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Several UV–visible spectrometers have been developed at the ISAC-CNR

Institute. Differential Optical Absorption Spectroscopy (DOAS) methodology is

applied to their measurements to monitor the amounts of stratospheric trace

gases: mainly ozone (O3) and nitrogen dioxide (NO2) which is involved in the

ozone cycle. Observations of the scattered zenith-sky light were performed with

one of these instruments installed at the Terra Nova Bay station (TNB),

Antarctica.

GASCOD (Gas Analyzer Spectrometer Correlating Optical Differences) is

described briefly and a method for data analysis and validation of the results

introduced. Some aspects of the DOAS technique are presented: the algorithm

allowing the best spectral alignment between spectra obtained with GASCOD

and a high-resolution wavelength calibrated spectrum, is explained. Simple

considerations allow for calculation of the NO2 concentration in the background

spectrum used in DOAS analysis.

For the period of activity of the GASCOD at TNB (1996–2003), the results of

NO2 vertical column density (VCD) at twilight show a maximum in the summer

and a minimum in the winter. Three years of measurements (2001–2003) are

analysed in terms of stratospheric temperature and potential vorticity to obtain

information about stratospheric warming that occurred in 2002 over Antarctica.

The correlation between NO2 atmospheric content and stratospheric temperature

is highlighted. The diurnal variations of NO2, which are controlled by

photochemistry, show an unusual behaviour at high latitudes. Analysis of the

a.m./p.m. ratios—the sunrise NO2 VC (a.m.) over the sunset VC (p.m.)—during

different seasons and at various Solar Zenith Angles (SZA) is presented and

discussed.

1. Introduction

Since the identification of stratospheric nitrogen dioxide (NO2) as one of the

main controllers in ozone-depletion processes (Crutzen 1970, Johnston 1971,

Nicolet 1975), the monitoring of its concentration has assumed great importance

in the context of ozone variability and climate change. Over the last 30 years

understanding of dynamic processes and chemical and photochemical reactions
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involving nitrogen compounds in the stratosphere has improved considerably. The

existence of a winter drop in NO2 total column at high latitudes has been explained

by the coupling of dynamic and chemical phenomena (Solomon and Garcia 1983).

As shown clearly by Noxon et al. (1979), horizontal transport plays a very

important role at mid-latitudes: air masses can move very rapidly from high to low

latitudes, depending on the weather conditions. Under certain meteorological

conditions, this transport process is not as fast and, therefore, the chemistry of NO,

NO2, N2O5 and HNO3 may play a predominant role in nitrogen compound

partitioning, which follows a change in temperature and insolation time caused by

the slow air movement. In fact, stratospheric NO2 shows a diurnal cycle depending

on the amount of N2O5 present and the hours of sunlight during the day. Variations

in nitrogen dioxide are controlled mainly by a number of reactions.

N2O5zhn?NO2zNO3 ð1Þ

NOzO3?NO2zO2 ð2Þ

NO2zO3?NO3zO2 ð3Þ

NO2zNO3zM?N2O5zM ð4Þ

The relationship between NOx and ClOx compounds is better understood:

chlorine nitrate (ClONO2) is formed by NO2 reacting with ClO, resulting in a long-

lived reservoir, thus inhibiting the large catalytic ozone depletion potential of

chlorine monoxide, as hypothesized by Molina and Rowland (1974). A remaining

problem is how chemical processes in high-latitude air masses are connected with

mid-latitude ozone chemistry in winter and spring (Proffit et al. 1990, Pierce and

Fairlie 1993, Dalberg and Bowman 1994). In order to study the NO2 total column

behaviour at mid- and high latitudes, different types of instruments are currently

utilized. UV–VIS spectrometers, applying Differential Optical Absorption

Spectroscopy (DOAS), are powerful tools in the retrieval of NO2 amounts and

they are utilized in ground-based, balloon, airborne and satellite configurations

(Sanders et al. 1989, Pfeilsticker and Platt 1994, Oelhaf et al. 1995, Sarkissian et al.

