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Abstract

For the first time in spring 1999 the ground-based UV-visible zenith-sky measurements

of stratospheric gases were performed at Environment Canada’s Arctic Stratospheric

Ozone Observatory (ASTRO) located at Eureka, Nunavut, Canada (80.05
◦
N, 86.42

◦
W,

610 m a.s.l.). The University of Toronto UV-visible ground-based spectrometer (UT-5

GBS) has been deployed for nine years afterwards at Eureka to measure ozone and

NO2 total columns by using sunlight scattered from the zenith sky during spring, when

the conditions leading to polar ozone depletion develop. During spring 2000, elevated

OClO slant column densities were also measured for the first time. First dedicated anal-

ysis of UT-GBS measurements applying two independent differential optical absorption10

spectroscopy algorithms was performed on spectra recorded during spring 2000. The

resulting ozone and NO2 total columns agreed to 4% and 5% or better, respectively.

Also, first four years of UT-GBS results (1999–2003) were compared with those made

by ozonesondes and by the Meteorogical Service of Canada Fourier transform infrared

spectrometer (MSC FTS) at ASTRO, which has been operated by Canada’s Depart-15

ment of Environment for measuring the total columns of several stratospheric gases.

The comparison of UT-GBS and MSC FTS ozone total columns proved to be better

than 5% for the periods when both instruments were viewing similar air masses.

1 Introduction

Since 1991, UV-visible spectrometers have been part of the Network for Detection of20

Atmospheric Composition Change (NDACC), formerly known as the Network for Detec-

tion of Stratospheric Change (NDSC). Thus, zenith-sky observations made at a num-

ber of sites around the world provide information on stratospheric O3 and other related

species (primarily NO2, OClO and BrO) (see van Roozendael et al., 1994; Bassford

et al., 2005 and references therein). To derive column amounts, the differential optical25

absorption spectroscopy (DOAS) technique has been widely used (Brewer et al., 1973;
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Noxon, 1975; Solomon et al., 1987; Platt, 1994). The DOAS method, which consists

of ratioing a high-noon spectrum to a twilight spectrum, enhances the detectability of

weak spectral features and allows the retrieval of minor stratospheric constituents such

as OClO.

Ozone and NO2 zenith-sky measurements have been made annually at Environment5

Canada’s Arctic Stratospheric Ozone Observatory (ASTRO) every spring starting in

1999, using the University of Toronto UV-visible ground-based spectrometer (UT-GBS).

ASTRO, now the Polar Environment Atmospheric Research Laboratory (PEARL), is

part of the NDACC primary Arctic site located at Eureka, Nunavut, Canada (80.05
◦
N,

86.42
◦
W, 610 m a.s.l.) and its location is ideal for stratospheric measurements, as it10

lies directly below the point of maximum stratospheric variability (Harvey and Hitchman,

1996). The winter polar vortex regularly passes over ASTRO and thus measurements

both inside and outside the vortex region can usually be made from this single location.

This paper is the first of two related papers that discuss stratospheric measurements

in the Canadian high Arctic during 1999 to 2003 and compare the observational data15

set with atmospheric models. This part reports on the first dedicated analysis of the first

four years of UT-GBS data set which is now a ten-year data set, providing an assess-

ment of the retrieval algorithms and considering the relationship between O3, NO2 and

OClO columns and potential vorticity to explain some of the observed features in the

data. In addition, this is the first time that O3 and NO2 columns from the Meteorological20

Service of Canada Fourier transform infrared spectrometer (MSC FTS) measured in

1999 and 2000 are published. The MSC FTS has also been used to measure column

amounts of HF, N2O, CH4, HNO3, NO, and ClONO2; these measurements together

with more thorough explanation of differences between UT-GBS and MSC FTS results

considering vortex chemistry and model-data comparisons are discussed in the sec-25

ond paper.
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2 Instrumentation and observations

The two instruments that have been used in this work are the UT-GBS and the MSC

FTS. The UT-GBS is described in detail by Bassford et al. (2005) and Farahani (2006).

