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Abstract

During the 1990s, Arctic stratospheric temperatures were lower and the breakup of the Arctic vortex occurred later than has been

observed in earlier decades. These cold winters have been followed by significant ozone loss. A clear identification of all the processes

involved in springtime Arctic ozone depletion is complicated by the strong coupling between transport, formation of solid and liquid

aerosols, and halogen activation. One of the key chemical species in the photochemistry of ozone is NO2. As the role of NO2 is

strongly dependent on altitude, it is desirable to know not only the NO2 total column, but also its vertical distribution. We have a

portable UV–Vis grating spectrometer that was deployed at Eureka, Canada (80.1�N, 86.4�W) in spring 1999, 2000, 2001, and 2003,

and at Resolute Bay, Canada (74.7�N, 94.6�W) in spring 2002. Eureka is part of the Arctic primary station of the Network for the

Detection of Stratospheric Change. Among other species, the spectrometer measures stratospheric NO2 through observation of

sunlight scattered from the zenith sky during twilight. Due to the scattering geometry, the NO2 slant column increases with solar

zenith angle (SZA), making it possible to retrieve information about the vertical distribution of NO2 from the observed slant column

variation with SZA. In this paper, we use the optimal estimation technique with a formal characterization of the errors to retrieve

NO2 concentration profiles from slant column observations made at Eureka during March and April 1999. Such measurements can

also be used in the validation of NO2 profile measurements made by satellite instruments.

� 2004 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The dramatic springtime stratospheric ozone (O3)

depletion observed over Antarctica since the mid-1980s

does not occur in the Arctic mainly because of hemi-

spherical differences in meteorology and dynamics.
Temperatures in the Arctic stratosphere are usually

about 10 K warmer than those over Antarctica, pre-

venting the formation of polar stratospheric clouds

(PSCs), which are required for the catalytic cycles that

destroy O3. In addition, the northern polar vortex is
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normally less stable and tends to break up earlier than

the southern polar vortex. Furthermore, the large-scale

transport of ozone-rich air from the tropics naturally

increases Arctic O3 concentrations in early spring,

thereby masking chemically-induced losses.

However, during the 1990s, low stratospheric tem-
peratures and significant O3 depletion have been ob-

served over the Arctic. Springtime polar O3 loss is well

accepted as resulting from chlorine activation on PSCs

and subsequent catalytic photochemical reactions. Al-

though atmospheric chlorine loading is believed to have

reached its maximum or to be already declining, the

cause of the recent observed decrease in stratospheric

temperatures in the Arctic is still not clear. One theory is
that the emission of greenhouse gases could lead to a
ved.
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decrease in Arctic stratospheric temperatures, with the

consequence being enhancement of Arctic stratospheric

O3 depletion in the next two decades. The high degree of

variability of the dynamical and chemical processes

prevailing in the Arctic and the strong coupling between

them makes it difficult to quantify chemical O3 depletion
using total O3 observations alone.

It is thus important that we make measurements of

Arctic stratospheric composition in order to investigate

the magnitude of and mechanisms for Arctic O3 de-

struction, and to monitor the evolution of the Arctic

stratosphere. Having this in mind, we work in campaign

mode deploying an automated ground-based zenith-sky-

viewing spectrometer in the Arctic each year in early
spring. In 1999, 2000, 2001, and 2003, it was deployed at

Environment Canada’s Arctic Stratospheric Ozone

Observatory (ASTRO) at Eureka, Nunavut (80.1�N,

86.4�W) which is part of the Arctic primary station of

the international Network for the Detection of Strato-

spheric Change (NDSC). In 2002, the instrument was

used to make measurements at Resolute Bay, Nunavut

(74.7�N, 94.6�W).
Nitrogen dioxide (NO2) plays an important role in O3

photochemistry, which is strongly dependent on alti-

tude. Below 25 km in the stratosphere, NO2 moderates

O3 loss by converting active chlorine and hydrogen

species to inactive forms. On the other hand, between 25

and 40 km, NO2 is involved in a catalytic cycle (Crutzen,

1970) that accounts for almost half of the O3 removed

by gas phase reactions (Garcia and Solomon, 1994). The
combination of these destruction cycles with those in-

volving odd chlorine and bromine, odd oxygen, and odd

hydrogen determines the photochemical balance of

stratospheric O3. However, observations of the vertical

distribution of NO2 are sparse.

