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Abstract. We demonstrate a Monte Carlo model to calculate the uncertainties of total ozone column, TOC, derived from
ground-based directional solar spectral irradiance measurements. The model takes into account effects that correlations in
the spectral irradiance data may have on the results. The model is tested with spectral data measured with three different
spectroradiometers at an intercomparison campaign of the research project “Traceability for atmospheric total column ozone”
at Izafia, Tenerife on 17 September 2016. The TOC values derived at noon have expanded uncertainties of 1.3% for a high-end
scanning spectroradiometer, 1.3% for a high-end array spectroradiometer, and 3.3% for a roughly adopted instrument based
on commercially available components and an array spectroradiometer. The level of TOC measured with reference Brewer
spectrophotometer #183 is of the order of 282 DU during the analysed day and in agreement with the results of the two former

instruments.

1 Introduction

Total ozone column (TOC) can be determined from spectral measurements of direct solar ultraviolet (UV) irradiance (Huber e?
al. (1995)). We have developed a Monte Carlo (MC) based model to estimate the uncertainties of the derived TOC values. One
frequently overlooked problem with uncertainty evaluation is that the spectral data may hide systematic wavelength dependent
errors due to correlations (Kérhi er al. (2017b, 2018); Gardiner et al. (1993)). The reason often is that the correlations are
not known. Omitting possible correlations may lead into underestimated uncertainties for derived quantities, since spectrally
varying systematic errors typically produce larger deviations than uncorrelated noise-like variations that traditional uncertainty
estimations predict. Accounting for increased uncertainties arising from the correlations improves reliability of observing and
predicting long term environmental trends, such as changes in the stratospheric ozone concentration (e.g. Molina and Rowland
(1974)) and solar UV radiation (e.g. Kerr and McElroy (1993); McKenzie et al. (2007)).

In this paper, we introduce a new method for dealing with possible correlations in spectral irradiance data and analyse
uncertainties for three different spectroradiometers used in a recent intercomparison campaign at Izafia, Tenerife, to

demonstrate how it can be used in practice. One of the instruments is the QASUME spectroradiometer (Grobner ef al. (2005))
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that serves as a high-quality reference instrument of spectral irradiance at PMOD/WRC. The second one is AVODOR, a
simple array based spectrograph from Avantes, and the third one is BTS2048-30-UV-S-WP (BTS) from Gigahertz-Optik, an
array-based high-quality spectrograph that has been optically corrected for stray light (Zuber et al. (2017a, b)), operated by
PTB. The field of view of the spectroradiometers has been limited so that they measure directional irradiance of the Sun only,

excluding the blue sky.

2 The Izana field measurement campaign

Traceability for atmospheric total column ozone (ATMOZ) was a three-year research project funded by the EMRP program
of the European Union in 2014 — 2017. The project arranged a field measurement campaign (ATMOZ campaign (2016)) that
took place between 12 — 25 September 2016 at the Izafia Atmospheric Observatory in Tenerife, Canary Islands, Spain. The
measurement campaign was organised by the Spanish Meteorological Agency (AEMET) and the World Radiation Center
(PMOD/WRC) for the intercomparison of TOC measured with different participating instruments, including Dobson and
Brewer spectrophotometers, and various spectroradiometers.

The focus of this paper is to study uncertainties of the TOC values derived from direct solar UV irradiance spectra. We
study the data measured during the day of 17 September 2016 with three different spectroradiometers using the ozone retrieval
algorithm introduced in Section 3. The measurements took place on the mountain Teide at the altitude of 2.36 km above the sea
level (28.3090° N, 16.4990° W). Station pressure of 772.8 hPa was monitored during the campaign with a standard uncertainty

of 1.3 hPa. The ozone and temperature profiles were measured with a sonde prior to measurements as shown in Fig. 1.
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Figure 1. Temperature and ozone profiles as a function of the altitude, measured with a sonde during the ATMOZ field measurement

campaign.