1997).

This work examines observations of the solar light scattered from the zenith sky

obtained from one of the ground-based UV–visible systems called GASCOD (Gas

Analyzer Spectrometer Correlating Optical Differences) (Evangelisti et al. 1995).

The spectrometer was developed at the ISAC–CNR Institute and installed at the

Terra Nova Bay (TNB) station, Antarctica (74u269 S, 164u039 E), during the XIIu
Italian Antarctic Expedition (December 1995). Application of the DOAS technique

to measured solar spectra allows retrieval of the nitrogen dioxide content—usually

called differential slant column density (DSCD)—along the optical path, depending

on the solar elevation. Some of the results obtained in the last few years are

presented here, along with a discussion of the problems connected with the

DOAS technique. After the presentation of the results obtained during the whole

period of activity of GASCOD at the TNB station, the paper focuses on the last

three years of measurements to obtain more information regarding the effects

caused by the stratospheric warming event which occurred during 2002 in
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Antarctica. Some aspects of the photochemical activity of NO2 will also be

explained and discussed.

2. Methods

2.1 Instrumental set-up and measurements

The GASCOD instruments were developed at the ISAC-CNR Institute (formerly

FISBAT) and validated in two NDSC (Network for the Detection of the

Stratospheric Changes) campaigns (Hofmann et al. 1995, Roscoe et al. 1999). The

equipment consists of a 150 cm, f/5 Cassegrain telescope that focuses the incoming

radiation onto the entrance slit of the spectrometer. This is composed of a

holographic spherical diffraction grating of 1200 grooves/mm and a multi-channel

detector featuring a 512 metal-oxide semiconductor diode array produced by

Hamamatsu. The spectral dispersion is approximately 2.4 nm mm21 (depending on

the spectral region investigated) and the typical overall spectral resolution is about

0.5 nm. Band-pass filters are used to reduce the stray light inside the spectrometer.

The integration time is selected automatically for each measurement and ranges

from seconds at noon to a few minutes at twilight. For long integration times, the

dark current is not negligible and, therefore, it is measured after each spectral

reading and subtracted from the detected signal. An internal mercury lamp, installed

in the Cassegrain telescope, is used for periodic checks of the diffraction grating

position, ensuring a spectral accuracy of better than 0.2 nm. An electronic unit

drives the spectrometer in the automatic and unattended mode according to

predefined measurement cycles, while an external personal computer, connected

through an RS232 line, is used to store the recorded spectra. The optical input of the

spectrometer points toward the zenith, with a field of view (FOV) of 1.161025 sr, in

order to measure the scattered light in the UV and visible spectral regions. The

spectrometer is contained in a thermo-insulated box that ensures constant

temperature inside the instrument, avoiding changes in its optical characteristics

(e.g. optical dispersion). The instrument is installed in a container near the station,

with an ‘Optical chimney’ used as a window for the incoming radiation and as

protection for the spectrometer input. The ‘Optical chimney’ is composed of two

quartz windows enclosing a cylinder of 40 cm length and 15 cm diameter (the

vacuum in the tube prevents condensation). The outer window is tilted by 45u in

order to prevent snow accumulation on the ‘Optical chimney’. Typically, GASCOD

instruments installed at the Mt Cimone (Italy) and Stara Zagora (Bulgaria) stations

(Petritoli et al. 2002, Werner et al. 2003) carry out measurements only at twilight,

when the tracers show maximum absorption mainly due to the longer optical path.

The reference spectrum, used for the daily retrieval of the NO2 slant column, is

obtained during a short measurement period at approximately noon local time. The

GASCOD installed at TNB performs 24 h measurements. This choice stems mainly

from the fact that the station remains unmanned for long periods during the austral

winter (March–October).

