 338 /341 340 /343 341 /345 342 / 347
1.0 338 /339 330 /342 341 /344 342 /347 344 / 349
101 338 /340 340 /343 342 /346 344 /349 346 / 352
1.2 338 /340 341 /344 343 /348 345 /352 348 / 356
1.3 389 /341 342 /346 345/ 351 348 /385 350/ 360
14 339 /342 343 /348 346 /354 350 /359 354 / 365
1.5 340 / 343 344 /350 349 /357 353 /364 357/ 371
1.6 341 /345 346 /353 351 /361 356 /370 361 /37

1.7 342 /346 348 /356 354 /366 360 /376 366/ 386
1.8 343 /348 350 /360 358 /372 365 /384 372 /395

terms of Angstrém’s turbidity formula (cf. e.g. Iqbal 1983)

1000\ @ .
baer = 3 (%ﬁ) , (4.12)

In this formula, 3 is called Angstrim’s turbidity coefficient and represents the amount
of aerosol present in the atmosphere. It varies between 0.0 and 0.5. A good average
value for the wavelength exponent o = 1.3:£0.5. Green ef al. (1974) use the expression

;o 3.578
Duer = 0.41 (é;zﬁ) : (4.13)

which is outside the range of Angstrém’s turbidity formula.

In this section the sensitivity of the retrieval algorithm to the assumption of a
wavelength independent aerosol optical thickness is investigated. For that purpose the
analytical expressions are used to caleulate the direct solar radiation attenuated by
aerosol. This is done by using various values for the turbidity coefficient 4 and the
wavelength exponent o in Angstrém’s turbidity formula (¢f. Eq.(4.12)). The derived
ozone column densities are reported in Table 4.5 for a solar elevation of 45°. These
results show that the derived ozone column density deteriorates with increasing aerosol
loading and exponent and this is worse for the longer wavelength combination. The
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presence of wavelength dependent aerosol enhances the derived ozone column density
because the wavelength dependency is partly ascribed to ozone. This enhancement is
slightly higher for lower solar elevations. The effect of aerosol is stronger for the 306
& 310 wavelength combination because the relative contribution of the aerosol optical
thickness to the total optical thickness is larger at longer wavelengths. For clear
atmospheres with J = 0.1 an overestimation of up to 6 DU for the 302 & 306 nm and
10 DU for the 306 & 310 nm wavelength combination are obtained over the full range
of the wavelength exponent of Angstrém’s turbidity formula. The aerosol considered
in the atmospheric model (cf. Sec. 4.1) corresponds with Angstrém’s turbidity formula
for a wavelength exponent « less than 0.8 and a turbidity coefficient 3 ~ 0.5. The
analytical expression of Green ef ol has a wavelength exponent o = 0.576 and
turbidity coeflicient # ~ 0.8. Aerosol having such a Jow wavelength dependency has
only a small effect on the derived ozone column density, even if the aerosol contents
is rather large. The overestimation is about 5 and 9 DU for the 302 & 306 and 306 &
310 nm wavelength combination, respectively, when aerosol with ¢ = 0.8 and 8 = 0.5
is considered. However, in cases with high aerosol contents (large £) in combination
with a large wavelength dependence of the aerosol (large ) the overestimation of the
derived ozone column density is large. Note that in such situations the above analytical
expressions could be used to correct the observed direct solar irradiance reaching the
surface for the spectral attenuation by aerosol. The Brewer spectrophotometer derives
the ozone column density using a combination of the direct sun measurements at 4
wavelength bands in the UVB. The combination is chosen such that attenuation by
502 and a linear wavelength dependence of attenuation by aerosol are eliminated.

The presence of aerosol may lead to large overestimations of the ozone column
density. However, if the atmospheric aercsol contents is low or if the spectral
dependence of the aerosol is small, the overestimation is less than about 5 DU for
the 302 & 306 and less then 10 DU for the 308 & 310 wavelength combination. The
effect of the aerosol on the retrieved ozone column density increases with increasing
wavelength.