In our ozone retrieval, vertical profiles were not implemented in the model to reduce computational complexity, which may
slightly shift the absolute values, but should not have an effect on the uncertainties obtained. With a one layer model, the ozone
absorption cross-section is a function of the effective temperature and the relative air mass is a function of the effective altitude
of the ozone layer. Using the vertical ozone profile po,(z), the effective altitude heg = 26 km 0.5 km of the ozone layer was

estimated by integration over altitudes

21
. % pos(z)dz
hegt = f(’zl—d(), (1)
fzo pos(z) dZ
from the station altitude z( to the top-of-the-atmosphere altitude z;. The corresponding effective temperature Tog = 228 K
41 K was estimated (Komhyr et al. (1993); Fragkos et al. (2015)) as
o 2 TEpo)de
fzol pOS(Z) dZ

The uncertainties stated for heg and T.g are standard deviations.

2

The data sets measured by three different spectroradiometers were studied in this work. One of the instruments was the
QASUME double-monochromator spectroradiometer (Grobner et al. (2005)) of PMOD/WRC. The measurement range of
QASUME during the campaign was limited to 250 nm — 500 nm with a step interval of 0.25 nm so that one spectrum could
be measured every 15 minutes. The second one was AVODOR, a simple array based spectrograph from Avantes, with a step

interval of 0.14 nm. The third one was an array-based spectrograph BTS from Gigahertz-Optik that has been optically corrected
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for stray light using an internal filter wheel (Zuber ef al. (2017a, b)), operated by PTB. The measurement range of BTS was
between 200 nm and 430 nm with a step interval of 0.2 nm during the campaign. Uncertainty components of the spectral
measurements are listed in Table 1 for QASUME, in Table 2 for AVODOR, and in Table 3 for BTS spectroradiometers. The

tables also give division of the uncertainty components to different correlation types as described in Section 4.

Table 1. Uncertainties of the measurement for QASUME spectroradiometer.

QASUME Standard Correlation
Source of uncertainty uncertainty  full unfavourable  random
in measured E (\) % Fraction
Radiometric calibration 0.55 1/ V3 1/ V3 1/ V3
250 W lamp stability 0.14 1 0 0
Non-linearity 0.25 0 1 0
Stability 0.60 1 0 0
Temperature dependence 0.20 1 0 0
Measurement noise 0.20 0 0 1
Wavelength shift 0.10 0 1 0
Combined uncertainty (k = 1) 0.91% 0.72% 0.42% 0.38%
Table 2. Uncertainties of the measurement for AVODOR spectroradiometer.
AVODOR Standard Correlation
Source of uncertainty uncertainty  full unfavourable  random
in measured E' ()\) % Fraction
Radiometric calibration 2.50 172 172 1/v2
250 W lamp stability 0.14 1 0 0
Non-linearity 0.50 0 1 0
Stability 0.60 1 0 0
Temperature dependence 0.20 1 0 0
Measurement noise 1.30 0 0 1
Wavelength shift 0.10 0 1 0
Combined uncertainty (k = 1) 2.94% 1.41% 1.35% 2.19%
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Table 3. Uncertainties of the measurement for BTS spectroradiometer (Zuber et al. (2017b)).
BTS Standard Correlation
Source of uncertainty uncertainty  full unfavourable  random
in measured E () % Fraction
Radiometric calibration 0.80 1/V3 1/v3 1/V3
250 W lamp stability 0.20 1 0 0
Non-linearity 0.40 0 1 0
Stability 0.80 1 0 0
Temperature dependence 0.10 1 0 0
Measurement noise 0.20 0 0 1
Wavelength shift 0.10 0 1 0
Combined uncertainty (k = 1) 1.24% 0.95% 0.62% 0.50%

The slit functions of the three spectroradiometers shown in Fig. 2 were measured with lasers before the measurement
campaign. They are needed when fitting the ozone retrieval to the measured spectra. In addition, it is of importance to notice
the different wavelength steps of the data, 0.25 nm for QASUME, 0.2 nm for BTS, and 0.14 nm for AVODOR. The wavelength
steps of the spectral data affect the magnitudes of the uncertainties in TOC created by spectrally random components. The
number of data points N which is smaller with a larger wavelength step interval, affects uncertainties with a factor of v/N as
demonstrated in (Kérhi et al. (2017b)).
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Figure 2. Slit functions, measured with narrow band lasers, for the spectroradiometers used in the Izafia campaign. The laser wavelengths

are stated in legends.

