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Abstract. In this study, we investigated the susceptibility
of the Dobson spectrophotometer No. 118 to stray light in-
terference. In this regard, a series of total ozone content
measurements were carried out in Athens, Greece for air-
mass values () extending up to u = 5. The monochromatic-
heterochromatic stray light derived by Basher’s model was
used in order to evaluate the specific instrumental param-
eters which determine if this instrument suffers from this
problem or not. The results obtained indicate that the mea-
surements made by the Dobson instrument of the Athens sta-
tion for air mass values up to 2.5, underestimates the total
ozone content by 3.5 DU in average, or about 1 % of the sta-
tion’s mean total ozone content (TOC). The comparison of
the values of the same parameters measured 15 years ago
with the present ones indicates the good maintenance of the
Dobson spectrophotometer No. 118. This fact is of crucial
importance because the variability of the daily total ozone
observations collected by the Athens Dobson Station since
1989 has proved to be representative to the variability of the
mean total ozone observed over the whole mid-latitude zone
of the Northern Hemisphere. This stresses the point that the
Athens total ozone station, being the unique Dobson station
in south-eastern Europe, may be assumed as a ground truth
station for the reliable conversion of the satellite radiance ob-
servations to total ozone measurements.

1 Introduction

The Dobson spectrophotometer was the very first instrument
developed in the early 1920s by G. M. B. Dobson to study the
circulation in the upper atmosphere through the ozone move-

ments (Dobson, 1957, 1968a). Since the first instrument was
constructed, a number of instruments were placed around the
world at selected stations that began measurements of total
ozone content (TOC) on a daily basis. Since then, a long
time series of TOC data was created. A worldwide network
of instruments was established during the International Geo-
physical Year (July 1957-June 1958) in order to better un-
derstand and study the atmospheric ozone (Broennimann et
al., 2003). Even though newer and more sophisticated in-
struments were since created, i.e. Brewer spectrophotome-
ter, the Dobson spectrophotometer is still used and is consid-
ered a key part of the ground-based monitoring system of the
ozone layer (Bojkov and Balis, 2009; Varotsos and Cracknell
1994a,b; Varotsos et al., 1995, 2012a; Chandra and Varotsos,
1995; Varotsos, 1998).

The fact that the earliest studies and the preliminary data
records of TOC were made using the Dobson spectropho-
tometer it makes this instrument a reference device for TOC
data obtained by other ground-based and satellite borne in-
strumentation. As a result, any new device, on board a satel-
lite or ground-based, that is constructed for TOC measure-
ments is validated against Dobson which is considered as a
standard instrument (Bernhard et al., 2003; McPeters et al.,
2008; Cracknell and Varotsos, 2009, 2012, 2014; Varotsos et
al., 2014; Tzanis, 2005, 2009). So, it is important to under-
stand and study all sources of errors in Dobson instrument
operations that could lead to a false measurement or miscal-
culation of TOC.

In brief, the Dobson spectrophotometer uses the differen-
tial absorption between two wavelengths of the solar ultravi-
olet spectrum, which together compose one band pair. One
of the wavelengths of each band pair is being absorbed (e.qg.
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beam i) by the ozone in the atmosphere, while the other is not
(e.g. beam j). Within the instrument, the two beams i and j
follow different optical paths. At first, total solar light enters
the instrument and is directed to a monochromator so that
the two beams i and j can be isolated. Beam i is then driven
directly to another monochromator and then to a photomulti-
plier. Beam j follows a slightly different path. After the first
monochromator, the beam j passes through an optical wedge
which has a different absorption factor at each point and its
position is controlled by the user through a graduated dial.
Then, the beam j follows the same path as the beam i and ar-
rives at photomultiplier. When the pulsating electric current,
that the photomultiplier generates, is zero the beam j has
been absorbed by the wedge exactly as the beam i has been
absorbed by the ozone in the atmosphere. Knowing the exact
position of the wedge the TOC in the atmosphere can be cal-
culated. A detailed description of the principles of measure-
ment and the operation of the instrument is available else-
where (Cracknell and Varotsos, 2012; Komhyr and Evans,
2008).