2.2 Analysis

Before processing the raw data with DOAS methodology, the ratio between the

signal obtained by the spectrometer during each measurement and its ‘exposure’

time is calculated to obtain information on the performance of the instrument and

the quality of the spectral series measured. This ratio is called the ‘Flux Index’ (FI).
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It provides information on variations in the quantity of the incoming radiation.

Figure 1 shows the FI for two days under different meteorological conditions at

TNB. During cloud-free days the FI values describe a regular function (figure 1,

white circles). If thin layers of clouds are present, the FI can increase by up to four

times (figure 1, black circles), due to multiple scattering within the clouds. However,

measurements using GASCOD spectrometers are not affected by this increase in

radiation flux since the spectral series are carried out by applying the ‘auto ranging

mode’ in order to find the optimal integration time and, hence, achieve a high signal
to noise ratio (S/N). Anomalous behaviour of the FI may occur under very thick

cloud conditions or with snow accumulation over the optical chimney of the

spectrometer, which causes atypical low FI values. Spectral measurements obtained

with the spectrometer are rejected if the corresponding value of FI is lower than the

regular function expected (in the case of cloud-free conditions). In fact, the

integration time required to obtain the maximum signal established a priori could be

greater than the maximum exposure time the instrument is capable of, leading to a

low signal to noise ratio.
Figure 2 shows the FI values obtained at local noon during 2001 at the TNB

station. The analysis of the FI for 2001 highlights the high percentage of cloudless

days (figure 2, black squares) or days with very high and thin clouds (figure 2, grey

circles) occurring during that year. Moreover, the FI allows the identification of

anomalous behaviour (figure 2, white squares) for some of the days during the

austral autumn (26/01 and 05/04), at the beginning of the sunlight period (26/08 and

29/08) and finally for 02/09, 15/09, 25/10 and 04/11. The values of the FI are lower

than expected, probably due to thick cloud conditions or snow accumulation on the
optical chimney, in spite of the inclination of the quartz window installed to protect

the GASCOD radiation input.

Figure 1. Flux Index – FI – (ratio of the signal obtained by the spectrometer and its
‘exposure’ time) calculated at Terra Nova Bay station for two days under different
meteorological conditions. The FI on 31 January 2001 (cloudless day) presents a regular
behaviour, while on 5 February 2001 (cloudy day) more scattered values of FI are obtained.
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A complete description of DOAS can be found in several references (Noxon et al.

1979, Platt 1994, Elokhov and Gruzdev, 2000). Nevertheless, some aspects of the

processing algorithm are discussed below. In order to obtain the absorption

structure of the gases under investigation, the Fraunhofer lines of the solar spectra

should be removed. The logarithm of the ratio (Log-Ratio) between a reference

spectrum (Io) and the twilight spectrum (Is) is calculated. The low frequency features

are removed by applying a low-pass filter operator (hereafter Smooth ()) to the Log-

Ratio spectrum. The difference between Log-Ratio and Smooth (Log-Ratio) is

referred to as the ‘differential’ spectrum. It is compared with the Differential

absorption Cross-Sections (DCS) of the gases under investigation, which present

measurable absorption features in the selected spectral range (see figure 3).

The DOAS algorithm, implemented by the authors, is based on the ‘linearization’

procedure which builds the new two-dimensional array (wavelength-signal)

replacing the measured array expressed as a function of the photodiode position.

The linear function dependence on the spectral dispersion in the investigated range

allows for the association of each value of the measured spectrum with a wavelength

value, considering some spectral features of the Fraunhofer spectrum (IF).

Fish (1994) has already discussed the problem of wavelength calibration. In an

attempt to solve this problem for GASCOD observations, the data array, designed

as Io, is aligned with the IF, using a similar DOAS procedure (SDP). The SDP

results in a solution of the Lambert–Beer law in the Absence of Absorbers (LBAA).

In other words the identity IF5Io is imposed.