Although satellites provide powerful platforms when

global coverage is required, ground stations are impor-

tant for long-term observations and temporal coverage,
and have the advantage of relatively low cost. The

quantity retrieved from the ground-based observations

of UV–Vis solar absorption is the amount of constituent

in the line-of-sight, known as the slant column (e.g.

Brewer et al., 1973; Noxon, 1975; Solomon et al., 1987).

The use of observations of NO2 absorption during

twilight to measure the stratospheric vertical distribu-

tion of NO2 concentration was first exploited by Noxon
et al. (1979). The technique is based on the fact that the

slant column of a diurnally invariant absorber, such as

O3, increases with solar zenith angle (SZA) at twilight

because of the scattering geometry: as the SZA in-

creases, the mean scattering altitude increases and rises

into the absorbing layer (20–40 km for NO2). Therefore,

the shape of the slant column variation with SZA has

information about the altitude distribution of the ob-
served absorber. The increase of slant column with SZA

at twilight is even greater for absorbers, such as NO2,
whose concentration increases with SZA due to photo-

chemistry. Note that NO2 concentration has a large

diurnal variation caused by the photochemical equilib-

rium with NO during the day and the formation of its

reservoirs N2O5, HNO3, and C1ONO2 at night. Due to

its photolysis, there is a rapid decrease in NO2 column
amount during sunrise as NO2 is converted to NO.

During sunset, NO is rapidly converted back to NO2.

The first application of a formal retrieval method for

NO2 profiles is perhaps the one given by McKenzie et al.

(1991). Their method is based on the weighted Chahine

inversion technique, which is an iterative method that

requires a convergence constraint and does not include a

formal treatment of errors. More recently, Preston et al.
(1997) have proposed an approach based on sequential

estimation, employing a forward model that consists of

a stacked-box photochemical model and a radiative

transfer model. Two advantages of this approach are

that it does not require iterations and it includes a for-

mal treatment of errors.

In this work we use the optimal estimation technique

proposed by Preston et al. (1997) to retrieve NO2 con-
centration profiles from slant column observations made

at ASTRO from March 22 to April 11, 1999.
2. Instrument

The portable ground-based UV–Vis spectrometer

used to measure O3 and NO2 is described in detail by
Bassford et al. (2004). The instrumentation is housed in

a watertight aluminum box (0.8� 0.8� 0.5 m) with a

top-mounted Plexiglas window (UV-grade) to provide a

zenith view of the sky. Zenith-scattered sunlight is fo-

cused onto the entrance slit of an imaging spectrometer

that disperses the light onto a CCD array detector. The

imaging spectrometer (Triax 180, Instruments S. A. Inc.,

Edison, NJ, USA) utilizes a crossed Czerny–Turner
geometry with a focal length of 0.190 m (f /3.9). It is

fitted with an adjustable entrance slit and a triple-grat-

ing turret, which ensures flexibility in resolution and

spectral range. The data analyzed here were acquired

with a slit width of 100 lm and the 400-grooves/mm

diffracting grating. The resulting spectral resolution

(1.1 nm as defined by the peak full width half maximum,

FWHM) was sufficient to retrieve accurate NO2 col-
umns. The detector is a CCD array (800� 2000 pixels,

each 15� 15 lm), which provides a focal plane of

12� 30 mm. The CCD was thermoelectrically cooled to

)30�C to reduce dark current, and back-illuminated to

improve quantum efficiency of the detector in the UV

region. On-chip binning of each pixel column was per-

formed to maximize the signal-to-noise ratio. The in-

strument was characterized in the laboratory before and
after field measurements, and pre-processing of the raw

data included the removal of detector bias and dark
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current. The instrument is fully automated (LabVIEW)

and can be remotely controlled using pcANYWHERE.