It consists of a triple-grating UV-visible spectrometer (Triax 180, Instruments S.A. Inc.,

Edison, NJ), and a CCD silicon photodetector array.5

The input optics consist of a liquid light guide (LLG) (inner core=3 mm), a fused silica

lens (f/2.5), and a three-lens f/# matcher as shown in Fig. 1. The spectrometer has a

crossed Czerny-Turner design with aspherical optics that correct astigmatism, gener-

ate a flat field output, and provide point-to-point imaging. The spectrometer has three

diffraction gratings mounted on the turret: 400, 600, and 1800 grooves/mm; Table 110

lists the gratings and their approximate spectral bandwidth and spectral resolution,

while Table 2 shows the specific measurement parameters for the campaigns consid-

ered in this work. The CCD photodetector array (Instruments S.A. “Spectrum One” with

a SITe chip) contains 2000×800 pixels, each 15µm×15µm. A thermoelectric cooling

device holds the CCD at approximately −30
◦
C. In 1999 and 2000, all 800 pixels in a15

column were binned on-chip, and in 2001 and 2003, the central 480 pixels were binned

to reduce noise from the weakly illuminated edges of the CCD.

The UT-GBS spectra recorded in 1999 and 2000 were first preprocessed using a

single bias spectrum for each campaign, which was derived from dark current mea-

surements in the field. Daily dark current spectra were calculated as the average of the20

1-s dark currents recorded after every 40 zenith-sky spectra during the day. However,

during laboratory measurements in 2001, it was recognized that bias was no longer

constant, therefore, during 2001 and 2003, daily bias spectra were derived from a set

of dark currents recorded each night at different integration times. Corrected spectra

were derived by subtracting the bias and dark current.25

The MSC FTS is a Bomem DA8 spectrometer with 0.004 cm
−1

resolution, which

measures direct sun/moon light. Its spectral bandwidth is 650–5000 cm
−1

. It has been

used with a light-sensitive sun-tracking system mounted over an opening in the roof
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above the spectrometer laboratory at Eureka since 1993 (Donovan et al., 1997; Fara-

hani et al., 2007; Paton-Walsh et al., 2008). It has Mercury Cadmium Telluride (MCT)

and InSb detectors with six interference filters.

The UT-GBS recorded zenith-scattered solar spectra in the wavelength range from

∼320 to 620 nm during four Arctic campaigns, which took place in winter/spring at5

ASTRO from 1999 to 2003 with the exception of winter/spring 2002. The MSC FTS

has recorded solar absorption spectra every fall and spring since 1993 at ASTRO.

Here we report on MSC FTS spring measurements from 1999 to 2003.

3 UT-GBS data analysis algorithm comparison

The well-established DOAS method was used to derive O3, NO2, and OClO differential10

slant column densities (DSCDs) from the UT-GBS zenith-scattered solar spectra. The

DOAS technique uses the fact that zenith-sky observations are sensitive to the strato-

sphere due to the stratospheric light path enhancement during twilight. In order to

retrieve O3 columns, the Chappuis band (450–540 nm) is used, while the 405–450 nm

wavelength region, where the O3 absorption is reduced, is used for NO2 column re-15

trieval. At the beginning of the project, the DOAS software described by Fish (1994)

was adapted for UT-GBS data analysis. After the winter/spring 1999 and 2000 data

sets were analysed, the more flexible WinDOAS software, which was developed at

IASB/BIRA (Fayt and van Roozendael, 2001), was used for data retrieval.