In order to achieve a perfect spectral alignment, the so-called ‘shift’ and ‘stretch’

procedures are used. The first one is obtained by a shift of Io in the wavelength

domain until an ‘a priori’ known spectral position is reached; the second by a

variation of the dispersion parameters—by modifying the slope and the intercept of

the linear dispersion function obtaining an accordion effect until the best spectral

alignment is obtained. The solution of the LBAA is obtained by means of the

Figure 2. Flux Index obtained at local noon during 2001 at Terra Nova Bay station.
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Singular Value Decomposition (SVD). Marquardt’s method is used to minimize the

Sum of Square (SOS) of the residual spectrum, using the derivative of the SOS

function and modifying the shift and stretch functional parameters. The output of

the procedure is the wavelength-calibrated Io spectrum.

The Lambert–Beer law is applied usually by including the absorbers in the LBAA,

and the procedure described above for DOAS processing of all the measured spectra

can be used by substituting IF with the calibrated Io, and Io with the Is spectra.

Scattering processes and polarization effects can introduce systematic errors in the

retrieved amounts. Therefore, additional ‘non-absorption’ cross-sections such as

Mie, Rayleigh, Ring and polarization are introduced in the retrieval algorithm

(Chance and Spurr 1997, Kostadinov et al. 1997).

In the past, authors ensured the correct spectral position of the measured spectra

through the use of a Calibration Spectrum (CS). As mentioned above, the CS is

obtained here by means of a Hg spectral calibration lamp, before any sky light

measurement. If the described alignment procedure is used, the CS becomes

unnecessary for wavelength calibration. The spectral lamp measurement can be

performed as a periodic check of the grating position and for any changes in spectral

dispersion (due, for example, to thermal effects). Thus, the improvement of the

DOAS algorithm also allows for a better measurement time resolution.

3. Reference spectra

The results of the DOAS data processing—the differential slant column densities—

are differences in trace gas contents, between two spectra measured for different

values of Solar Zenith Angles (SZA) and Air Mass Factor (AMF). The NO2 actual

Figure 3. The ‘Differential’ spectrum (the difference between Log-Ratio and Smooth (Log-
Ratio), where Smooth(x) is a low-pass filter operator) and the NO2 Differential Cross-
Section - properly Scaled - are plotted. In the selected spectral range, the differential spectrum
features show good agreement with the differential cross-section of nitrogen dioxide, allowing
for determination of its atmospheric content.
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vertical column density (VCD) is obtained, after adding to the DSCD the reference

amount, by dividing the modified slant column (SCD) by the AMF. For small SZAs

the AMF can be approximated with the secant of SZA, while for large angles it must

be calculated by means of an atmospheric scattering model, which has to represent

the real atmospheric conditions as closely as possible (Solomon et al. 1987).

Considering the spectral range investigated (423–460 nm) and assuming the bulk of

the NO2 to be located at 25–30 km, for a SZA of 90u the AMF value is appro-

ximately 20. At mid-latitude local noon, it is less than two (Perliski and Solomon

1993). For each day, a spectrum obtained at local noon—the reference spectrum

(Io)—should be chosen in order to be used as ‘background’ for analysis of the other

measured spectra during the same day. However, to obtain the tracer’s seasonal

variation, it is preferable to use a single reference spectrum for the processing of all

the data collected during the measurement period.

For this purpose a spectrum, obtained with the GASCOD instrument at TNB on

25 December 1998 at local noon (SZA551.3u) on a cloudless day, during the 14th

Italian Antarctic Expedition, is used. In this period, during the austral summer, the

Sun is always above the horizon (thus NO2 is able to reach photochemical

equilibrium) and, assuming transport phenomena to be negligible, the NO2

variation during the day is very low and can be written:

NO2 VCDSZAmin~NO2 VCDSZAmax ð5Þ

For calculation of the nitrogen dioxide amount in the background spectrum,

consider the standard definition of the AMF:

AMF~S=V ð6Þ

where S is the slant column density obtained for the absorber under investigation

and V is its vertical column amount. The NO2 SCD, for the highest value of SZA

(82u) on the chosen day, was measured. Applying equation (6) both for 51u and 82u:

V510~S510=A510 ð7Þ

V820~ S820zS510ð Þ=A820 ð8Þ

V510~V820 ð9Þ

and, consequently,

S510~S820= d{1ð Þ ð10Þ

where: d5A82/A51.