Zenith-sky spectra from 320 to 554 nm were recorded

continuously from March 22 to April 11, 1999.
Fig. 1. Ozone vertical column densities measured with the University

of Toronto UV–Vis spectrometer, compared with data from sondes, a

Brewer spectrophotometer operated by the Meteorological Service of

Canada, and the TOMS satellite instrument.

Fig. 2. NO2 vertical column densities at SZA¼ 90� observed with the

UV–Vis spectrometer. Values were obtained assuming a reference

column density of 1.46� 1016 molecule cm�2.
3. Ozone and NO2 vertical column retrievals using DOAS

The acquired spectra are analyzed using the well-

known differential optical absorption spectroscopy

(DOAS) technique (e.g. Brewer et al., 1973; Noxon,

1975; Solomon et al., 1987; Platt, 1994; Otten et al.,

1998). In essence, the technique utilizes the fact that

scattered sunlight observed at twilight transverses a
much longer stratospheric path than scattered sunlight

observed at noon. For NO2, with its maximum con-

centration in the stratosphere, the apparent slant col-

umn density can be enhanced by a factor of about 20 or

so in the twilight spectra relative to the vertical column

density (VCDs).

The Chappuis band (450–540 nm) is used to retrieve

O3. For NO2, the analysis bandwidth is 405–450 nm,
where the O3 absorption is reduced. The spectral anal-

ysis utilizes absorption cross-sections of O3 (Burrows et

al., 1999), O2-dimer (Greenblatt et al., 1990), H2O

(Sarkissian, 1992), and NO2 (Burrows et al., 1998).

Raman scattering is believed to cause infilling of the

solar Fraunhofer lines in spectra of scattered sunlight.

This phenomena, referred to as the Ring effect (Grainger

and Ring, 1962) is taken into account by using a Ring
cross-section calculated using the model of Chance and

Spurr (1997).

The raw spectrum is first pre-processed by subtract-

ing the bias (electronic offset) and the time-weighted

dark current. The slant column densities (SCDs) of O3

and NO2, i.e. the density of the absorber along the op-

tical path are then retrieved as a function of the SZA.

This is done by first ratioing the spectrum to a noon
reference and calculating the optical depth, fitting and

subtracting a polynomial to get differential optical

depth, and smoothing the absorption cross-sections of

all gases to the instrument resolution.

Then a simultaneous least squares fit of the differen-

tial cross-sections to the differential optical depth is

performed to obtain the SCD (Solomon et al., 1987). In

order to retrieve the VCDs, airmass factors (AMFs) are
calculated using the radiative transfer model of

McLinden et al. (2002) which simulates the transfer of

radiation through the atmosphere and associated pho-

ton path lengths through a range of SZA. The O3 profile

used to calculate the AMFs is the average of nine oz-

onesonde profiles obtained between March 1 and April

21, 1999. For the NO2 AMFs, a Gaussian profile was

assumed, having a maximum of 10.7 ppbv at 34 km and
a FWHM of 14 km. O3 VCDs are then obtained using

Langley plots of SCD vs. AMF, while NO2 VCDs are
calculated at 90� using the equation VCD¼ (SCD+