3 Atmospheric model

The relationship between the terrestrial spectral irradiance Fr()) and the extra-terrestrial solar spectrum Feyt () is defined as

(Huber et al. (1995))
Etr(A) = Eext(A) - exp[—ao,(A, Teg) - TOC - mroc — Tr(A, Po, 20, ¢) - mr — Taop(A) - maob], 3)

where o, (A, Tesr) is the 0zone absorption cross-section at the effective ozone temperature Tog, Tr (A, Po, 20, ¢) is the Rayleigh
scattering optical depth that depends on the station pressure Py, the station altitude z(, and the geographic latitude ¢.

Total ozone column TOC is the vertical ozone profile po,(z) integrated over altitudes as

100~ [ po,()d= )

20
from the station altitude zp to the top-of-the-atmosphere altitude z;. The relative air mass of the ozone layer with the Earth

curvature taken into account can be expressed as
1

)
. _ R
(o)) [arcsm (R et Sin 0):|

®)

mroc =

where 6 is the incident solar zenith angle between vacuum-to-air interface that is a function of the local time, date, and

geographic coordinates (Meeus (1998); Reda and Andreas (2008)). Parameter h.g is the altitude of the ozone layer from the



10

15

20

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-403 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 5 February 2018 Techniques
(© Author(s) 2018. CC BY 4.0 License.

Discussions

ground, and R is the radius of the Earth. As the ozone and molecules creating the Rayleigh scattering are distributed at different
altitudes, we calculate the relative air mass factors mg =~ maop for Rayleigh scattering and aerosols at the altitude of 5 km
(Grobner and Kerr (2001)). The temperature dependence of ao,(A, Tegr) between 203 K and 253 K (Weber et al. (2016)) was

interpolated by a second degree polynomial at each wavelength (Paur and Bass (1985)) as
0,( A, Tegr) = a1 (A) T + az(N) Tegt 4 as(N) . (6)

We take the Rayleigh scattering optical depth into account by the state-of-the-art model by (Bodhaine et al. (1999)). The
aerosol optical depth (AOD) is approximated (Angstrém (1964)) as

TaoD(A) =5- 279, 7

where constant v ~ 1.4 is the Angstrom coefficient at typical atmospheric conditions (Toledano er al. (2007)) and £3 is the
extinction coefficient. The wavelength A is expressed in units of pm.

The terrestrial spectrum Er(\) convolved by the slit function of the spectroradiometer, as shown in Fig. 2, is fitted with
parameters TOC and 3 to the measured ground-based spectrum E()). The absolute TOC level obtained varies depending on
the selected least squares fitting method. We used a relative least squares fitting method (Levenberg (1944); Marquardt (1963))
as

" [Er(\)—EO0)]?

S:;[ ] ®
where S is the sum of the squared residuals to be minimized. Index ¢ = 1,2,...,n runs over the wavelengths of the spectral
measurements. This approach is consistent with the ozone measurement with Brewer MKIII spectrophotometers (Kipp &
Zonen (2015)), which are used as reference devices for ozone measurements established by the International Meteorological
Organization, the Commission for Instruments and Methods of Observation (CIMO) (Redondas et al. (2016)). The Brewer
MKIII instruments solve absolute TOC values through rearrangement of Eq. (3) and by comparing the logarithms of ratios of
count rates between four wavelength channels, i.e. using the double ratio technique.

Figure 3 presents examples of measurements and modelled values for the spectroradiometers used in this work. As can be

seen, the signal-to-noise ratios of the devices differ significantly from each other.
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Figure 3. Examples of fitting the atmospheric model to the direct ground-based solar UV spectra for QASUME (a), BTS (b) and AVODOR

(c). The coloured symbols denote measured spectra, whereas the black solid curves indicate modelled spectra.
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There are various ways of how to deal with noise, and the selection affects the obtained fitting results. In this work, we limit
the spectral range for each device by selecting a wavelength region where the signal is above the noise floor in all measurements.
Removing noisy results improves the quality of fits especially with the spectrograph type instruments AVODOR and BTS that
suffer from higher stray light than QASUME. Generally, measurement results do not improve by reducing data points, and
only the data that are below the noise floor should be removed. Other possibilities to deal with noise include weighting the
measurement results with the inverse square of uncertainties, u()\)_2.