4.5 Filter function

In this section the sensitivity of the algorithm to the filter function is investigated. The
direct solar radiation that reaches the surface has been caleulated by using the "actual’
filter function presented in Fig. 4.2. This curve shows the filter function of the Kipp &
Zonen’ narrow band UVB radiometer which is operated at KNMI (of. Kuik & Kelder
1994). The retrieval algorithm has been applied on the irradiances that have heen
obtained with this filter function, but in the retrieval algorithm other filter functions
are also considered. The block, triangle and Gaussian filter functions with a different
shape, but the same central wavelength A., width w and maximum sensitivity F,,, as
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Figure 4.2 Spectral dependence of the filter functions Fy, with central wavelength
Ae = 306 mm, width w = 3.65 and maximum sensitivity Fi,., = 1. The various
curves have a different shape, but identical central wavelength, width and maximum

sensitivity.

the actual filter are used for this purpose. Here the block filter function is defined by

W

Fy=Fpae i M- % SAS At 5 (4.14)
and zero elsewhere, the triangular filter by
Fy = Foar <1 - é%«w;wj‘fi) if Ae—w <A< A 4w (4.15)
and zero elsewhere, and the Gaussian filter by
Fy o= Fygg exp | ~w (5%%3@)2 {4.16)

for all wavelengths. In addition to these alternative filter functions, the actnal filter s
used, but with a different width or central wavelength. Note that the filter functions
for the two wavelengths used in the retrieval algorithm need to be calibrated, since an
uncertainty in the maximum sensitivity of one of the filter functions leads directly to
an error in the derived ozone column density.

The ozone column densities that have been derived by using the various alternative
filter functions are listed in Table 4.6 for the MLS standard atmosphere without
aercsol, 5 solar elevations and the wavelength pairs 302 & 306 and 306 & 310 nm.
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Table 4.6 The ozone column densities (in DU} for the MLS standard atmosphere
and 5 solar elevations derived by using different filter functions.

Filter

ry == 20°

5 = 30°

v o= 45°

v = 60°

Actual

Block

Triangle

Gaussian

Smaller 5%

Broader 5%

One shifted —0.1 nm
One shifted +0.1 nm
Both shifted —0.1 nm
Both shifted +0.1 nm

336 / 337
302 / 331
347 / 341
345 / 341
328 / 334
344 / 340
345 / 346
328 / 328
331/ 333
341 / 341

336 / 337
309 / 333
346 / 340
342 / 340
329 / 335
343 / 339
345 / 346
328 / 328
331 / 333
342 / 340

336 / 337
314 / 336
344 / 340
340 / 339
331 / 336
341 / 338
345 / 347
328 / 327
330 / 333
342 / 340

336 / 337
318 / 338
341 / 339
338 / 338
332 / 337
341 / 337
345 / 347
328 / 327
329 / 334
343 / 339

336 / 337
319 / 340
340 / 339
337 / 338
332 / 337
340 / 337
345 / 347
328 / 327
328 / 334
343 / 339

Table 4.6 shows that the effect of the filter function depends on the solar elevation and
the wavelength pair. Generally, the results for the 306 & 310 nm wavelength pair are
less dependent on the filter function than those for the 302 & 306 nm wavelength pair.
Table 4.6 also shows that the sensitivity to the filter function is generally larger for
smaller solar elevations. The block filter function underestimates the ozone column
density by about 15-40 DU for the 302 & 306 nm wavelength pair and about 5 DU
for the 306 & 310 nm wavelength pair. Using a triangular or Gaussian filter shape
improves the results and leads to overestimations of the ozone column density by up
to 10 and 5 DU for the 302 & 306 and 306 & 310 nm wavelength pairs, respectively.
A narrower filter yields an ozone column density that is about 8 and 4 DU to small
for the 302 & 306 and 306 & 310 nm wavelength pairs, respectively, whereas the ozone
column density is to high for a broader filter. The width of the filter has almost no
influence for the 306 & 310 nm wavelength pair and solar elevations larger than 45°.
Shifting one or both filters of the wavelength pair has almost the same effect for both
wavelength pairs and all solar elevations. Shifting the filter of the largest wavelength in
the pair +0.1 nm increases the ozone column density by about 10 DU, whereas a shift
of —~0.1 nm reduces the ozone column density by 10 DU. Shifting both wavelengths
+0.1 nm reduces the ozone column density by about 5 DU and shifting them —0.1 nm
increases the results by 5 DU