RCD)/AMF, where RCD, the reference column density,

represents the amount of absorber in the reference

spectrum. Through this process, O3 VCDs are recovered

to 5% accuracy while NO2 VCDs are recoved to 12–13%

accuracy (Bassford et al., 2004).
For the twilight spectra used in this paper, the noon

spectrum measured on March 23 (Julian day 82), 1999,

at 79� SZA was chosen as the common reference spec-

trum. Using a single reference spectrum has the advan-

tage of allowing direct comparisons between NO2

differential slant column values as each value is relative

to the same spectrum. Another advantage is the possi-

bility of selecting a good clear cloudless day, reducing
the influence of the troposphere. The O3 and NO2 VCDs

retrieved for each day of the campaign are presented in

Figs. 1 and 2. As can be seen in Fig. 1, our results for O3

compare very well with data from sondes, a co-located

Brewer spectrophotometer operated by the Meteoro-

logical Service of Canada (MSC), and the TOMS sa-

tellite instrument (Version 7). As can be seen from

Fig. 2, the NO2 VCDs for sunset and sunrise approach
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each other over time. Such behavior can be understood

as a consequence of the changing duration of sunlight

and hence of the increasing photolysis occurring. The

length of the day changed from about 7 h at the be-

ginning of the campaign to almost 24 h by the end.
Fig. 3. Langley plot for day 87 (March 28, 1999) using measurements

made at SZA from 80� to 85�. Also shown in the plot is the straight line

fitted to the data (R2 ¼ 0:995).
4. NO2 vertical profile retrievals

In this work, NO2 concentration profiles are retrieved

from the slant column measurements made at twilight

using an optimal estimation inversion algorithm. A de-

tailed description of the retrieval method adopted here,

including a rigorous error analysis and validation stud-
ies, is given by Preston (1995), Preston et al. (1997,

1998). Basically, the NO2 vertical distribution is re-

trieved from the set of NO2 slant columns measured

over a range of SZAs during twilight using the sequen-

tial estimation method (Rodgers, 1976, 1990). Sequen-

tial estimation is based on the standard method of

combining two independent measurements by taking a

weighted average, using the measurement errors as
weights. It involves solving the optimal estimation

equations sequentially, thereby avoiding matrix inver-

sion. Optimal estimation minimizes the difference be-

tween the measured and the calculated slant column

values to determine the optimum solution profile. Ad-

ditionally, it includes a formal treatment of errors and

does not require iterations.

As shown in Preston et al. (1997), the vertical reso-
lution varies from 5 to 7 km through the altitude range

where the method is valid, which is 10–35 km. Below 25

km, systematic errors in the forward model constitute

the dominant source of error. The retrieval method is

sensitive to the vertical distribution of O3 concentration,

aerosol concentration, temperature, and pressure.

A forward model that consists of a stacked box model

and a radiative transfer model is used to calculate NO2

slant column for a given NOx (NO+NO2) profile. The

box model is initialized using a 2-D model interpolated

to the appropriate latitude and time of the year. In fu-

ture work, O3 concentration, pressure, and temperature

profiles will be taken from ozonesonde data for the re-

spective days, when available. The application of this

retrieval technique to our spectrometer data has been

verified using simultaneous ground-based and balloon
data acquired during the MANTRA 1998 campaign

(Melo et al., 2002). As described above, when zenith-sky

spectra are analyzed using DOAS, the quantity retrieved

is really the differential SCDs of the absorber. Since the

observed spectrum for a given SZA is ratioed to the

reference spectrum, in order to calculate the absolute

slant column, the amount of NO2 in the reference

spectrum must be added to the retrieved slant column
amount. One approach for determining the amount of

NO2 in the reference spectrum is to plot the NO2 slant
columns measured at different SZAs on the same day

against the corresponding NO2 AMFs. Those plots are

referred to as Langley plots. If the amount of the ab-

sorber does not change with SZA, the points in the

Langley plot should follows straight line, as is the case

for O3.
In this work, the NO2 reference column density is

determined from the Langley plots using a restricted

range of SZAs. The AMFs for NO2 are calculated using

a radiative transfer model as discussed above. The NO2

differential slant column densities are then plotted

against the calculated AMFs for solar zenith angles

from 80� to 85�, assuming that for such a range of SZAs,

the change in NO2 SCDs is linear with AMF. The ref-
erence column density for NO2 is calculated as the mean

slope of the Langley plots separately for sunrise and

sunset. The Langley plot for day 87 at sunrise is shown

in Fig. 3. The resulting average (all the twilights) value

of 1.46� 1016 molecule cm�2 is used as the NO2 RCD.