Both retrieval codes use the same spectral fitting technique, DOAS, but WinDOAS20

has some additional features. These include a more sophisticated wavelength cali-

bration process, which allows a more precise calibration. In our original DOAS code,

first the spectrum and reference are wavelength calibrated with respect to one another

using stretch and shift parameters, then both spectra are wavelength calibrated rel-

ative to the absorption cross sections of the species of interest through minimization25

of χ2
of the residuals using Marquardt’s method (Marquardt, 1963), which combines

a parabolic expansion with a gradient search, and weights the contributions of each
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according to proximity to the minimum (Fish, 1994). During the wavelength calibration

process in WinDOAS, the Fraunhofer structures of the high-noon reference spectrum

are aligned with those of an accurately calibrated high-resolution solar reference atlas

(Kurucz et al., 1984) which is degraded to the resolution of the instrument as part of

a fitting procedure. The spectral interval is divided into a number of equally spaced5

sub-windows in which a non-linear least squares (NLLS) fitting algorithm is applied to

fit measured intensities to the solar spectrum. The atmospheric constituents’ cross

sections can be convolved in real-time with a user-defined variable slit function or with

a variable slit function using the information obtained during the wavelength calibration

process in WinDOAS. The latter is used in this work. Contrary to WinDOAS, in the orig-10

inal DOAS code, a constant Gaussian slit function, representative of the slit function in

the middle of retrieval region, is used to convolve the atmospheric constituents’ cross

sections prior to the retrieval process.

In order to evaluate the WinDOAS software before applying it to the rest of the Arctic

data set, the retrieval of O3 and NO2 DSCDs for winter/spring 2000 was performed15

using WinDOAS with exactly the same retrieval parameters as were used in our original

DOAS software. In the top panel of Fig. 2, the measured and fitted differential optical

depths (DODs) of O3 obtained using both the original DOAS software and WinDOAS

are shown (both for SZA 90
◦

on day 88, 28 March 2000, sunrise). Figure 3 presents a

comparison of NO2 measured and fitted optical depths between DOAS and WinDOAS20

on the same day. As seen in these two figures, the spectral fit quality and the differential

optical depths for O3 and NO2 improved once WinDOAS was applied to the spectra.

The RMS residuals of fitted differential optical depths of O3 for the original

DOAS analysis were calculated as 8.29×10
−4

and 7.69×10
−4

for sunrise and sunset

(SZA=90
◦
) on the day of the reference spectrum (day 88, 28 March 2000) respec-25

tively, which were reduced to 6.88×10
−4

and 3.20×10
−4

for WinDOAS analysis. On

average, O3 RMS residuals decreased by 38% for WinDOAS compared to the original

DOAS code for spectra recorded in the SZA range 85
◦

to ∼94
◦
. The RMS residuals

of fitted differential optical depths of NO2 for the original DOAS analysis were calcu-
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lated as 5.23×10
−4

and 5.32×10
−4

for sunrise and sunset (SZA=90
◦
) on the day of

the reference spectrum (day 88, 28 March 2000) respectively, which were reduced to

3.94×10
−4

and 4.09×10
−4

for WinDOAS analysis. NO2 RMS residuals decreased by

24% on average.

Another improvement in WinDOAS compared to the original DOAS software is the5

capability of dividing the wavelength calibration region into subregions and minimizing

the residuals between the degraded solar spectrum and the reference spectrum in the

subregions to achieve the best possible wavelength calibration parameters: spectral

shift and first order stretch. The number of subregions that can be used in the NO2

calibration region (405–450 nm) can be optimized by comparing the RMS residuals of10

the solar spectrum and calibrated reference spectrum.

WinDOAS was initially applied to all measured spectra from the Eureka 2000 field

campaign. O3 and NO2 DSCDs were retrieved and converted to vertical column den-

sities (VCDs) using the air mass factors (AMFs) calculated by the radiative transfer

model (see Sect. 4). The mean WinDOAS O3 VCD, shown in Fig. 4, is 4% less than15

the mean O3 VCD from the original DOAS retrieval code, which is within the nominal

±5% measurement errors (discussed further in Sect. 4). Another point to mention is

that WinDOAS retrieval of O3 columns was possible for day 55 (24 February 2000),

two days after polar sunrise at Eureka, however the poor quality of the twilight spectra

combined with the less accurate wavelength calibration process in the original DOAS20

code prevented the retrieval of O3 VCDs for the same day with this code.