Apart from the absorption of radiation passing through the
atmosphere by ozone there is also the scattering by aerosol
particles and Rayleigh scattering (Varotsos et al., 2012b).
The effect of the latter on the radiation is corrected by us-
ing appropriate factors during the processing of the measure-
ments. In order to eliminate the attenuation caused by aerosol
particles, two band pairs are used for a single measurement
of TOC. More details of the procedure can be found else-
where (Komhyr and Evans, 2008). The band pairs that are
used most widely and hence for the experiment presented in
the next sections are A and D, where the A band pair consists
of 305.5 and 325.0 nm beams, while the D band pair consists
of 317.5 and 339.9 nm beams.

Currently there are about 50 Dobson instruments that con-
stitute the global Dobson network. In order to maintain these
instruments and ensure their continuing well-functioning,
they are involved in regular validation/calibration campaigns.
During these campaigns, among other activities, these instru-
ments are used for taking simultaneous measurements with
a reference Dobson (Christodoulakis et al., 2008; Tzanis et
al., 2009; Varotsos and Kondratyev, 1995). The goals are to
evaluate the performance of a particular Dobson instrument
against the reference one and to transfer the calibration level
of the reference instrument to the examined one. Besides
these campaigns each station performs regular tests that are
designed to determine whether the instrument is operating
within the required limits for the accuracy and stability.

There are circumstances though in which an instrument
fails to determine accurately the amount of total ozone, not
because of instrumental malfunction but rather from the lim-
itations in the optical design of the instrument (Dobson,
1968b). Specifically, high solar zenith angle measurements
are problematic. Major problems can be triggered by the fol-
lowing sources.
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— Unwanted sky light from around the sun could enter the
instrument (sky light error).

— The light of long wavelengths that is scattered within
the instrument could be combined with the light of short
wavelength used for the measurement (internal stray
light error).

— Apart from the direct sunlight (used for the measure-
ment), the light component by multiple scattering in the
atmosphere (atmospheric scattered light error; Dobson,
1968b; Evans et al., 2009).

The first limitation refers to the angular distribution of dif-
fused radiation. Specifically, around the sun there is an area
where an intensity maximum is observed. This phenomenon
is explained by the scattering function. According to this
function, a maximum is observed in forward direction which
leads to this intensity maximization (Kondratyev, 1969). The
third limitation refers to the contribution of the spectral com-
ponent of the solar light originating outside the band pass of
the instrument since the out-of-band light is not completely
removed by the slits, and thus it is measured by the instru-
ment. The dependence of this contribution on the optical path
of the light (solar zenith angle and amount of ozone) cre-
ates the non-linear error in the retrieved total ozone that ap-
pears as diurnal variability in the total column ozone mea-
surements.

Focusing on the stray light, its presence in the Dobson in-
strument leads to lower TOC values as the air mass increases
(e.g. Labow et al., 2004; McPeters and Labow, 1996). More
specifically, if air mass reaches the value 3 then the stray light
results in a significant underestimation of the TOC measure-
ments. This underestimation in TOC becomes stronger un-
der conditions of high optical path length (e.g. high TOC).
It should be emphasized that the stray light also affects TOC
measurements for air mass values less than 3 but not to such
an extent as for air mass values greater than 3. This is be-
cause of the previously mentioned “internal stray light error”
which is still present even for small solar zenith angles (Dob-
son, 1968b).

It is worthwhile to note that the slit widths adopted by
Dobson (1931) were not very narrow thus preventing stray
light of other wavelengths from falling on the photomul-
tiplier. According to Basher (1982), for direct AD mea-
surements, errors of 1, 3 and 10% may be present at air
mass values of 2.5, 3.2 and 3.8, respectively. This is a per-
manent problem for instruments operating in high latitudes
but also affects ozone vertical profile (Umkehr) measure-
ments performed by using the Dobson spectrophotometer
(e.g. Petropavlovskikh et al., 2009, 2011).

The term “stray light” describes the part of the radiation
in a beam, which was not part of it from the beginning, but
has contaminated it due to scattering. It should be stressed
that this extra radiation may be due to scattering outside
the instrument (external), i.e. during sun light propagation
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through the atmosphere (sky light error, atmospheric scat-
tered light error) or scattering within the instrument (internal)
(see point (3) and (1) in Sect. 3.4 of Scarnato et al., 2012,
respectively). The external stray light includes both wave-
lengths which are normally measured from the instrument
(homochromatic stray light) and wavelengths different from
the desired ones (heterochromatic stray light) which can not
be totally rejected by the instrument. Especially for the case
of Dobson spectrophotometer which has a wide field of view,
about 8° (Staehelin et al., 2003), this kind of stray light is
important. The internal stray light is due to the large number
of the optical surfaces (28 or 32 optical surfaces, depending
on the instrument), which are used in a Dobson spectropho-
tometer; this stray light consists mostly of heterochromatic
radiation (Basher, 1982). In other words, the stray light ef-
fect varies from instrument to instrument and each Dobson
instrument has a unique signature to stray light (Olafson and
Asbridge, 1981). It should be also noticed that stray light af-
fects both direct sun and zenith blue observations (Evans et
al., 2009).