This RCD is used in the DOAS NO2 VCD calculations,

but is also required for determination of the absolute

NO2 SCD, which is the quantity used as measurements
in the retrieval of the vertical profile.

On a first inspection, the quality of the vertical profile

retrieval can be seen from the plot of the fitted slant

columns to the observed absolute values. Fig. 4 shows

the a priori, the measured, and the fitted slant columns

as functions of SZA for sunrise on March 31, 1999 as an

example. As can be seen, there is good agreement be-

tween the fitted and the measured values. Although not
shown here, good agreement is also obtained for all the

other days analyzed.

The use of an a priori constraint is a critical part of

any ill-posed retrieval problem. The fact that the num-

ber of measurements is finite while the unknown profile

to be retrieved is a continuous function of height makes

the retrieval problem ill-posed, so that it does not have a

unique solution. Therefore, it is necessary to assume



Fig. 5. Left plot: retrieved NO2 profiles for SZA¼ 90� on March 31,

1999 (day 90) compared with the initial profile. Right plot: error in the

a priori and retrieved profiles. Values were obtained assuming

RCD¼ 1.46� 1016 molecule cm�2.

Fig. 4. NO2 a priori, measured, and retrieved absolute slant column

densities for March 31, 1999 (day 90). Values were obtained assuming

RCD¼ 1.46� 1016 molecule cm�2.

Fig. 6. NO2 concentration as a function of altitude, retrieved from the groun

obtained assuming RCD¼ 1.46� 1016 molecule cm�2.
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some kind of prior constraint. Here the a priori profile is

a NO2 profile derived from the photochemical model. Its

error covariance is defined as 100% of the NO2 profile to

minimize the a priori contribution. One advantage of the

retrieval technique used here is that contribution of the a

priori profile to the final solution can be qualitatively
assessed by comparing the a priori with the retrieved

profile. The retrieved and the a priori profiles for sunset

on March 31 are shown in Fig. 5 (left plot), together

with the retrieved profile for sunrise on the same day.

The error (standard deviation) in the retrieved profile is

compared with the error in the assumed a priori profile

in Fig. 5 (right plot). As can be seen from this figure, the

error in the retrieved profile is smaller than the error in
the a priori for altitudes above about 13 km, indicating

that above this altitude, measurements contribute sig-

nificantly to the retrieved profile. For altitudes above

about 45 km, the error in the retrieved profiles ap-

proaches the error in the a priori, indicating that above

this altitude the observations no longer contribute to the

retrieved profile.

Fig. 6 shows the retrieved NO2 concentrations as a
function of altitude and day of the year for both sunrise

and sunset conditions. As can be seen from this figure,

the amount of NO2 at the peak altitudes increases

through the campaign. Such an increase in NO2 con-

centration is consistent with the increase in the number

of hours of sunlight available to cause photolysis of NO2

reservoir species. It is also observed that the profile bi-

furcates, showing two peaks later in the campaign. It is
thus interesting to look at the O3 profiles measured at
d-based observations at Eureka during the spring of 1999. Values were



Fig. 7. O3 partial pressure measured using a sonde launched from

Eureka at 23:27 UT on March 31, 1999 (day 90).
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Eureka by ozonesondes during the campaign. Fig. 7

shows the O3 profile measured on March 31, 1999, by a
sonde launched at 23:27 UT (18:27 local time). As can

be seen from the figure, the O3 profile also shows two

distinct peaks. Interpretation of these data using models

is in progress.

The SCDs used here are obtained using DOAS.