The ozone column densities derived by using the retrieval algorithm presented in
Chapter 3 depend on the filter function of the instrument. This dependence is generally
most pronounced for the 302 & 306 nm wavelength pair and at small solar elevations.
In these situations the bandwidth effect of the filter function is also largest. Frrors of
5-10 DU in the retrieved ozone column densities occur when using a realistic shape
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Figure 4.3 Spectral dependence of the solar irradiance & incident at the top of
the atmosphere. Presented are the SUSIM and LOWTHAN 7 solar spectra and a
finear fit to the BUSIM spectrum.

for the filter function with the correct central wavelength and width. Using a block
shaped filter function with the correct parameters instead, resulted in errors up to
30 DU. Therefore, the spectral dependence of the filter function has to be measured

accurately.

4.6 Solar irradiance

In this section the sensitivity of the results to the incident solar irradiance is
investigated. The solar irradiance incident at the top of the atmosphere varies in
time due to seasonal variation of the distance between the sun and Earth and due
to variations in the radiation emitted by the sun during the solar rotation and the
solar cycle. These variations need to be considered if absolute irradiances are required
for the determination of the aerosol optical thickness. The variations in incident solar
irradiance related to the seasonal variations in the distance between the sun and Earth
reach values up to about 3 %, but these variations can easily be taken into account hy
using the empirical equation (cf. Spencer 1071)

27(J - 1)
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Table 4.7 The ozone column densities (in DU} for the MLS standard atmosphere

and & solar elevations derived by using different solar spectra.

spectrum

b &
v o= 20

y = 30°

Ty owm 45°

y mm 50°

SUSIM

LOWTRAN 7

Tinear

SUSIM —0.1 nm
SUSIM +0.1 nm

336 / 337
337/ 342
332 / 342
337 / 335
336 / 338

336 / 337
336 / 341
333 / 340
337 / 335
335 / 338

336 / 337
333 / 341
338 / 339
337 / 335
335 / 339

336 / 337
330 / 341
344 / 337
338 / 334
334 / 339

336 / 337
327 / 341
350 / 335
339 / 334
333 / 339

which relates the solar irradiance S\(J) at Julian day J to the mean solar irradiance
Sy where the Julian day is the day of the year counted from 1 to 365 (or 366) starting
on January 1. The variations in the radiation emitted by the sun due to variations in
solar rotation and activity are about 1 % and do not alter the spectral distribution of
the solar irradiance in the UVB, Note that only variations in the spectral distribution
of the solar radiation directly affect the derivation of the ozone column density.

In practice, the extraterrestrial solar irradiance is obtained with the so-called
Langley method. For that purpose the natural logarithm of the observed direct solar
irradiance at the surface is plotted as a function of the airmass factor and extrapolated
to zero airmass. Thus the solar irradiance which would be observed by the instrument
at the top of the atmosphere is obtained. However, note that this zero airmass
irradiance is weighted with the filter function of the instrument and furthermore, that
it may be affected by the presence of diffuse radiation or variations in the atmospheric
attenuation during the course of the day over which the observations at various solar
elevations have been performed. Therefore, such measurements are generally made
from high-altitude observatories with relatively clear and stable atmospheres. In this
section the irradiances that reach the detector have been calculated by using the
SUSIM spectrum for the solar radiation incident at the top of the Earth atmosphere
(VanHoosier et al. 1988). Different solar spectra have been considered for the retrieval
of the ozone column density (¢f. Fig. 4.3). These alternative solar spectra are the
LOWTRAN 7 spectrum with a spectral resolution of 5 cm™, a linear fit to the SUSIM
spectrum between 290 and 330 nim and the SUSIM spectrum, but shifted 0.1 nm to
both smaller and larger wavelengths.