The AMFs are calculated using the AMEFCO model (Atmospheric Model for

Enhancement Factor Computation). AMEFCO was developed at ISAC and it is

based on the Intensity-weighted Optical Path (IWOP) approach (Slusser et al. 1996).

The AMEFCO is a single-scattering model using ray tracing in a spherical two-

dimensional atmosphere with optical paths integrated over individual shells. Light

refraction is not included (Petritoli et al. 1999).

The assumption of constant NO2 values during the day is not strictly valid but

the change is only about 10% (according to a 1D model computed by integrating

a Box Model over all altitudes). From equation (10) a slant column value
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S51u5(4.5¡0.45)610 + 15 molecules cm22 is obtained. This value is used as the

background amount that has to be added to the retrieved NO2 DSCD in order to

obtain the NO2 SCD, and this spectrum is adopted as the reference spectrum. To

check the processing procedure, the DOAS algorithm is applied to the spectrum

chosen as Io, considering it also as the reference spectrum. The retrieved value is

equal to 1.2610 + 11 molecules cm22, a very low amount compared with the typical

range for a.m. and p.m. DSCD values (1.0610 + 16 to 1.0610 + 17 molecules cm22).

4. Observations and discussions

All the following results are presented as vertical or total column densities (except

for figure 5 where the slant columns (DSCD) are plotted). The NO2 VCDs are

calculated by applying to the measured column (SCD, obtained with the DOAS

algorithms (Platt 1994)) the AMF computed with the AMEFCO radiative transfer

model (Petritoli et al. 1999). The AMF value used is approximately 20. To avoid

bias due to the seasonal dependency of the vertical profile and, hence, in the AMF,

different boundary conditions are applied to the model with the aim of disting-

uishing summertime from wintertime air masses. The NO2 VCD at 90u of SZA (for

sunrise—a.m., and sunset—p.m.) is calculated with a cubic interpolation of the data

in the SZA domain, because GASCOD is not able to take measurements at a fixed

SZA. The errors associated with the presented results are in the range of 5–8%.

Values with larger errors, due to very low signal intensity, are rejected. In the plots

shown in figures 5 to 7, error bars are omitted for clarity.

4.1 Seasonal variations

Figure 4 shows plots of the NO2 VCD time series obtained at twilight for the whole

period of activity of the GASCOD spectrometer at TNB. During the first year of

activity (1996) the equipment worked well. In the following years (1997, 1999 and

2000), some hardware and software bugs caused a loss of data for the austral spring

season. In 1998 problems occurred with the power supply of the station and

prevented data acquisition.

A clear seasonal variation emerges from the results. During the austral autumn

(when the Sun starts to descend below the horizon—10/11 February) the NO2 VCD

values decrease from a maximum value of about 5.061015 molecules cm22 to a

minimum (less than 1.061014 molecules cm22), at the beginning of the winter

season (when the Sun remains always below the horizon—7/8 May). At the end of

the polar night (8/9 August) the nitrogen dioxide total column values increase with a

different slope starting from more or less 1.061014 molecules cm22, to the

maximum values at the beginning of the summer season (26/27 October). Both

features are due to the well-known processes of lower stratospheric denoxification

(conversion of NO and NO2 into HNO3) in the winter season. In other words: the

length of daylight strongly affects the NO2 total column values which are also

influenced by the stratospheric temperature. The small pre- and post-winter column

amounts are the result of gas phase reactions converting NO2 into N2O5,

heterogeneous reactions converting N2O5 and ClONO2 into HNO3, and possible

denitrification (that is sedimentation of HNO3 particles leading to reduced NOy). In

summer months the lifetime of HNO3 is reduced by photolysis and reactions with

OH, both releasing NO2. The results presented are in concordance with the data

obtained over the past few years, with similar instrumentation at other Antarctic
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Figure 4. Time series of NO2 VCD measured by GASCOD at Terra Nova Bay station
(1996–2003), during morning and evening twilight.