Applying the WinDOAS algorithm to spectra in the NO2 region resulted in the re-

trieval of 11 more twilight periods during the 2000 field campaign compared to the ex-

isting DOAS results because of the more accurate wavelength calibration process and

the wavelength-dependent slit function parameter in WinDOAS. Figure 5 shows the25

complete time series of the retrieved NO2 VCDs from UT-GBS measurements during

winter/spring 2000 at ASTRO. DOAS-WinDOAS comparisons for NO2 columns were

more challenging for the first part of the campaign, soon after polar sunrise at Eureka

(days 55 to 62). During this period the NO2 levels are low; thus the less precise wave-
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length calibration process in the existing DOAS code resulted in poor quality spectral

fits, which did not capture the NO2 DSCDs accurately. In Fig. 5, the mean WinDOAS

NO2 VCD is 5% less than the mean NO2 VCD resulting from the original DOAS code,

which is better than the nominal measurement error of ±12% in which the systematic

component of the error is also considered (discussed further in Sect. 4).5

4 Final data retrieval

4.1 UT-GBS

The corrected twilight spectra for SZAs from 80
◦

to ∼94
◦

during both sunrise and sunset

were considered for the retrieval of O3, NO2 and OClO DSCDs. Using WinDOAS soft-

ware, UT-GBS zenith-scattered spectra were calibrated in the wavelength range 40510

to 545 nm for 1999, 2001 and 2003 against a common reference spectrum for each

year. However the wavelength range for calibration was extended from 360 to 545 nm

in 2000 to provide the opportunity for retrieving the elevated levels of OClO during this

cold spring. The reference spectra were recorded at high noon under clear sky con-

ditions. The absorption cross sections of O3 at 241 K (Burrows et al., 1999), NO2 at15

241 K (Burrows et al., 1998), OClO at 204 K (Wahner et al., 1987), O4 at 298 K (Green-

blatt et al., 1990), BrO at 228 K (Wahner et al., 1988) and H2O at 296 K (Rothman et al.,

1998) were smoothed using a wavelength-dependent Gaussian slit function parameter,

which was determined in the wavelength calibration process by a cubic polynomial fit.

The Ring effect is a phenomenon causing the infilling of the solar Fraunhofer lines20

in the scattered daylight spectrum (Grainger and Ring, 1962). In order to deal with the

Ring effect, which has been shown to be mostly due to rotational Raman scattering

(Chance and Spurr, 1997; Vountas et al., 1998; Sioris et al., 2002), it is considered as

a pseudo-absorber and a Ring cross section is calculated using the model of Chance

and Spurr (1997).25

Converting the retrieved O3 and NO2 DSCDs to VCDs requires accurate knowledge
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of the transfer of radiation through the atmosphere for the calculation of the appropriate

AMFs. The radiative transfer (RT) model used for O3 and NO2 AMF calculations is de-

scribed in detail by McLinden (1998) and McLinden et al. (2002). This model solves the

radiative transfer equation using successive orders of scattering in an inhomogeneous

atmosphere. The radiance of photons which are scattered once, twice, three times5

and so on is calculated iteratively, with the total radiance taken as the sum over all

scattering orders. The RT model geophysical inputs are vertical profiles of air number

density, temperature, absorber number density, aerosol number density, aerosol size

distributions, refractive indices and surface albedo (McLinden, 1998; Bassford et al.,

2001). In this work averaged profiles from 11 ozonesondes were used for temperature10

and absorber number density. The input parameter for the type of surface was set to

Lambertian with 0.7 albedo appropriate for the high Arctic and the no cloud option was

chosen. Langley plots of DSCDs versus AMF were used to derive the O3 VCDs, as O3

is a diurnally slowly-varying species (Sarkissian et al., 1997).