Therefore, the determination of the absolute SCDs re-

quires the adoption of a value for the amount of NO2 in

the reference spectrum. This value is normally obtained
from the Langley plots as described above, which is

questionable for an absorber that may change with the

SZA. It is thus instructive to investigate the impact of

this quantity on the retrieved NO2 profile. We have re-

peated the retrieval assuming smaller values for the NO2

RCD. We observed that assuming a smaller value,

namely 5.50� 1015 molecule cm�2 (less than half the

amount derived from the Langley plots) for the amount
in the reference spectrum, the retrieved profiles follow a

Gaussian-like shape with a single peak for all days.

However, negative values are obtained for the concen-

tration in the lower part of the profiles (below 20 km).

Increasing the value for the NO2 amount in the refer-

ence spectrum makes the retrieved values become posi-

tive at all altitudes. However, the shape of the retrieved

profile changes, with the peak density becoming broader
and finally bifurcating for later days in the campaign.

We are investigating methods to determine the optimal

value for the column amount in the reference spectrum.

The Eureka ASTRO facility is part of the Network for

Detection of Stratospheric Change. Therefore, it has a set

of other instruments capable of measuring concentra-

tions of trace constituents, temperature profiles, and

PSCs. Analysis of the complete data set, involving col-
laboration with theMSC and use of the CanadianMiddle

Atmosphere Model is underway. The measurements we

have accumulated through field campaigns at ASTRO

provide a unique high northern latitude (80�N) dataset.
5. Summary

We have presented NO2 concentration profiles re-

trieved from slant column observations made at Eureka

during March and April 1999. Although our results are
preliminary because we have not yet included the sonde

measurements of O3 and temperature in our retrieval,

they illustrate the usefulness of our instrument mea-

surements for the retrieval of vertical distributions of

NO2 concentration in the high Arctic during spring

transition. Work is now in progress to complete the

analysis of the Eureka 2000, 2001 and 2003 and Reso-

lute Bay 2002 data and to compare the measurements
with atmospheric models. The dataset may also be

useful for complementing and/or validating satellite

observations made at high latitudes.
Acknowledgements

This work was supported by the Canadian Founda-
tion for Climate and Atmospheric Sciences, the Northern

Scientific Training Program, the Canadian Northern

Studies Trust, and NSERC. The Eureka ASTRO facility

is operated by Environment Canada and we are very

grateful to the scientists involved, particularly H. Fast, V.

Woora, A. Bouchard, S. Mercer, T. Mathews, V. Sa-

vastiouk and B. Harvie, for their support of this project.

We also thank K. Chance for providing the Ring model.
The TOMS O3 measurements (shown here for compari-

son) can be found at http://jwocky.gsfc.nasa.gov.
References

Bassford, M.R., Strong, K., McLinden, C.A., et al. Ground-based

measurements of ozone and NO2 during MANTRA 1998 using a

new zenith-sky spectrometer, Atmosphere-Ocean, 2004 (in press).

Brewer, A.W., McElroy, C.T., Kerr, J.B. Nitrogen dioxide concentra-

tion in the atmosphere. Nature 246, 129, 1973.

Burrows, J.P., Dern, A., Deters, B., et al. Atmospheric remote-sensing

reference data from GOME. Part 2: temperature-dependent

absorption cross-sections of NO2 in the 231–794 nm range. J.

Quant. Spectrosc. Radiat. Transfer 60, 1025, 1998.

Burrows, J.P., Richter, A., Dern, A., et al. Atmospheric remote-

sensing reference data from GOME. Part 2: temperature-dependent

absorption cross-sections of O3 in the 231–794 nm range. J. Quant.

Spectrosc. Radiat. Transfer 61, 509, 1999.

Chance, K.V., Spurr, R.J.D. Ring effect studies: Rayleigh scattering,

including molecular parameters for rotational Raman scattering,

and the Fraunhofer spectrum. Appl. Opt. 36, 5224, 1997.

Crutzen, P.J. The influence of nitrogen oxides on the atmospheric

ozone content. Quant. J. Roy. Meteor. Soc. 96, 320, 1970.