Figure 5. Terra Nova Bay Station, Antarctica. NO2 slant column (DSCD) variations during
13 February 2001 (left and lower axes) and 15 March 2001 (right and upper axes). On 13
February no substantial chemical processes contribute to NO2 diurnal variation a.m. DSCD
, p.m. DSCD. On 15 March, the decrease in the daylight period causes the deactivation of
photochemical reactions. The formation of N2O5 during the night and its subsequent
photolysis during the day lead to greater NO2 DSCDs in the evening twilight than in the
morning.
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sites (Pommereau and Goutail 1988, Keys and Johnston 1988, Sanders et al. 1989,

Solomon and Keys 1992).

4.2 Daily variations

In order to clarify the daily variation of NO2 at high latitudes, the NO2 DSCD

values are plotted as a function of the SZA for two different days in 2001 (figure 5).

On 13 February, the NO2 a.m. and p.m. DSCD (figure 5, grey circles and white

squares, respectively) are of the same magnitude: this means that no substantial

photochemical processes contributed to the NO2 diurnal variation. In fact, the

horizon covers the Sun for a few minutes only and, thus, the Earth’s shadow cannot

reach the altitude of the nitrogen dioxide bulk (about 30 km). For this reason, the

reactions driving the NO2 to N2O5 conversion during night-time (equations (3) and

(4)) cannot take place. The DSCD behaviour is different for 15 March, when the

a.m. DSCD (figure 5, white circles) values are systematically lower than the NO2

p.m. DSCD (figure 5, grey squares), due to the deactivation of photochemical

reactions caused mainly by the decrease of the daylight period. In fact, the

formation of N2O5 during the night and its subsequent photolysis during the day,

lead to greater NO2 DSCD in the evening twilight than in the morning (Noxon et al.

1979). The continuous sunlight in summer inhibits the formation of N2O5, thus

reducing the diurnal variation. In winter there is no daylight to photolyse N2O5,

which similarly reduces the diurnal variation. At the beginning of the winter, the

reduction of NO2 takes place when, first, all NOx is converted to N2O5 in the

absence of light and, later, to HNO3 and then gravitationally eliminated. This can

also be observed in figure 4, but the long GASCOD activity period at TNB, prevents

a clear view which is possible only by zooming in to certain regions of the plot. The

authors have chosen to zoom in to the years 2001, 2002 and 2003 (figures 6(a), (b)

and (c), respectively).

During the austral autumn season the shape of the a.m. and p.m. NO2 VCD

values is quite regular in all the presented years of measurements, with the a.m.

values systematically lower than the p.m. ones. For the austral spring it is also

possible to note some inversions in a.m. and p.m. values and more scattered results,

mainly due to the geographical location of TNB which causes the station to be inside

the vortex in some periods and outside in others. In this situation, the dynamic

effects hide the usual photochemistry described above. Moreover, during the spring

season, the ozone is depleted through a number of catalytic reactions in the presence

of halogens and light. The NO2 does not react directly with ozone but, as discussed

in Kondo et al. (1994), via the chemical reaction ClO + NO2 + M R ClONO2 + M

and, via heterogeneous reactions on PSCs (Polar Stratospheric Clouds), the NO2

reduces the amount of ClOx which directly affects O3 depletion.

4.3 Stratospheric warming during 2002

Detailed information about the rate of change of NO2 with time can be obtained

with Lagrangian observations, which follow an air parcel as a function of time.

However, the Eulerian measurements presented here can provide some indications.