Deriving NO2 VCDs from NO2 SCDs is more challenging because NO2 changes15

through twilight so it requires accurate knowledge of the AMFs. Also the amount of

NO2 in the reference spectrum, the reference column density (RCD), needs to be de-

rived. The RCD value can be either calculated using a chemical box model or can be

determined independently of a model by using observed DSCD values. In this work,

NO2 RCDs were determined by using pseudo-Langley plots of NO2 differential slant20

column densities versus NO2 AMFs in the SZA range of 80
◦
–85

◦
, where the change in

NO2 column due to photodissociation is expected to be small (Vaughan et al., 2006).

Thus, this relationship is approximately linear and the intercept represents the nega-

tive NO2 RCD. The NO2 RCD for each campaign is the average of RCDs for all days

during that campaign. Then the NO2 VCD at twilight, for SZA 90
◦

is calculated using25

the following Equation:

VCD(θ)=
DSCD(θ) + RCD

AMF(θ)
(1)
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where θ is the SZA. The total error for UT-GBS O3 and NO2 measurements was esti-

mated from the root-sum-square of individual errors. These errors are summarized in

Table 3 (Bassford et al., 2005; Farahani, 2006).

4.2 MSC FTS

The retrieval of column amounts from MSC FTS atmospheric absorption spectra is5

based on the SFIT1 spectral fitting routine (Rinsland et al., 1982, 1988). SFIT1.09e

was applied to narrow spectral microwindows containing absorption features of the tar-

get molecules. Each FTS spectrum is a coaddition of four interferograms over 700 s,

from which total columns of HF, CH4, N2O, O3, HCl, NO, NO2, ClONO2, HNO3, CFC-

11, ClO, and COF2 can be retrieved using the SFIT1 spectral fitting routine (Rinsland10

et al., 1982, 1988). To calculate the synthetic spectra with SFIT1, we adopted the

line parameters in the HITRAN 1992 compilation (Rothman et al., 1992). The set of a

priori volume mixing ratio (VMR) profiles (REFTOON41) is based on mid-latitude bal-

loon measurements (Peterson and Margitan, 1995) but modified for the high-latitude

location of Eureka. Temperature, pressure and relative humidity profiles were obtained15

from radiosondes launched twice daily from Eureka. Above the maximum sonde al-

titude, the profiles of temperature and pressure are extended to approximately 50 km

with data from the US National Center for Environmental Predictions (NCEP). Above

50 km the winter sub-Arctic US Standard Atmosphere is used to 100 km.

A mean daily vertical column was calculated from the individual MSC FTS column20

measurements for different species at ASTRO from two or more spectra recorded

each day. Error estimates for the retrieved columns were determined according to

the method described by Murphy et al. (2001), to account for instrument effects, choice

of algorithm, microwindows, line parameters, apriori volume mixing ratio profiles, and

uncertainty in the temperature profile. Added in quadrature, this resulted in a total25

uncertainty of ±9.8% for O3 and ±22.9% for NO2.
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5 Results and discussion

Ninety five days of O3 differential slant column densities and vertical column densities

were derived from UT-GBS measurements using Langley plots from March 1999 to

April 2003. NO2 differential slant column densities and vertical column densities were

retrieved during 1999 and 2000, resulting in a total of 112 twilight measurements: 505

sunrise and 62 sunset. Northern Hemisphere maps of potential vorticity (PV) on 475

and 550 K isentropic surfaces were used to provide information on the dynamical condi-

tions over ASTRO and/or interesting observational periods where O3 columns deviated

from the climatological mean. For the period from 1999 to 2003, maps of PV from the

ECMWF daily analyses are used. ECMWF uses a 3-D variational analysis at T10610

resolution and 60 levels in the vertical. A description of the data is given in Fahre-

Vik (2003). Also for the first time at Eureka, OClO slant columns were derived from

UT-GBS zenith–scattered spectra from day 55 to 89 during the cold winter of 2000.