Garcia, R.R., Solomon, S. A new numerical model of the middle

atmosphere, 2, ozone and related species. J. Geophys. Res. 99,

12937, 1994.

Grainger, J.F., Ring, J. Anomalous Fraunhofer line profiles. Nature

193, 762, 1962.

Greenblatt, G.D., Orlando, J.J., Burkholder, J.B., et al. Absorption

measurements of oxygen between 330 and 1140 nm. J. Geophys.

Res. 95, 18, 1990.

http://jwocky.gsfc.nasa.gov


792 S.M.L. Melo et al. / Advances in Space Research 34 (2004) 786–792
McKenzie, R.L., Johnston, P.V., McElroy, C.T., et al. Altitude

distribution of stratospheric constituents from ground-based mea-

surements at twilight. J. Geophys. Res. 96, 15499, 1991.

McLinden, C.A., McConnell, J.C., Griffioen, E., et al. A vector

radiative-transfer model for the Odin/OSIRIS project. Can. J.

Phys. 80, 375, 2002.

Melo, S.M.L., Strong, K., Farahani, E., et al. Retrieving stratospheric

NO2 vertical distributions from ground-based measurements, in:

International Geoscience and Remote Sensing Symposium

(IGARSS), Toronto, Canada, June 24–28, 2002. Proceedings of

IGARSS 2002, IEEE, Piscataway, NJ, USA, pp. 54–56, 2002.

Noxon, J.F. Nitrogen dioxide in the stratosphere and troposphere

measured by ground-based absorption spectroscopy. Science 189,

547, 1975.

Noxon, J.F., Whipple Jr., E.C.W., Hyde, R.S. Stratospheric NO2 1.

Observational method and behavior at mid-latitude. J. Geophys.

Res. 84, 5047, 1979.

Otten, C., Ferlemann, F., Platt, U., et al. Ground-based DOAS UV–

visible measurements at Kiruna (Sweden) during the SESAME

winters 1993–94 and 1994–95. J. Atmos. Chem. 30, 141, 1998.

Platt, U. Differential optical absorption spectroscopy (DOAS), in:

Sigrist, M.W. (Ed.), Air Monitoring by Spectroscopic Techniques.

John Wiley and Sons, New York, 1994.
Preston, K.E. The retrieval of NO2 vertical profiles from ground-based

twilight UV–Visible absorption measurements. Ph.D. Thesis,

University of Cambridge, Cambridge, 1995.

Preston, K.E., Jones, R.L., Roscoe, H.K. Retrieval of NO2 vertical

profiles from ground-based UV–visible measurements: method and

validation. J. Geophys. Res. 102, 19089, 1997.

Preston, K.E., Fish, D.J., Roscoe, H.K., et al. Accurate

derivation of total and stratospheric vertical columns of

NO2 from ground-based zenith-sky measurements. J. Atmos.

Chem. 30, 163, 1998.

Rodgers, C.D. Retrieval of atmospheric temperature and composition

from remote measurements of thermal radiation. Rev. Geophys.

Space Phys. 14, 609, 1976.

Rodgers, C.D. Characterization and error analysis of profiles retrieved

from remote sounding measurements. J. Geophys. Res. 95, 5587,

1990.

Sarkissian, A. Observation depuis le sol des nuages et des poussi�eres

dans 1’atmosph�ere. Applications �a la stratosph�ere polaire et �a
l’atmosph�ere de Mars. Ph.D. Thesis, Universite de Paris, Paris,

1992.

Solomon, S., Schmeltekopf, A.L., Sanders, R.W. On the interpretation

of zenith sky absorption measurements. J. Geophys. Res. 92, 8311,

1987.


	NO2 vertical profiles retrieved from ground-based measurements during spring 1999 in the Canadian Arctic
	Introduction
	Instrument
	Ozone and NO2 vertical column retrievals using DOAS
	NO2 vertical profile retrievals
	Summary
	Acknowledgements
	References