During 2002, the NO2 VCDs obtained (figure 6(b)) are lower than in 2001

(figure 6(a)) and 2003 (figure 6(c)), but, for 2002 again, the a.m.–p.m. differences are

much larger than in other years. This anomalous behaviour can be explained within

the framework of the sudden stratospheric warming (SSW) which occurred in the
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Southern Hemisphere during austral spring 2002 (Varotsos 2002, 2003, 2004, Yela

et al. 2003). In the following, some atmospheric parameters, such as temperature

and potential vorticity over the TNB station, will be analysed together with the

results obtained for NO2 VCD.

Figures 7 and 8 are plots of the daily mean of morning and evening twilight NO2

VCD (VCD) together with the stratospheric temperature and the potential vorticity,

properly scaled, allowing for direct comparison of these quantities. The behaviour of

VCD time series and stratospheric temperature is quite similar for 2001 and 2003

(figure 7(a), (c)). During the first part of 2002 (figure 7(b)) the behaviour is also

similar, but for the austral spring it is possible to note lower values for VCD and

more scattered data for the temperature, with very high values compared with those

for 2001 and 2003. The highest temperatures occurred in August–September and,

more precisely, for days 215–218 (3–6 August), 225–228 (13–16 August), 234–239

(22–27 August), 243–249 (31 August–6 September), 255–259 (12–16 September) and

Figure 6. Time series of NO2 VCD for (a) 2001, (b) 2002 and (c) 2003.
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264–272 (21–26 September). For these days, the temperatures were similar to those

observed during the austral summer. As shown by Varotsos (2004), this aspect,

together with other dynamic diagnostics, led to the distortion and split of the polar

vortex and to its early disappearance. This last factor could give an explanation of

the high diurnal variation of NO2 VCD (figure 6(b)) during spring 2002, providing

further evidence of non-denitrified extra vortex air, as the NO2 VCD a.m. and p.m.

were of the same magnitude as those obtained for the autumn at TNB. The good

correlation between stratospheric temperature and NO2VCD can be observed also

for 2001 and 2003, since each strong variation in the temperature corresponds with

a variation in the VCD. For example, in 2001 (figure 6(a)), the variation of 11K

from day 259 (16 September with 211K) to day 263 (20 September with 222K)

corresponds with an increase in NO2VCD of 0.961015 molecules cm22 (from 0.5

to 1.461015 molecules cm22). Similarly, in 2003 (figure 6(c)), the difference of 23K

between day 267 (23 September with 210K) and day 272 (26 September with 233K),

Figure 7. Average of evening and morning twilight observations of NO2 VCD (VCD)

along with 20 hPa temperatures at Terra Nova Bay station during (a) 2001, (b) 2002 and

(c) 2003.
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led to an increase in NO2VCD of 2.961015 molecules cm22 (from 1.1 to 3.061015

molecules cm22).

Analysis of the potential vorticity over TNB (figure 8(a), (b), (c)), is a useful tool

for detecting whether the TNB station was inside or outside of the polar vortex. The

value of 240 PVU was fixed as the threshold limit. According to that, during 2001

(figure 8(a)), the vortex was over the TNB station for most of the winter and spring

seasons. Analysing only the period from day 221 to 263 (9 August, 20 September), it

can be seen that the station was outside the vortex for only five days (225, 236, 241,

246, 260). During the same period in 2003, the vortex was far away from TNB for a

higher number of days than in 2001 (15 days can be identified easily from

figure 8(c)). For austral spring 2002 (figure 8(b)), the potential vorticity values are

much higher than in 2001 and 2003 and, for day 221 to 263, the station was out of

the vortex for most of the time. On day 255 (12 September) TNB was in the vortex

for the last time in 2002. For 2001 and 2003 the vortex left the station on days 263

and 266, respectively. Regarding the GASCOD measurements, it can also be noted

that when the station is in the vortex the lowest values of NO2 VCD are obtained.

Figure 8. Potential vorticity at 475K and average of twilight NO2 VCD (VCD) during (a)

2001, (b) 2002 and (c) 2003 at Terra Nova Bay station.
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The earliest disappearance of the vortex in 2002 over TNB also confirms the

occurrence of stratospheric warming in Antarctica.