5.1 Ozone total columns

Figure 6 shows UT-GBS O3 vertical columns compared with Eureka ozonesonde data15

(for which a correction was added above the maximum sonde altitude) and MSC FTS

measurements. During spring 1999, UT-GBS O3 vertical columns compare well with

MSC FTS measurements and integrated O3 sonde profiles, agreeing within the com-

bined measurement errors for all but two days. Figure 7 shows that the polar vortex is

weak in 1999, thus the higher O3 columns observed prior to day 91 may originate from20

the O3-rich air mass of mid-latitudes.

During winter/spring 2000, UT-GBS O3 vertical columns again agree with integrated

O3 sonde profiles and MSC FTS measurements within errors. The Eureka 2000 field

season was the only cold winter among the four winters observed in this work, although

there were several exceptionally cold and strong springtime vortices in the mid-1990s25

(Manney et al., 2005). ECMWF potential PSC areas at 475 K shown in Fig. 8 indicate

potential for PSC formation above Eureka during 11–22 February 2000 (days 42–53).
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At the start of the campaign, if we look at integrated sonde and UT-GBS values for

days 54–57, O3 columns are ∼350 DU, which is 13% lower than the climatological

mean resulting from the Canadian Middle Atmosphere Model (CMAM) climatological

chemical fields (see second paper in this set, Farahani et al. (2009) as CMAM mean

within 1σ. HNO3 measurements at Eureka unfortunately did not start until day 575

due to the solar illumination requirements and after that day there is no evidence of

denitrification in the HNO3 measurements. However, the measured HNO3 columns

remained lower than the CMAM climatological mean for much of the season in 2000,

which may imply the presence of high amounts of active chlorine (see the second paper

in this set, Farahani et al., 2009).10

After day 72, based on ECMWF PV maps shown in Fig. 9, the polar vortex is located

over Eureka as seen on the 475 K isentropic surface and stays in place until day 77

(17 March 2000). Again, based on Fig. 9, the vortex moves over Eureka on day 79

(19 March 2000) and remains over Eureka until day 89 (29 March 2000). During both

periods, the observed O3 columns fall below 300 DU as seen in Fig. 6.15

During winter/spring 2001, MSC FTS O3 vertical columns are in agreement with UT-

GBS measurements except the first three coincident days when the UT-GBS shows a

30% reduction in total O3 column which most probably is due to a localized event.

During February and March 2003, before the O3-depleted air typical of the isolated

cold vortex air mass moves over Eureka as shown in Fig. 10, UT-GBS O3 columns are20

in agreement with MSC FTS columns within measurement errors. However, afterwards

Eureka was located at the edge of the vortex on day 91 (1 April 2003) and inside the

vortex until day 107 (18 April 2003), as is shown in Fig. 10. For this period, MSC FTS

reports O3 columns which are ∼20% higher than UT-GBS measurements; however

it should be noted that the FTS has a different viewing times and geometry. Also25

previous O3 column comparison between infrared and UV-visible measurements has

shown differences as large as 30%, which may be partly attributed to spectroscopy

(Taylor et al., 2007).
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5.2 NO2 total columns

Figure 11 shows UT-GBS NO2 columns for 1999 and 2000 for sunrise and sunset (SZA

90
◦
) along with NO2 columns from the MSC FTS. The MSC FTS measured daily NO2

columns by averaging over two or more measured values during the day. Comparison

with the MSC FTS was possible during February and at the beginning of March as MSC5

FTS measurements were done in the SZA range of 85
◦

to 89
◦
, which was close in time

to the UT-GBS twilight measurements. However by the beginning of April, the MSC

FTS measured at higher SZAs. As expected, the daytime NO2 columns measured

by the MSC FTS are smaller than the twilight values, consistent with the NO2 diurnal

cycle and differing spectroscopic parameterization between the infrared and UV-visible10

measurements (Taylor et al., 2007).