Table 4.7 presents ozone column densities that have been obtained by using the
various spectra for the solar irradiance incident at the top of the atmosphere. Again the
wavelength pairs 302 & 306 and 306 & 310 nm are considered for the MLS standard
atmosphere without aerosol at 5 solar elevations. The differences in ozone column
densities obtained by using the various solar spectra are not so large since the broadness
of the filter function eliminates the influence of individual lines in the solar spectrum.

o
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Figure 4.4 Spectral dependence of the ratio of diffuse to direct irradiance at the
surface of the MLE standard atmosphere for 5 solar elevations. Thick lines indicate
the curves for the case without aerosol and thin lines the case including aerosol.

The LOWTRAN 7 solar spectrum yields ozone column densities which are typically
5 DU to high for the 306 & 310 wavelength pair at all 5 solar elevations. The 302
& 306 wavelength pair gives good results for low solar elevations, but underestimates
the ozone column density by about 10 DU for «+ = 60°. Using the linear fit to the
SUSIM data as the solar spectrum gives results similar to those of the LOWTRAN
7 spectrum for the 306 & 310 nm wavelength pair, but the results are worse for the
302 & 306 nmn wavelength pair where ozone column densities are about 5 DU to small
at low solar elevations and 15 DU to large for high solar elevations. A wavelength
shift of the incident solar spectrum by 0.1 nm yields differences in the ozone column
densities of about 5 DU. A shift of —0.1 nm yields higher ozone column densities for
the 302 & 306 wavelength pair and lower ozone column densities for the 306 & 310
wavelength pair. The +0.1 nm shift gives the opposite effect. A behaviour similar to
that reported above was also found for the MLW standard atmosphere.

The sensitivity of the derived ozone column densities to the spectrum of the incident
solar irradiance is generally largest for the 302 & 306 wavelength pair at high solar
elevations. The maximum error is about 10 DU.

4.7 Diffuse radiation

Here the role of diffuse, i.e. scattered, radiation is studied. This scattered radiation
may contribute to the radiation in the direction of the incident solar radiation. The
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Table 4.8 The ozone column densities for the MLS standard atmosphere and 5 solar
elevations obtained by considering both direct and diffuse radiation. The standard

atinosphere with and without aerosol is considered.

opening angle

v = 15°

without aerosol

= 307

y = 45°

Yo 67

0° 336 / 337 336 /337 336 /337 336/337 336/ 337
1° 335 /336 336 /337 336 /337 336 /337 336/ 337
20 332 /335 336 /336 336 /337 336/337 336/ 337
3° 326 / 333 335 /336 336 /337 336/ 337 336 / 337
4° 320 /331 335/336 336336 336/337 336/ 337
5° 313 /328 334 /335 336336 336/337 336/ 337

7y = 15°

7y = 20°

with aerosol

5 = 30°

’}" P 4‘60

Ty owm B

0° 340 /344 340 / 344 340 / 343 340 / 343 340 / 343
1° 282 /318 337 /341 340 /343 340/ 343 340 / 343
20 246 / 290 330 /336 340 / 343 340 / 343 340 / 343
3° 234 / 277 322 /331 339 /342 340 /343 340 / 343
40 228 / 271 316 /326 338 /341 340 / 343 340 / 343
5° 926 / 268 312 /322 338 /340 339 /342 339 / 342