4.4 a.m./p.m. behaviour

At high latitudes, the fact that the Sun remains above the horizon for a long period

(at TNB about 90 days) involves characteristic a.m./p.m. seasonal variations that are

presented in figure 9. It is possible to verify that for polar regions the a.m./p.m. ratio

converges to 1 in the summer. In February it begins to decrease until about the end

of March and then the ratio increases again until the end of April. After this period,

for some days before the beginning of the polar night, the a.m./p.m. ratio decreases

again. The reason for this observed behaviour could be caused by the very low

values of NO2 VCD measured, near the detection limit of the instrument. At the

beginning of the spring season the a.m./p.m. ratio increases with opposite slope, but

occasionally it assumes values greater than 1, revealing an inversion in the normal

behaviour of the NO2 amount at sunset and sunrise. Inside the polar vortex, in this

period, the largest phenomena of ozone depletion occur, because of chlorine

activation events which also cause low concentrations of nitrogen dioxide. As

pointed out above, TNB is within the polar vortex only during certain periods, so

when it is out of the vortex, the inversion in the a.m./p.m. ratio could be due to the

vortex drift to the vertical of TNB, causing advection of ozone-depleted (and

denitrified) air masses from the highest latitudes.

Short-term fluctuations of about two weeks in the a.m. and p.m. slant column can

also be noted and may be linked to planetary wave transport. Waves are unable to

transport trace species deep into the polar vortex, but can erode material from the

edge of the vortex (Juckes and McIntyre 1987), so the fluctuations correspond to air

masses with high and mid-latitude characteristics, which correspond to viewing

alternately air with different a.m./p.m. ratios.

5. Conclusions

Some improvements to the DOAS technique have been explained. In particular, an

algorithm was presented which allows for the best spectral alignment between a

high-resolution wavelength-calibrated spectrum and a measured spectrum, which is

then utilized as the reference spectrum in the DOAS methodology. This results in a

reduction in the systematic errors that a non-wavelength calibrated reference

spectrum could introduce in the slant column value retrieval. Furthermore the

algorithm is not specific for the GASCOD instrument, but can be applied to spectral

data obtained with any DOAS spectrometer.

A simple technique to estimate the NO2 ‘background absorption’ in the

reference spectrum (Io) for polar-based DOAS systems was presented. It is based

on simple approximations applicable during the polar summer when the Sun

continuously illuminates the stratosphere and NO2 can achieve photochemical

equilibrium.

A simple but effective technique to discriminate cloudy days and snow accumu-

lation on the optical input, which does not require additional measurements, was

also presented. This technique proved very useful in rejecting ‘bad’ spectra from

data retrieval.

Daily measurements on NO2 VCD obtained during sunset and sunrise at TNB

Antarctic station since 1996 were presented and discussed.
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The NO2 VCD seasonal variations shown are obtained by applying the DOAS

methodology to measurements of solar zenith scattered radiation. In the Antarctic

region the maximum nitrogen dioxide content is reached during summer, while the

minimum values are observed in winter, as expected considering the photochemical

activity.

The close relationship between NO2 VCD, stratospheric temperature and

potential vorticity was highlighted. The high diurnal variation of NO2 VCD,

observed during spring 2002, can be explained within the framework of the

stratospheric warming phenomena that led to the anticipated extinction of the polar

vortex. Moreover, there is evidence of no-denitrified extra vortex air, being the

NO2 VCD a.m. and p.m. of the same magnitude as that obtained for the autumn at

TNB. Furthermore, the a.m./p.m. ratio behaviour was analysed. In Antarctica the

a.m./p.m. ratio converges to 1 during long periods of ‘polar day’ and ‘polar night’,

as shown clearly for the TNB station. The high latitude spring is characterized as the

most chemically and dynamically active period, which explains the great scattering

of results retrieved during this season.
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