5.3 OClO slant columns

A novel measurement at ASTRO was that of chlorine dioxide (OClO) DSCDs dur-

ing winter/spring 2000 using UT-GBS zenith-scattered twilight spectra. The zenith-sky

spectra were recorded using the 1800 grooves/mm grating by alternating between this15

grating and the 600 grooves/mm grating from day 55 to 89 during the cold winter of

2000. These spectra were used for retrieval of OClO DSCDs in the wavelength region

365 to 390 nm where OClO absorption features are located. Figure 12 shows the OClO

measured and fitted differential optical depth and its residual for sunrise SZA 90
◦

on

day 88 (28 March 2000). OClO DSCDs were derived at SZA 90
◦

sunrise and sunset20

for the period of observation and are presented in Fig. 13. The OClO slant column val-

ues are consistent with values reported in the Arctic (∼2.5×10
14

molec/cm
2
) by other

studies (Kuhl et al., 2004).
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6 Conclusions

Ground-based UV-visible zenith-sky spectroscopic measurements of O3, NO2 and

OClO columns were made for the first time at Eureka using a triple-grating spectrom-

eter deployed at ASTRO, during winter/spring of 1999–2003. An assessment of the

original DOAS algorithm versus the more flexible WinDOAS was performed using the5

UT-GBS spectra recorded during winter/spring 2000, which resulted in an agreement

of better than 4% for mean O3 VCDs and 5% for mean NO2 VCDs. The use of the

WinDOAS algorithm for DSCD retrieval allowed the fitting procedure to be optimized

and increased the possibility of retrieving DSCDs during the period right after polar

sunrise. Thus, 95 days of O3 DSCDs and VCDs were derived from UT-GBS measure-10

ments using Langley plots from March 1999 to April 2003. NO2 DSCDs and VCDs

were retrieved during 1999 and 2000, resulting in a total of 112 twilight measurements:

50 sunrise and 62 sunset.

The UV-visible O3 and NO2 measurements were compared with the co-located in-

frared measurements made during the same period using the MSC FTS. The com-15

parison of ozone total columns proved to be better than 5% for the periods when both

instruments were viewing similar air masses. The UT-GBS total O3 columns generally

agreed with sonde measurements. Low O3 columns during the cold winter/spring of

2000 were explained using ECMWF PV and temperature data.

For the first time, OClO DSCDs were retrieved from UV-visible measurements in the20

Canadian high Arctic during winter/spring 2000. The OClO slant column values are

consistent with values reported in the Arctic (∼2.5×10
14

molec/cm
2
). A companion

paper (Farahani et al., 2009) provides a more detailed discussion of the Eureka mea-

surements, focussing on comparison with the Canadian Middle Atmosphere Model.
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Table 1. Measured values of the bandwidth of the UT-GBS for the 100µm slit width and the

FWHM spectral resolution in the middle of the CCD used for the Arctic observations.

Grating (grooves/mm) Spectral Bandwidth (nm) FWHM (nm)

400 300 0.96–1.28 (1999-2003)

600 234 0.78–0.96 (2000–2003)

1800 66 0.20–0.49 (1999–2003)
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Table 2. Measurement parameters for the four UT-GBS campaigns.

Campaign Year Grating Spectral Range CCD Mean T Reference Spectrum

(grooves/mm) (nm) (K) (SZA)

1999 400 270–625 235 24 March (79
◦
)

2000 1800 swapping with 600 315–380 310–550 245 29 March (76
◦
)

2001 600 330–560 232 16 April (72
◦
)

2003 600 340–580 242 9 April (73
◦
)
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Table 3. Sources of error and error estimates for the UT-GBS O3 and NO2 VCDs.