The shortest modelling wavelength for the monochromator based spectroradiometer (QASUME) in this work was selected
to be 300 nm since the typical stray light corrections are not effective below 300 nm (Nevas ef al. (2014)). The same limit
was used for the stray light corrected BTS array spectrometer. AVODOR array spectrometer does not have any stray light
correction, it shows significantly larger noise at lower wavelength, and therefore we set the short wavelength limit to 305 nm.
The upper wavelength limit was set to 340 nm with all three spectroradiometers as the ozone absorption is not effective above
that wavelength. In addition, a noise floor of 5- 10~3 was used for AVODOR and BTS, removing all data below this level, which
affect measurements in the morning and in the evening. With QASUME, the noise floor was set to 10~°. These selections can

be seen in the black modelled spectra in Fig. 3.

4 Uncertainty estimation
4.1 Uncertainty model

In uncertainty analysis, the combined uncertainties are calculated with the square sum of the standard deviations of the
components, i.e. their variances are summed up. If correlations of uncertainties are known, they should be taken into account.
This can be carried out with the methods defined in the Guide to the Expression of Uncertainty in Measurement (JCGM
100 (2008)). In this paper, we do this for all components, where the mechanism of contributing to the uncertainty of TOC is
known. However, with some of the components, we do not know exactly the mechanisms leading into correlations. With such
uncertainties, we estimate the effects that possible correlations might have using a newly developed MC model described in
(Kéarhd et al. (2017a, b)).

Possible systematic deviations contained within uncertainties are reproduced using a cumulative Fourier series

N
SN =D wifi() ©)
i=0
with sinusoidal base functions
fi(\) =V2-sin {z <27rA_A1>+¢Z}, (10)
g — A1

where index 7 depicts the order of complexity of the deviation (Kérhi et al. (2017b)), Ay = 300 nm or 305 nm depending on
the spectroradiometer and Ay = 340 nm limit the wavelength range of the analysis, and the phase ¢; of the base function is an

equally distributed MC variable between 0 and 2. In addition, fo(\) =1 is used to account for constant offset. The weights
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v, for the base functions are selected in an N-dimensional spherical coordinate system (Hicks and Wheeling (1959)) in such a
way that the variance of the final error function always remains unity. The complete /V-dimensional system requires orthogonal
base functions, such as full periods of sine functions, to allow an arbitrary shape of deviation function 4 () with unity variance.

The obtained error functions are used to distort the measured spectra E(\) as
Ee(A) =[1+0(N)u(N]EQ). (11)

The corresponding spectral deviation is applied separately to the factors of Eq. (3), i.e., the extra-terrestrial solar spectrum,
ozone absorption cross-section, and Rayleigh scattering.

Variances of the TOC values obtained by varying the weights ; and the phase terms ¢; give the desired uncertainties.
Figure 4 presents how the uncertainty induced by deviation in spectral irradiance changes with increasing N. As we can see, full
correlation with the base function fo(\) at N = 0 causes small uncertainty to TOC. The maximum at N = 1 gives uncertainty
for an unfavourable case of correlations with base functions fo(A) and f;(\). Cases N = 80 for QASUME, N = 100 for BTS,
or N =125 for AVODOR correspond to the Nyquist criterion with base functions and give the uncertainty with no spectral
correlations (only noise). The obtained TOC value is affected most by spectral distortion that mimics the spectral shape of the
ozone absorption that may be approximated by a slope. The first combination of constant offset and one sinusoidal function
with two sign changes within the region of interest is closest to this extreme.

The ozone absorption cross-section is a direct multiplier of TOC, and thus the uncertainty in TOC is directly proportional
to the deviations in the ozone absorption cross-section. Unlike the negligible effect of full spectral correlation in the spectral
irradiance in TOC in Fig. 4, full correlation (/N = 0) in the ozone absorption cross-section produces approximately the same
uncertainty as unfavourable correlation (/N = 1). Generally, these results cannot be known before the analysis is carried out,
using a method that does not have any internal limitation to the shape of the error function §()). In some other cases, the
uncertainty extreme appears at higher N-values, e.g., N = 3 noted for correlated color temperature in (Kérha ez al. (2017b)).