diffuse radiation observed by the instrument during a direct sun measurement may
affect the derivation of the ozone column density. The diffuse radiation is a result
of scattering by molecules or aerosol. The aerosol loading in the atmosphere and its
optical properties are variable. Therefore, the contribution of the multiply scattered
radiance in the direction of the incident solar radiation is studied using spectral
radiances calculated with the radiative transfer model coupled to the MLS standard
atmosphere without and with aerosol. This radiance is multiplied with the solid angle
determined by the opening angle of the instrument to simulate the irradiance incident
at the instrument. Figure 4.4 illustrates the contribution of diffuse irradiance observed
by an instrument with an opening angle of 2° as a function of wavelength. The
results show that the relative amount of diffuse radiation decreases with increasing
solar elevation and with increasing wavelength. The presence of aerosol enhances the
fraction of diffuse radiation. The spectral dependence of the relative contribution of
diffuse radiation near 306 nm is high for solar elevation less than 20° and increases
rapidly at shorter wavelengths. This spectral dependence introduced by scattered
radiation affects the derivation of the ozone column density.
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The simulated scattered irradiance at the surface is added to the modelled direct
solar irradinnce at the surface and weighted with the actual filter function. The ozone
column density is derived from this combined signal. The ozone column densities
obtained for opening angles of 0 to 5° are presented in Table 4.8, The results show
that diffuse radiation only affects the derivation of the ozone column density at low
solar elevations. For solar elevation of 30° and larger the derived ozone column
densities are not influenced by diffuse radiation for the aerosol free atmosphere and
are underestimated maximally about 2 DU for the atmosphere including aerosol. The
differences are maximally 2 and 30 DU for a solar elevation of 20° for the cases without
and with aerosol, respectively. The ozone column densities derived with direct and
diffuse radiation incident at the detector differ considerably from those obtained for
direct radiation only for a solar elevation of 15°. The effect of diffuse radiation for a
solar elevation of 15% in the aerosol free atmosphere is maximally about 25 DU for the
302 & 306 nm wavelength pair and about 10 DU for the 306 & 310 nm wavelength pair.
The atmosphere containing aerosol has errors of about 60 and 30 DU for the 302 & 306
and 306 & 310 wavelength combination, respectively, even for an opening angle of 1°.
The amount of direct radiation incident at the surface is small for low solar elevations
due to the large optical path. Because scattered radiation has a shorter optical path, it
is less attenuated, and it may therefore contribute significantly to the radiation in the
direction of the incident solar radiation. This relative contribution of diffuse radiation
is larger at smaller wavelengths. The ozone column densities derived with the 302 &
306 nm wavelength pair are therefore more influenced by diffuse radiation than those
of the 306 & 310 nm wavelength pair. Diffuse radiation leads to an underestimation of
the ozone column density because the increase of radiation due to scattering is relative
larger at smaller wavelengths whereas the presence of ozone leads to a reduction of
radiation that is relative larger at smaller wavelengths, This underestimation caused
by diffuse radiation increases with increasing opening angle of the instrument. Note
that the rural aerosol type considered in the atmosphere model has about the same
spectral attenuation as the urban aerosol type, but rural aerosol absorbs less radiation
than urban aerosol. Therefore, less diffuse radiation will be present in the standard
atmosphere with urban aerosol.  Also note that the radiation scattered by aerosol
generally decreases with Increasing scattering angle. Hence the amount of diffuse
radiation incident at the instrument is generally less than the radistion scattered in
the direction of the incident solar radiation times the solid angle determined by the

opening angle of the instrument.

Diffuse radiation leads to an underestimation of the derived ozone column density,
especially at low solar elevations. This effect increases with incressing opening angle
of the instrument and is enhanced by the presence of aerosol. The measurements may
in a first approximation be corrected for diffuse radiation resulting from scattering
by both molecules and aerosol by subtracting the corresponding measurements close
to, but not including the direct solar radiation, from it. The so-called focnsed sun
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Figure 4.5 The error (in %) in the relative airmass factor compared to the values
calculated from BEq. {4.20) for different atmospheric constituents as a function of

solar slevation.

observations with the Brewer spectrophotometer use the same correction for diffuse
radiation {(cf. Josefsson 1992).