Error O3 NO2 Source

Random noise 1% 2% Statistically calculated from measurements

Instrument error 3% 3% Informed estimate

Pseudo-random errors 1–2% 4–6% Derived from measurements

Absolute cross sections 2.6% 2.3% Burrows et al. (1999, 1998), respectively

Temperature dependence of the NO2 cross section – ≤8% Pfeilsticker et al. (1999)

Uncertainty in NO2 RCD – 3–7% Derived from measurements

AMF error 3% 5–7% Calculated for the RT model, Bassford et al. (2001)

Uncertainty in the slope of Langley plots 0.5% – Derived from measurements

Filling in of absorption by Raman scattering 1% 5% Fish and Jones (1995); Pfeilsticker et al. (1999)

Total RMS error ±5–6% ±12–15%
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Fig. 1. Basic elements and ray diagram of the University of Toronto ground-based UV-visible

zenith-sky spectrometer.
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Fig. 2. Differential optical depths for O3 (measured in black and fitted in red) at SZA 90
◦

for

UT-GBS zenith-sky measurements made on day 88 (28 March 2000), sunrise at Eureka: (top)

using the existing DOAS software and (bottom) using WinDOAS software.
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Fig. 3. Differential optical depths for NO2 (measured in black and fitted in red) at SZA 90
◦

for

UT-GBS zenith-sky measurements made on day 88 (28 March 2000), sunrise at Eureka: (top)

using the existing DOAS software and (bottom) using WinDOAS software.
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Fig. 4. The retrieved O3 VCDs for UT-GBS zenith-sky measurements for (top panel) sunrise

and (bottom panel) sunset during winter/spring 2000 at Eureka, obtained using DOAS and

WinDOAS. The black solid lines show the DOAS mean O3 VCD and the red lines show the

WinDOAS mean O3 VCD; the error bar indicates ±5%.
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Fig. 5. The retrieved NO2 VCDs for UT-GBS zenith-sky measurements for (top panel) sunrise

and (bottom panel) sunset during winter/spring 2000 at Eureka, obtained using DOAS and

WinDOAS. The black solid lines show the mean DOAS NO2 VCD and the red lines show the

WinDOAS mean NO2 VCD; the error bar indicates ±12%.
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Fig. 6. Daily mean O3 total columns during winter/spring 1999, 2000, 2001 and 2003. The

periods when Eureka was inside the vortex are indicated by the shaded blocks.
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Fig. 7. ECMWF PV (×10
−5

Km
2

kg
−1

s
−1

) maps of the Northern Hemisphere at 475 K during

March 1999. The location of Eureka is marked with a black dot. The polar vortex during 1999

was weak and not much variation is seen in PV.
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Fig. 8. ECMWF maps of potential PSC areas in the Northern Hemisphere at 475 K during

February 2000. The location of Eureka is marked with a red dot.
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Fig. 9. ECMWF PV (×10
−5

Km
2

kg
−1

s
−1

) maps of the Northern Hemisphere at 475 K during

March 2000. The location of Eureka is marked with a black dot.
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Fig. 10. ECMWF PV maps of the Northern Hemisphere at 475 K during April 2003. The

location of Eureka is marked with a black dot.
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Fig. 11. NO2 total columns during sunrise and sunset (SZA=90
◦
) for winter/spring 1999 and

2000 at Eureka. MSC FTS measurements are plotted with UT-GBS sunrise measurements as

they are closer in time to these measurements. The periods when Eureka was inside the vortex

are indicated by the shaded blocks.
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Fig. 12. Differential optical depths (measured in black and fitted in red) and fit residuals (the

bottom panel) for OClO at 90
◦

SZA for UT-GBS zenith-sky measurements during 2000 made

on day 88 (28 March 2000), sunrise at Eureka.
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Fig. 13. The OClO DSCDs during winter/spring 2000. The periods when Eureka was inside

the vortex are indicated by the shaded blocks.
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