One major problem in uncertainty estimation is that typically many of the correlations in spectral irradiance data are
unknown. Figure 4 can be used to find limits for the uncertainties assuming different correlation scenarios. In the analysis
carried out in this paper, we estimate for each uncertainty component which kind of correlations it most likely has. For this,
we divide the correlation into three categories, full, unfavourable, and random and estimate fractions on the assortment of
these correlations. Full indicates that error is wavelength independent such as with geometrical factors. Random indicates no
correlation (noise). As can be seen in Fig. 4, the uncertainty caused by noise depends on the Nyquist criterion, increasing with
the smaller number of base functions. Unfavourable indicates a spectrally varying error such as a slope that produces a large

error in TOC.

10
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Figure 4. Uncertainties of TOC at noon as a function of the order of complexity /V at three different levels of uncertainty in spectral irradiance
E(X) at 295 nm — 340 nm with the wavelength interval of 0.5 nm indicated with symbols in the figure legend. The black solid lines obtained
by multiplying the 1% uncertainties indicate the scalability of the model (Kérhi et al. (2017a)).

4.2 Uncertainty budget

Table 4 presents an uncertainty budget for TOC that would be obtained with the high-accuracy QASUME spectroradiometer
at noon. All major uncertainty components are listed and estimated. The components stating fractions have been analysed with
the new model. The other components have been solved analytically because the mechanism for the uncertainty propagating

5 to TOC is known.

11
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Table 4. An example uncertainty budget for QASUME spectroradiometer measured at noon on the clear day of 17 September 2016. The last
column states the standard deviations in u(TOC) corresponding to each individual uncertainty component, when measuring TOC = 282 DU
with the spectral range of 300 nm — 340 nm and at the solar zenith angle of 26.35°. The expanded uncertainty stated, U(TOC) = 3.7 DU,

has been obtained by multiplying the combined standard uncertainty with coverage factor k = 2.

Standard uncertainty Correlation

Source of uncertainty E(\) 7x(A)-mx  full  unfavourable  random  u(TOC)

% % Fraction DU
Measurement
Radiometric calibration 0.55 1/v/3 1/V3 1/v3 0.43
250 W lamp stability (one year) 0.14 1 0 0 0.02
Non-linearity 0.25 0 1 0 0.35
Stability 0.60 1 0 0 0.10
Temperature dependence 0.20 1 0 0 0.03
Measurement noise 0.20 0 1 0.07
Wavelength shift 0.10 1 0 0.14
Uncertainties related to F()\)
Extra-terrestrial spectrum (Grobner et al. (2017)) 1.00 1/V3 1/V3 1/V3 1.00
Uncertainties related to 7x(\) - mx
O3 cross-section (Weber et al. (2016)) 1.5 0.23 0.23 0.95 1.41
Rayleigh scattering (Bodhaine et al. (1999)) 0.1 1/V3 1/V3 1/V3 0.09
Og layer altitude of 26 km, u = 0.5 km (a) 0.01
Rayleigh layer altitude of 5 km, v = 0.5 km (b) 0.00
Temperature of O3 cross-section at 228 K, u =1 K (c) 0.28
Station pressure of 772.8 hPa, u = 1.3 hPa (d) 0.05

U(TOCQC) 3.70
(a) Air mass mroc varies as a function of the altitude of Og layer.
(b) Air mass mpg varies as a function of the altitude of Rayleigh scattering layer.
(c) O3 cross-section varies as a function of temperature.

(d) Rayleigh scattering depends on the station pressure.

The uncertainties produced in TOC were obtained separately for all components, by setting other uncertainties to zero.

Division of the correlation to the three categories introduced are stated for each row as fractions 7.1, Tunfav»> and T'random - For

12
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example, the ground-based spectrum E'(\) measured is deviated with the three correlation components as

=0

1 N
Eo(A) = (1+urravofo(N))- (1 + U Tunfaw Zvéﬁ-(M) A\ L+ Trndom Y] £ () | BV, (12)
j=0
where v is the standard uncertainty of the component and ~o, ~y/, and 'y;-’ are independent MC variables.