Basher (1982) created a monochromatic, heterochromatic
stray light model in order to estimate stray light levels present
in the measurements of a particular instrument. This model
uses two parameters that determine whether or not an instru-
ment suffers from this problem. This model has been em-
ployed in the present paper, and it is presented in more detail
in the next sections along with the experiments and the anal-
ysis performed in order to address the question of whether
or not the Dobson spectrophotometer No. 118 installed in
Athens since 1989 suffers from stray light error. It is worth-
while to note that this instrument was also checked for stray
light levels about 15 years ago (Varotsos et al., 1998). The
combination of the new levels of stray light with the previ-
ously detected ones will enable a re-calculation of the long-
term time series and the reduction of the inaccuracies of the
Athens Dobson Station TOC measurements, which accord-
ing to the literature (e.g. Chandra et al., 1996) tracks the sea-
sonal trends of TOC as they are estimated using averaged
data for different latitudinal zones of the mid-Ilatitudes of the
Northern Hemisphere.

2 Basher’s model and other efforts

The stray light contribution mainly affects the short wave-
length beam of the band pairs measured by a Dobson spec-
trophotometer. This causes the log intensity ratio vs. air mass
function to deviate from linearity. The latter generates two
errors which are schematically presented in Fig. 1 (Basher,
1982). The first error (referred to as AX) is the reduction
of the log intensity ratio with air mass which results in re-
duced TOC values. The second error (referred to as AETC) is
the overestimation of the extraterrestrial constant (ETC) that
should be determined using log intensity ratio vs. air mass
data. This error makes the residual curvature in the data seem
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Figure 1. Schematic presentations of the stray light errors induced
on log intensity ratios (AX) and on the determination of extrater-
restrial constants (AETC) (Basher, 1982; modified).

small and the TOC measurements constant with air mass, but
this may conceal a systematic negative error in the TOC mea-
surements (Basher, 1982).

In order to investigate the aforementioned errors
Basher (1982) proposed a monochromatic, heterochromatic
stray light model. According to this model stray light levels
are determined by calculating two parameters Rg and «. Ry is
defined as the ratio of the energy of the monochromatic stray
light source to the energy of the desired band and would be
measured for zero air mass. Its values range from 10~° to
103 and the smaller it is, the less affected the instrument is
to stray light interference. « is the ratio of the attenuation co-
efficient of the stray light band to that of the desired band. Its
values range from 0.7 to 1.2, and the greater it is, the greater
the influence of stray light on TOC measurements.

The equations for the estimations of AETC and AX are as
follows:

1| L+ Ro10m2)a
p2—p1 - (1+ RolOH1*)m2’

-1
AX = ——(AETC +log(1 + Ro10#%)), 2
UAx

AETC = @)

where w1 and o are the abscissas of the points where the
straight line used for determining ETC intersects the log
intensity-air mass curve and Ac is the band pair’s ozone ab-
sorption coefficient (the values of w1 and wo used in this
study were 1.0 and 2.5, respectively). The w1 value is the
theoretically smallest value of the air mass, while w2 value is
considered as the largest value of air mass for which the most
reliable band pairs A and D can be used (Dobson, 1957).
The procedure for using this model in order to specify the
parameters Ro and « for a particular Dobson spectropho-
tometer is firstly to make a series of observations for a range
of values of air mass (experimental data). Then, AETC and
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Figure 2. Variation of ozone error AXAD as a function of air mass u, for various values of parameters Ry and « of the Basher model and

for air masses 1 = 1.0 and up = 2.5.

Table 1. Dates of the experiment and air mass ranges.

Date Air mass range
5 September 2012 1.174-3.894
24 September 2012 1.281-5.045
29 September 2012 1.344-5.048
30 September 2012 1.327-4.358
31 October 2012 1.626-4.058

AX are calculated using Egs. (1) and (2) for different val-
ues of Ry and «. Afterwards, the obtained AX values are
added to the TOC value of the particular day. These theoret-
ical results are compared with the experimental data in order
to estimate the values of Ry and « for which the best fit is
achieved.