4.8 Relative airmass factor

For low solar elevations the optical path through the atmosphere is not related to the
vertical optical path according to Eq. (2.2) due to the curvature of the atmosphere and
refraction. This effect can not be studied with the plane-parallel atmosphere model
considered in the numerical simulations. Therefore expressions for the relative airmass
factor which account for curvature and refraction are compared with the relative
airmass factor for plane-parallel atmospheres given in Eq. (2.2). Such a comparison
shows for which solar elevations the plane-parallel assumption of the relative airmass
factor is valid and gives the sensitivity of the results to unceriainties in the solar
elevation and the various expressions for the airmass factor, The general expression
for the relative airmass factor between altitudes zg and 2, of an atmospheric constituent
with density n at altitude » for a spherical atmosphere including refraction may be
written as (cf. McClatchey 1972)

. . a2

Lopm R+ 20\? {miz) o
j[’ 1 < {}) { ( & <:e:}§";o'} n{z)dz (4.18)
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where m is the refractive index of air (¢f. Eq. {4.7)) and R is the radius of the Earth.
The relative airmass factor can be calculated using the above expression if the profiles
of pressure, temperature and the constituent are known. Such computations are used
to construct empirical expressions. An empirical relative airmass factor for scattering
by molecules which takes the curvature and refraction in the atmosphere into acconnt

is given by

1
sin Y ;3{/} 4 ;‘)} gyt

. == (419}
where a = 0.505872, b = 6.07995° and ¢ = 1.6264 according to Kasten & Young (1986).
A useful approximate expression can also be obtained from FEq. (4.18) by assuming
that the attenuating constituent is only present at a certain altitude h and ignoring
refraction since the refractive index of alr near the surface is only 1.00029 at 308 nm
(cf Eq. {4.7)). The relative airmass factor at the surface of a spherical atmosphere
with attenuation occurring at altitude h is then given by (ef. Green ef ol 1974)

1

Wy =2 ’
Y TRih /

(4.20)

Here R is the radius of the Earth, i.e. 6370 km, and the height h where attennation
occurs is typically 22 ki for absorption by ozone, 5 km for scattering by molecules
and 1 km for aerosol. The assumption that the altitude b is much smaller than the
radius of the Earth K can be used to write Eq. (4.20) as

14+ h/R
\/sin?y + 21 /R

(4.21)

My =

Note that for very small values of & Eqs. (4.20) and (4.21) reduces to Eq. {2.2).

In Fig. 4.5 the error in relative airmass factors obtained by using different
expressions are presented as a function of solar elevation. The relative airmass
factors are almost identical to that of the plane-parallel approximation for high solar
elevations. At vy == 15° the sine overestimates the other 3 relative airmass factors by
about 5% for ozone absorption, 1% for molecular seattering and 0.25% for asrosol. The
differences are 10, 3 and 0.5%, respectively, at v = 10° and 21, 5 and 1% at v = 7°
respectively, for ozone, molecules and aerosol. The curvature of the atmosphere must
be taken into account for solar elevations less than 30°, because the differences in the
relative airmass factor due to ozone absorption are more than 1%. Therefore, the
relative airmass factor used for the retrieval of ozone columns from observations is not
the one given by Eq. (2.2}, but Eq. (4.20) with different layer heights for attenuation by
ozone, molecules and aerosol. The results for molecules obtained by using Eq. (4.20)
differ less than 1% from the values obtained by using Eq. (4.19) except for solar
elevations below 5°.
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Chapter 5

Conclusions and outlook

A new algorithm is presented which derives the ozone column density from direct
sun measurements at two wavelengths in the UVB. A correction is applied for the
spectral attenuation by molecular scattering and the effect of aerosol is assumed to be
independent of wavelength. The ozone column density can then be derived by using
the spectral dependence of the ozone absorption cross-sections in combination with
the spectrum of the incident solar radiation. The retrieval algorithm uses the filter
function of the instrument in order to correct for its speciral sensitivity. This correction
is needed for measurements at short wavelengths with a relatively large width of the
filter function, typically w =5 nm at A, = 320 nm, w = 3 nm at A, = 315 nm, w = 1
nm at A, = 310 nm and w = 0.5 nm at A, = 305 nm. The correction depends on both
the ozone column and the solar elevation, individually. If the instrument is calibrated
absolutely, the aerosol optical thickness can also be derived.