It is worth noting that not all uncertainty components affect the spectrum E(X) directly, but via the exponent of Eq. (3).
Corresponding formulas are used to evaluate the effect of uncertainties in extra-terrestrial solar spectrum, ozone absorption
cross-section, and Rayleigh scattering. The last column in Table 4 states the standard uncertainties produced by each uncertainty
component with the assumed fractions, calculated with an irradiance spectrum measured at local noon with QASUME (Hiilsen
et al. (2016)). The expanded uncertainty of the TOC, obtained as the square sum of the individual components and multiplied
with coverage factor £ = 2, for this spectral measurement is 3.7 DU (1.3%).

The QASUME spectroradiometer has a combined measurement standard uncertainty of 0.91% (Hiilsen et al. (2016);
Bernhard and Seckmeyer (1999)). Division of the radiometric calibration uncertainty to equal fractions of 1//3 is based
on typical spectral correlations noted in intercomparisons (Kéarhi et al. (2017b, 2018)). The lamp data obtained from national
standard laboratories are highly accurate but also typically spectrally correlated. Due to very low noise, elements such as
interpolation functions, offsets and slopes are present in the data. When the calibration is transferred further, uncertainty
increases due to noise, and correlations reduce. We thus assume that in this high accuracy calibration, there are equal amounts
of fully correlated, unfavourably correlated, and uncorrelated uncertainties included. The standard lamp used has been noted
to decrease in intensity with no spectral change within the region of interest, thus the resulting uncertainty is fully correlated.
Non-linearity may cause spectral change, as low values will be systematically distorted with respect to higher values, thus
unfavourable correlation is assumed. Stability of the QASUME readings during a day has been noted to be wavelength
independent, so is the effect of temperature. Noise contains no correlations, whereas a wavelength shift will introduce
unfavourable correlations.

For Eeyi(A), we use QASUMEFTS (Grébner ef al. (2017)). We assume the correlation to be similar to a standard
lamp, thus containing equal fractions of full, unfavourable, and random correlations. The QASUMEFTS is provided in air
wavelengths with a step size of 0.01 nm. Otherwise, the wavelength shift due to vacuum-air interface should be corrected for
the extra-terrestrial spectrum.

As the reference ozone absorption cross-section, the Serdyuchenko-Gorshelev (SG) data set given in air wavelengths with a
step size of 0.01 nm, was used with 1.5% standard uncertainty (Weber et al. (2016)). The systematic and random uncertainties
of the SG data set are given separately (Weber er al. (2016)). We further estimate that the systematic uncertainty given
may include equal fractions of fully correlated and unfavourably correlated uncertainty. Thus, according to that we use the
fractions of 0.23 for full, 0.23 for unfavourable and 0.95 for random correlations. Full correlation with a fraction of 0.23
produces a standard uncertainty of 0.96 DU, unfavourable correlation with a fraction of 0.23 produces a standard uncertainty
of 1.01 DU and random correlation with a fraction of 0.95 produces a standard uncertainty of 0.22 DU. As can be seen, the

ozone cross-section causes an uncertainty of 1.41 DU to TOC, and is thus the dominating component in the uncertainty. If

13
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the fractions of correlations are not equally distributed between full and unfavourable, uncertainty in TOC does not change
significantly from 1.41 DU. Fractions of 0.31 for full, O for unfavourable, and 0.95 for random correlations, cause an uncertainty
of 1.33 DU in TOC. Fractions of 0 for full, 0.31 for unfavourable, and 0.95 for random correlations, cause an uncertainty of
1.43 DU in TOC.

Rayleigh scattering and aerosols are set at the altitude of 5 km 0.5 km, which influences the relative air mass my (Grobner
and Kerr (2001)). This component causes negligible uncertainty to TOC. For calculating 7 (A, Py, 20, ¢), we use a model by
(Bodhaine et al. (1999)) with 0.1% uncertainty with equal estimated fractions of correlation types. The correlation has been
obtained by studying how this data deviates from the model by (Nicolet (1984)). The ozone and temperature profiles were
measured with a sonde during the campaign and based on the profiles the effective altitude of the ozone layer was at 26 km
40.5 km at the effective temperature of 228 K +1 K. The effect on TOC was obtained by randomly varying the altitude with the
Gaussian uncertainty distribution. The same applies to air pressure that was 772.8 hPa with a standard uncertainty of 1.3 hPa.
The effect of temperature on TOC was obtained by randomly varying the temperature with its standard uncertainty of 1 K.