Still another method is under development to assess stray
light contribution to Dobson measurements as described in
paper by Evans et al. (2009). The main idea behind this study
was presented by Dobson who suggested that if the compo-
nent of the electrical signal generated from photomultiplier
tube due to unwanted radiation (stray light) can be measured,
then the obtained measurements can be corrected using an
appropriate formula (Dobson, 1968b). Evans and his team
figure out that in order to apply this correction procedure,
they should remove the desired wavelengths measured by the
instrument using external filters. In order to conduct the ex-
periment, a Dobson instrument was modified in a way that
only the short wavelength beam of the band pairs used could
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be seen by the photomultiplier when a slit mask was pushed
in place from outside the instrument. However, the presented
results in that paper concerned stray light effect on the mea-
surements obtained using a special technique for the estima-
tion of ozone profile (Umkehr measurements) and not for the
estimation of TOC. In addition, prior to the implementation
of this method some problems, like the necessary extensive
modification of the instrument and the need of experienced
operator to implement this, have to be tackled (for more de-
tails please see Evans et al., 2009).

3 Measurements and results

In order to determine stray light error for Dobson No. 118
we collected a series of direct sun AD wavelength pairs mea-
surements. Measurements were collected over a large range
of solar zenith angles during 5 clear-sky days in September—
October 2012. For further details see Table 1.

The results of the experiment are summarized in Fig. 2.
The theoretically estimated errors (Eq. 2) are plotted as a
function of air mass. Results vary based on the selected val-
ues of Ry and «. It is obvious from these figures that as Rg
reduces, all the curves (i.e. AX error values) tend to be zero,
even in the case of large «. So we can infer that the smaller
the parameter Rg, the more capable the specific spectropho-
tometer is to reject the scattered radiation. As far as the pa-
rameter « is concerned we conclude, based on the same fig-
ure, that as its value increases, the influence of the stray light
in the TOC measurements increases too.
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Figure 3. Comparison of experimental data (black dots) with stray light model applied for two different sets of parameters Ry and « (solid
lines) along with the corresponding true ozone values (dashed lines). Empty dots, red and black, represent the corrected measurements using
the values Ry = 10738, & = 0.7and Ry = 10738, & = 0.9, respectively. The presented pairs of Ry, o and the corresponding true ozone value
have been picked out by the final obtained results. (a) 5 September 2012, (b) 24 September 2012, (c) 29 September 2012, (d) 30 September
2012 and (e) 31 October 2012. Model was executed for values of air mass ©1 = 1.0 and uy = 2.5.

Total column ozone data deduced from AD-pair measure-
ments are plotted as a function of air mass, separately for
5 days (Fig. 3). Observations are compared with the theoret-
ical stray light model results. Model parameters are provided
in each panel legend. In this figure, the corrected measure-
ments for the case of Ry and « values are also presented.
The procedure of fitting the stray light model to the observa-
tions is described in the next paragraph. As can be noted by
Fig. 3, the model does not succeed in describing each day’s
observations for a particular pair of Ry and «. This behaviour
could be interpreted by the fact that the calculated errors “are
very dependent” on the model conditions, i.e. the values of
the four parameters that model relies on (u1, n2, Rp and
«), the general operating conditions under which ozone mea-
surements are made along with the lack of knowledge about
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the propagation of unwanted radiation within the instrument
(Basher, 1982).

In order to evaluate Basher’s model parameters for Dobson
No. 118 the following analytical steps were accomplished.

1. For each day TOC observations were conducted for
various air mass values. The measurements obtained
constitute the experimental TOC values (referred to as

Xirend)-

2. The AX values were calculated by using the Basher’s
model (see Eq. 2) for Ry ranging from 1032 to 10~°
and « ranging from 0.7 to 1.2. The air mass values for
which TOC observations were conducted at step (1)
were used as input values in Eqg. (2). In Table 2 is
given an example of the AX values calculated for the

Atmos. Meas. Tech., 8, 3037-3046, 2015
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Table 2. AX values calculated by Basher’s model for the case of
5 September 2012 for Ry = 10738 and all « values (x4 = 1.0 and

J. Christodoulakis et al.: An assessment of the stray light in 25 years of Dobson total ozone data

o =2.5).
AX values (DU)