The sensitivity of the retrieved ozone column density to varicus assumptions
and uncertainties in the algorithm has been investigated by applying the algorithm
to simulated direct sun irradiances calculated with an atmospheric model. These
simulations show that: (i) the ozone column density can be derived from direct
sun measurements at 2 wavelengths bands in the UVB using the above mentioned
algorithm which accounts for the filter function of the instrument; (i) the wavelength
dependence of attenuation by molecular scattering must be taken into account, but
arious analytical expressions which can be used for this correction give good results;
(iii) the temperature dependence of the ozone absorption cross-section has been taken
into account by adopting an averaged temperature of 228 K resulting in an accuracy
of about =3 DU, (iv) the presence of aerosol generally leads to an overestimation of
the ozone column density which is worse at longer wavelengths because of the larger
relative attenuation by aerosol at longer wavelengths. A low atmospheric aerosol
content or a small wavelength dependence of the attenuation by aerosol gives an
overestimation less than about 5 DU for the 302 & 306 and less then 10 DU for
the 306 & 310 wavelength combination. (v} the filter function of the instrument has
to be accurately known, especially for the 302 & 306 nm wavelength pair and at low
solar elevations where errors of about 10 DU may occur; (vi) the sensitivity to the
incident solar radiation is relatively small due to the width of the filter function, but
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is maximally 10 DU for the 302 & 306 nimm wavelength pair at high solar elevations;
(vii} diffuse radiation in clear atmospheres has only an effect at low solar elevations
in combination with a large opening angle of the instrument. The presence of aerosol
deteriorates the results significantly. Diffuse radiation lead to an underestimation of
the ozone column density because scattering has a relatively larger contribution at
shorter wavelength and the effect is therefore most pronounced for the 302 & 306 nm
wavelength pair; (viii) the curvature of the atmosphere must be taken inio account
for solar elevations below 30°. Note that the results of the sensitivity study reported
above have been obtained by varving each of the parameters individually. In practice
all uncertainties need to be considered together, Therefore, the overall error is not
the sum of the individual errors, but because of cancelling of errors it will be less.
Furthermore, the accuracy may be improved by performing measurements during clear
situation, for high solar elevations and using an instrument with a small opening angle.

An instrument similar to the one considered in this work is being developed in
a cooperation between KNMI and Kipp & Zonen. Although the sensitivity fests
performed here provide useful information on the algorithm and the choice of various
parameters, the actual test of the ozone column density retrieval algorithm needs to be
done in the field. A first prototype of this instruoment built by Kipp & Zonen is available
and has been tested and calibrated at KNMI. This summer extensive measurements
will be performed with the filter instrument. The calculated ozone column densities
will be compared with values obtained with a Brewer spectrophotometer operated af
KINMIL

The retrieval algorithm presented in this report can also be applied to the narrow
band UVE and UVA direct sun radiometers which are operated at KNMIL The
UVA wavelength band (A, = 368 nm and w = 10 nm) can be used to calculate
the aerosol optical thickness and ozone can be derived in the UVB (A, = 306 nm
and w = 2 nm). Because the two wavelength bands are far apart, the assumption
of a wavelength independent aerosol optical thickness cannot be made, but instead
Angstrém’s turbidity formula has to be used to relate the aerosol optical thickness
in the UVE band to the one derived in the UVA. However, these instruments have
the advantage that they are calibrated absolutely, proved to be stable and perform
measurements that arve archived every 10 seconds. In addition, the Langley method
can be apllied in the UVA in order to get the extraterrestrial irradiance as observed by
the instrument. The retrieval algorithm can also be applied to the Brewer direct sun
measurements at 5 narrow wavelength bands in the UVB (A, = 306.3, 310.1, 313.5,
316.8 and 32001 nm and w = 0.6 nm). The retrieval algorithm presented in this report
can be compared to the direct sun algorithm used by the Brewer. A sensitivity study
similar to the one presented in this report, but for the direct sun ozone column density
retrieval algorithm of the Brewer instrument could also be performed.
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