Varying temperature systematically changes the spectral ozone absorption cross-section according to Eq. (6).

5 Results and discussion

The calculated TOC values obtained by the three different spectroradiometers on 17 September 2016 are presented in
Fig. 5. Expanded uncertainties of the TOC values calculated are stated in DU as error bars. Measurement results of Brewer

spectrophotometer #183 used as a reference in the intercomparison have been included in Fig. 5 as well.
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Figure 5. Derived total ozone columns with expanded uncertainty bars (k = 2) for QASUME (300 nm — 340 nm, noise floor of 107%), BTS
(300 nm — 340 nm, noise floor of 5- 10~%), and AVODOR (305 nm — 340 nm, noise floor of 5- 10~3). The TOC measured with the Brewer
#183 is plotted as black crosses with grey thick uncertainty bars (k = 2).

The uncertainty budget used for QASUME was presented in Table 4. For AVODOR and BTS, the components related
with measurement were 2.94% and 1.24% as shown in Tables 2 and 3. For BTS, the uncertainty was distributed between
correlations as follows: 0.95% for full, 0.62% for unfavourable, and 0.50% for random correlations. For AVODOR, the
uncertainty was distributed as 1.41% for full, 1.35% for unfavourable, and 2.19% for random correlations. The uncertainty
due to calibration was 0.8% for BTS (Zuber et al. (2017a)) and 2.5% for AVODOR. AVODOR has problems with noise, thus,
half of the uncertainty was assumed to be uncorrelated. Non-linearity was assumed to be 0.5% for AVODOR and 0.4% for
BTS. Measurement noise introduced uncertainties of 1.3% and 0.2% to AVODOR and BTS, respectively. With BTS, stability
of the lamp was 0.2%, stability of the device was 0.8% and temperature sensitivity was 0.1%.

The relative uncertainties of the TOC values obtained with the three instruments are shown in Fig. 6. The expanded
uncertainties of the TOC data sets at noon are 3.7 DU (1.3%) for the QASUME spectroradiometer, 3.7 DU (1.3%) for the
BTS spectroradiometer, and 9.3 DU (3.3%) for the AVODOR spectroradiometer. The uncertainties are generally higher at
noon, as the uncertainty of measurement influences more with lower air mass.

It is of interest to compare the obtained uncertainties with values assuming no correlations. If we neglect correlations, i.e.,
we assume the fractions in Table 4 to be O for the full and unfavourable correlations and 1 for the random correlation, and
run the simulations with the spectrum measured at noon, we obtain Ugasumg = 1.1 DU (0.4%), Ugts = 1.1 DU (0.4%), and
Uavopor = 3.3 DU (1.2%). These values are on average a factor of 3 lower than the uncertainties accounting for correlations.
This analysis assumes random noise only. A typical practice in an analysis like this is to add a component introduced by

the standard deviation of the fit to the uncertainty. The standard uncertainty to be added to the TOC because of this standard
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deviation is 0.28 DU with QASUME, 0.74 DU with BTS and 2.45 DU with AVODOR, raising the corresponding total expanded
uncertainties to 1.3 DU (0.4%), 1.8 DU (0.7%), and 5.90 DU (2.1%).
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Figure 6. Relative expanded uncertainties of the total ozone columns derived from QASUME, BTS, and AVODOR spectra.

Looking at the absolute values of TOC in Fig. 5, we may conclude that the results of QASUME and Brewer #183 are
in excellent agreement. Also the results of BTS are in good agreement at noon, but start deviating slightly at higher zenith
angles. The ozone levels measured by the AVODOR spectroradiometer have a large discrepancy of 10 DU at noon and a strong
dependence on the solar elevation angle. The offset of the AVODOR, and the angular structure of both spectrographs, are due
to spectral correlations present in the measurements. Stray light and non-linearity cause systematic effects in measurements,
which most likely explain the dependence as a function of solar zenith angle. Stray light that affects results at large solar zenith
angles has not been accounted for in the uncertainty analysis due to lack of information. Proper correction and estimation of
the uncertainty due to stray light would require the stray light correction matrix (Nevas et al. (2014)) to be measured.