" a

12 11 1 0.9 0.8 0.7
1.174 —25.3 —14.6 -84 —4.7 —-26 -—-15
1.186 —25.1 —14.5 -8.3 —4.7 —26 -—14
1.187 -25.1 —14.5 -8.3 —4.7 -26 -14
1.290 —23.4 —13.6 —-7.8 —44 —-25 -14
1.293 —23.3 —13.6 —-7.8 —44 —25 -14
1.480 —-21.2 —12.4 7.1 —-4.1 -23 -13
1.484 —21.1 —12.3 7.1 —-4.1 -23 -13
1.885 —19.7 —11.6 —6.8 -39 —-22 -13
1.894  —-19.7 —11.6 —6.8 -39 -22 -13
2.262 —23.2 —13.6 -7.8 —4.5 -25 -14
2.277 —23.4 —13.7 -7.9 —-45 —26 -14
2.619 -33.9 -194 -109 —6.0 -33 -18
2640 —34.9 -199 -111 —6.1 -33 -18
3.158 —74.4 —423 —-226 116 -58 =29
3.190 —77.9 —44.4 =237 -12.1 —-6.1 =30
3431 -1076 —-634 —-341 -171 -82 -39
3468 -—1126 -668 —36.0 -—18.1 -86 —40
3.847 -166.8 -1074 —-614 311 -144 —6.3
3.894 1736 —-1130 -652 —-332 -153 -6.7

Table 3. Xtrye values for the case of 5 September 2012 for Rg =
1038 and all o values (17 = 1.0 and pp = 2.5).

Xtrue (DU)

m a

1.2 1.1 1 0.9 0.8 0.7
1.174 314.0 303.3 297.1 2934 291.3 290.2
1.186 3138 3032 297.0 2934 291.3 290.1
1.187 313.8 303.2 297.0 2934 291.3 290.1
1.290 3121 3023 2965 2931 291.2 290.1
1.293 312.0 3023 2965 293.1 291.2 290.1
1.480 3099 3011 2958 2928 291.0 290.0
1.484 309.8 301.0 2958 2928 291.0 290.0
1.885 308.4 300.3 2955 2926 290.9 290.0
1.894 308.4 300.3 2955 2926 290.9 290.0
2.262 3119 3023 2965 2932 291.2 290.1
2.277 3121 3024 296.6 293.2 291.3 290.1
2.619 3226 308.1 299.6 2947 292.0 290.5
2.640 323.6 308.6 299.8 2948 292.0 290.5
3.158 363.1 331.0 311.3 3003 2945 291.6
3.190 366.6 333.1 3124 3008 2948 291.7
3.431 396.3 3521 3228 3058 296.9 292.6
3.468 401.3 3555 324.7 306.8 297.3 292.7
3.847 4555 396.1 350.1 319.8 303.1 295.0
3.894 462.3 401.7 3539 3219 304.0 2954
True ozone 343.0 3215 307.1 298.3 2935 291.1
value
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Table 4. Xireng and Xineor Values for the case of 5 September 2012
for Ry = 10738 and all « values (u1 = 1.0 and pp = 2.5).

Xtrend Xtheor (DU)

(BU) o

1.2 11 1 0.9 0.8 0.7

1174 2848 317.7 3068 2987 293.6 290.9 289.6
1186 2889 3180 3069 2988 2937 2909 289.6
1187 288.7 3180 307.0 2988 293.7 290.9 289.6

1.29

2914 3196 3079 299.3 2939 2911 289.7

1293 2913 319.7 3079 2993 2939 291.1 289.7

1.48

2932 3219 309.1 300.0 2943 2912 289.8

1484 2927 3219 309.1 300.0 2943 2912 28938
1.885 2943 3233 3099 3003 2944 2913 2898
1.894 2955 3233 309.8 3003 2944 2913 2898
2262 2938 3199 307.9 2992 2939 2910 289.7
2277 2955 319.6 307.7 299.1 2938 2910 289.7
2.619 2925 309.1 3021 296.2 2923 290.3 2893

2.64

290.2 3082 301.6 2959 2922 290.2 289.3

3.158 2642 268.6 279.2 2845 286.7 287.7 2882

3.19

263.8 2651 2771 2834 2862 2875 288.1

3431 2372 2354 2581 273.0 2812 2853 2872
3.468 2318 2304 2547 2710 2803 2849 2871
3.847 2156 1762 2141 2457 2672 279.2 2848
3.894 2132 1694 2085 2419 2651 2782 2844

o

case of 5 September 2012 for one of the Ry values
(Ro=1072%) and all « values.

For each experimental day, a representative TOC value
was calculated according to the usual procedure fol-
lowed by the station. In the case of 5 September 2012,
this value was 288.7 DU.

Then absolute AX values from step (2) were added to
the representative TOC value from step (3). The calcu-
lated TOC values are the theoretically expected values
of real TOC field if there was no stray light effect (re-
ferred to as Xiue). An example of this table is given in
Table 3 for the same day as Table 2 and for the same Rg
and o values.

From the aforementioned values a new average TOC
value for each particular day and for all theRy and «
values was calculated, which is referred to as true ozone
value (see bottom of Table 3 for the case of 5 Septem-
ber 2012).

In the next step we added A X values to the true ozone
value of each particular day and for all the Ry and «
values in order to reproduce the Xyeng values. These
new TOC values (referred to as Xneor) Would have been
measured if the TOC equaled the true ozone value and
stray light effect for this particular instrument was de-
scribed by the specific values of Ry and . An example
of the produced table for the same day as before is given
in Table 4.

www.atmos-meas-tech.net/8/3037/2015/
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Table 5. Pearson correlation coefficients among Xireng and Xineor
values obtained for the case of 5 September 2012. Bold values are
less than the obtained mean value.

Table 6. RMSD values among Xireng and Xiheor Values obtained
for the case of 5 September 2012. Bold values are greater than the
obtained mean value.

Pearson correlation a

coefficients 1.2 11 1 0.9 0.8 0.7

10-33 0985 00988 0.987 0.982 00979 0.979
10734 00987 0989 0985 0980 0.977 0978
10735 0989 00988 0.983 0978 0976 0.977
10-36 0989 0987 0981 0975 0974 0.977
Ro 10737 0989 0985 0978 0973 0.973 0976
10-38 0988 0982 0974 0971 0972 0.976
10739 0986 0978 0971 0969 0971 0.975
10749 0984 0975 0968 0967 0.970 0975
10745 0962 0956 0956 0.961 0.968 0.974
10=49 0945 00946 0952 0.960 00967 0.974
10750 0942 0944 0951 0959 0.967 0.974

7. Then three different statistical tools (Pearson correlation
coefficient, root mean square deviation (RMSD), Pear-
son’s Chi-square test (CHI SQ.)) are employed in order
to estimate the goodness of fit between the experimental
data (Xireng) and the theoretical values (Xineor). This is
a mandatory step so that we can identify the values of
parameters Ry and o which best describe the behaviour
of Dobson spectrophotometer No. 118.

The Pearson correlation coefficient measures the linear de-
pendence between two parameters, ranging from —1 to 1.
When the coefficient equals 1 (—1) it means that the two
parameters are absolutely correlated (anti-correlated) while
the value 0 indicates that there is no correlation between the
parameters. A detailed description of the calculation of Pear-
son correlation coefficient is available elsewhere (Pearson,
1920). In our case, the two parameters are Xireng and Xineor
values. Pearson correlation coefficients were calculated for
all R and « pairs. So for each day 66 correlation coefficients
(11 values of Rg x 6 values of «) (statistically significant at
99 % confidence level) have been obtained. The coefficients
among all the experimental days range from 0.881 to 0.998.
In order to distinguish the “good” from the “bad” results, the
average value for each particular day was calculated. The co-
efficients which were lower from their average value for each
specific day, and hence the pairs of Ry and «, were rejected.
Table 5 shows correlation coefficients for all stray light mod-
els that were tested to fit observations on 5 September 2012.
For that day, the mean value of all correlation coefficients
was calculated to be 0.974. The bold values in the table are
the ones which are less than this mean value. The pairs of Rg
and a which correspond to those bold values were rejected.