The 10 DU deviation of the AVODOR at noon is large, barely within the calculated uncertainty, so it was studied in more
detail. It appears that the reason is a systematic deviation either in the linearity, stray light properties, or the calibration of the
device. Further information may be obtained by studying the AOD that is the other term to be fitted in addition to TOC, plotted
for the three instruments in Fig. 7(a). The aerosol optical depth is a property of the atmosphere, and thus all the instruments
should see the same AOD spectrum when the measurements are carried out at the same place and time. This applies more or

less to QASUME and BTS, but for AVODOR 7A0p () does not resemble AOD anymore.
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Figure 7. Aerosol optical depth (AOD) spectra obtained from QASUME, BTS, and AVODOR data sets by fitting, using the Angstrém
exponent based AOD model of Eq. (7) in (a) and the linear AOD model of Eq. (13) in (b). The solid lines indicate AOD at noon. The dashed

lines are for a later measurement with the larger zenith angle.

There is a systematic wavelength dependent error in the measured spectra and the modelling algorithm tries to minimize this

with AOD. The phenomenon was further studied by changing the Taoop () of (Angstrijm (1964)) to a linear model as

Taop(A) =a-(A—340 nm) + b (13)
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where A is the wavelength in nm, and both a and b are fitting parameters in addition to TOC. This model is more parametrised so
it can cause more changes to match with the measured spectra. Changing the AOD model had a drastic effect on the AVODOR
results. The absolute TOC values dropped by several per cent, and were in much better agreement with the other devices. Also
the dependence of the TOC on the zenith angle improved. However, 7aop (A) obtained did not describe the physical attenuation
by aerosols anymore, which can be seen as the changing slopes in Fig. 7(b), indicating that the AOD part of the model was

correcting for something different than AOD.

6 Conclusions

In this work, we introduced one possible way to take into account spectral correlations in the uncertainties of the atmospheric
ozone retrieval and estimated the TOC uncertainties obtained from the spectral data of three different spectroradiometers,
measured at the [zafia campaign. It should be noted that the method proposed has a drawback that the unknown correlations
have to be approximated based on experience. However, the method has merits in estimating the order of magnitude of possible
uncertainties accounting for correlations. The typical assumption made, that uncertainties are spectrally uncorrelated, is just
an assumption as well, and in many cases not valid. The uncertainty values obtained with the new model are higher than the
uncertainties obtained with the traditional method neglecting correlations because some of the major uncertainty components
may contain systematic spectral deviations. These results demonstrate the importance of accounting for correlations. If their
origins and magnitudes are known, they can be accounted for precisely using methods of (JCGM 100 (2008)).

The new model uses the similar approach to our previously developed MC uncertainty model for correlated colour
temperature (CCT) (Kirhi ef al. (2017b)). In the article, we demonstrated the use of the model for calculating the CCT of
a Standard Illuminant A. For Standard Illuminant A, the case representing uncertainty with unfavourable correlations in CCT
was found at NV = 3. On the contrary, for ozone retrieval the deviation at N = 1 base functions produces the largest uncertainty,
which is in a way trivial compared with CCT. The use of a set of sine functions as base functions was originally developed for
the more complicated situation of CCT where it was not known where the unfavourable uncertainty would be. When we now
have analysed the situation, the case of unfavourable correlations in the ozone retrieval could as well be modelled e.g. using
the derivative of the solar UV irradiance, a derivative of the ozone cross-section, or a simple slope as the deviation function
mimicking unfavourable correlations, which would simplify the model.

The behaviour of the AVODOR spectroradiometer is a good example about what spectral correlations in uncertainties due
to systematic error components may cause. With AVODOR, the results deviate 10 DU from the other instruments, which is
more than the uncertainties assuming no correlations predict, 5.9 DU. Our approach gives uncertainty of 9.3 DU which barely
covers the noted deviation. It was also noted that the modelling of AOD does not work with this device, because the part of
the model meant for correcting AOD starts to correct for the systematic error in the measurement results, and thus affects the
TOC obtained. Spectroradiometers to be used for deriving TOC should be better with respect to systematic effects. Thus, they
should be corrected for stray light and linearity, and care should be taken in their calibration not to leave systematic errors in

their responsivity. The QASUME and BTS spectroradiometers are significantly better in this respect.
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