Next, a new table calculating the RMSD between Xineor
values and the Xieng Values for all Rg and o pairs for the
whole range of air mass values (i.e. for all x values) has
been created. RMSD measures the “distance” between simu-
lated values and experimentally obtained values. Actually, it
represents the standard deviation of the differences between

www.atmos-meas-tech.net/8/3037/2015/

RMSD 1.2 11 1 0.9 0.8 0.7

10733 4646 29.24 16.64 16.38 2249 27.04
10734 4254 2560 1532 17.81 23.84 27.79
10735 3843 2220 1492 1940 2505 28.41
10736 3425 1926 1539 20.98 26.10 28.92
Ry 10737 3013 16.98 16.47 2249 2699 29.34
10738 2619 1559 17.92 2385 27.75 29.69
10739 2260 1517 1952 25.07 28.38 29.97
10740 1955 1564 21.11 2612 28.90 30.20
10745 1710 2281 27.10 29.35 30.38 30.81
1049 2306 27.20 29.39 30.38 30.81 30.99
10720 2436 2793 29.73 3053 30.87 31.01

the simulated and experimentally obtained values. So it is
frequently used for evaluating a model. According to Hyn-
dman and Koehler (2006) the scale-dependent measures, as
RMSD, may be used for comparing different models which
are applied to the same set of data, like in our case with the
different sets of Ry and « values. Of course, these measures
are not applicable for comparing data sets that have differ-
ent scales. In order to distinguish the “good” from the “bad”
results the average value for each particular day was calcu-
lated. Values which were greater than their average value,
and hence the pairs of Ry and «, were rejected. Table 6 pro-
vides all RMSD values calculated for difference between the
model and observed data. For that day, the mean value of all
RMSD values was calculated 25.36. The bold values in the
table are the ones which are less than this mean value. The
pairs of Rg and « which correspond to those bold values were
rejected.

Finally, a CHI SQ. test to calculate test statistic x? for
Xtrend — Xtheor Values (calculated for all Rg and « pairs) has
been employed. In this test experimentally obtained values
are compared with theoretical values. It is actually a null hy-
pothesis test. In our case the null hypothesis is that exper-
imental and theoretical values have no difference. In order
to decide whether or not to reject the null hypothesis the test
statistic x 2 is computed and compared to a critical value. The
determination of this critical value is based on the degrees of
freedom engaged in each particular day. Values of x2 which
were greater than the critical value, according to degrees
of freedom for each case and for 95% significance level,
and hence the pairs of Ry and «, were rejected. In Table 7
are given the obtained x? values for the case of 5 Septem-
ber 2012. For that day, the degrees of freedom were 18 so
for 95 % significance level the critical value was 28.869. The
bold values in the table are the ones which are less than this
mean value. The pairs of Rg and o which correspond to those
bold values were rejected.
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Table 7. x2 values among Xtrend and Xtheor Values obtained for the
case of 5 September 2012. Bold values are greater than the obtained
critical value.

o

x2 1.2 1.1 1 0.9 0.8 0.7

1033 18388 61.70 1758 18.98 3542 49.59
1034 150.78 4583 1515 22.60 39.44 52.06
10735 11980 33.37 14.86 2674 43.16 54.17
10736 9223 2438 16.33 31.07 46.49 5594

Ry 10737 6887 1865 19.12 3538 4942 5741
1038 5007 1581 22.80 3946 51.94 58.62
10739 3582 1537 26.99 4322 5408 59.61
10740 2583 16.82 31.38 4658 55.88 60.41
10745 2043 36.26 49.77 5743 61.05 62.62
10749 3697 50.13 5757 61.08 6262 63.26
107°0 4096 5257 58.76 61.61 62.84 63.35

Table 8. Scorecard of all Ry and « pairs for the case of 5 September
2012.

o

12 11 1 09 08 07

03 0 o0 1 1 o0 O
03 0 o0 1 1 o0 O
03 0 o0 1 1 0 O
03 090 1 1 0 o0 0
Ry 10737 0 1 1 0 0 0
03 0 1 1 0 0 0
0% 0 1 0 0 0 O
04 1 1 0 0 0 O
104 0 0 0 0 0 O
04 0 0 0 0 0 O
0% 0 o0 0 0 0 O

Subsequently, the pairs of the parameters Rg and « are
gathered in a new table, one for each particular day. The pairs
of Ry and « that were rejected as a result of at least one of
the statistical tests were scored with 0, while the pairs that
passed all statistical tests were scored with 1. For the case of
5 September 2012 the results are presented in Table 8.

Then, by taking into account the pairs of values that were
the predominant for all the days, the values of the parameters
of the Basher model best suiting Dobson spectrophotome-
ter No. 118 have been identified. Repeating this procedure
for all experimental days we get the final scorecard which is
given in Table 9. In this table, row “SUM?” includes the total
score obtained for each value of parameter @ while column
“SUM” includes the total score obtained for each value of
parameter Rg. Considering the greatest SUMS for each pa-
rameter, we conclude that parameter Ry ranges from 1038
to 10~36 and parameter « ranges from 0.7 to 0.9. Accord-
ing to Table 9 the highest score obtained for all pairs of Ry
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Table 9. Final scorecard for all Ry and « pairs and for all experi-
mental days.
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and « is 2. This means that no single pair of Rp and « suc-
ceeded in calculating stray light effect for all experimental
days. This result indicates that Basher’s model has failed to
quantify the effect of stray light on TOC measurements made
by Dobson spectrophotometer under all conditions, and fur-
ther study is needed, as also mentioned in Basher (1982) and
Evans et al. (2009). However, it is also demonstrated that
Basher’s model is a very useful tool, and so far the only ap-
plicable method for evaluating the stray light levels present
in a Dobson spectrophotometer.

Athens Dobson Station performs total ozone content mea-
surements for air mass values up to 2.5. For that range of u,
Basher model results introduce a mean underestimation of
Dobson No. 118 measurements of about 3.5DU. In Fig. 4a
seasonal mean values of Dobson measurements along with
satellite observations performed by Total Ozone Mapping
Spectrometer (TOMS), on board Nimbus-7 and Earth Probe
satellites (TOMS version 8), as well as Ozone Monitoring In-
strument (OMI, OMDOAQS3 version 3), on board Aura satel-
lite, in Athens, Greece during 1991-2014 are presented. For
comparison reasons, we present in Fig. 4b the ratios of Dob-
son raw and corrected seasonal mean values to OMI sea-
sonal mean values for the period 2013-2014, indicatively.
Ratio 1 represents the ratio of raw seasonal mean values of
Dobson measurements to OMI observations, ratio 2 repre-
sents the corrected seasonal mean values, using Rg = 10~38
and @ =0.9, to OMI observations and ratio 3 represents
the corrected seasonal mean values, using Ro = 1073 and
«a = 0.7, to OMI observations. The Pearson correlation coef-
ficients between the corrected daily TOC values and satel-
lite data are slightly higher (0.91926 and 0.91918 for the
case of Rg=10"38 4 =0.9 and Ry =10736, 4 = 0.7, re-
spectively) than the one obtained using the raw TOC val-
ues (0.91909) for the period 2013-2014. It should be men-
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Figure 4. (a) Seasonal mean values of Dobson measurements along
with satellite observations performed by Total Ozone Mapping
Spectrometer (TOMS), on board Nimbus-7 and Earth Probe satel-
lites, as well as Ozone Monitoring Instrument (OMI), on board Aura
satellite, in Athens, Greece during 1991-2014. (b) The ratios of
Dobson raw and corrected seasonal mean values to OMI seasonal
mean values for the period 2013-2014. For details about the mean-
ing of Ratio 1, Ratio 2 and Ratio 3 please see text.

tioned here that the seasonal differences obtained are smaller
for the periods March, April, May (MAM), June, July, Au-
gust (JJA) and September, October, November (SON) and
slightly higher for the period December, January, February
(DJF). In addition, by applying Wilcoxon’s test it was found
that Dobson underestimates the total ozone with respect to
TOMS (Nimbus-7), TOMS (Earth Probe) and OMI by 5, 2
and 5 DU, respectively. These results, among other reasons
(different spectral windows, interference from other atmo-
spheric absorbers, differences in the spectroscopic and other
parameters used by satellite and Dobson spectrophotometer),
may be partially attributed to the plausible underestimation
of Dobson measurements due to stray light effect.
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4 Conclusion

The main conclusion drawn from the above mentioned anal-
ysis is that the Dobson spectrophotometer No. 118 has small
error on the retrieved ozone due to stray light. More specifi-
cally to the case of Athens Dobson Station, which regularly
makes measurements with air mass values of up to 2.5, a
mean underestimation of 3.5DU (or about 1% of the sta-
tion’s mean TOC value) is obtained. In more detail, the pa-
rameters Ry and « of the Basher’s stray light model range
from 10738 to 10736 and 0.7 to 0.9, respectively. These
values are almost equal (Ro = 107351034, « = 0.6-0.9)
which were calculated about 15 years ago, when a similar
check was made on this instrument (Varotsos et al., 1998).
This demonstrates that the Athens Dobson instrument re-
mains in a very good condition although it is used daily. It
is therefore of great importance to stress that this TOC sta-
tion may continue to be considered as the ground truth station
for the satellite observations over the mid-latitude belt of the
Northern Hemisphere.
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