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Section 6: Detailed report related to overall project duration

6.1 Background

Figure 6.1.1-1. Monthly mean total
ozone over the Northern Hemisphere for
the month of March for the years 1980
(left) and 1997 (right). Figures are based
on data from TOMS on Nimbus-7 and on
the Earth Probe.

Figure 6.1.1-2. GCM calculations
coupled with stratospheric chemistry
show than one can expect the ozone
minimum in March to drop down to
around 120 DU in certain winters
between 2010 and 2019. In Antarctica
one could expect ozoneto drop down to
75 DU. Adapted from Shindell et al.

In the Antarctic, springtime O, started to decrease dramatically in the early
1980’ s. From 1980 onwards the size of the “ozone hole”, defined as that region
having O, value below 220 DU, grew, and in addition it persisted for increasingly
longer periods. After about 1989 the extent of depletion has stayed fairly constant
with arguably someincrease in size and duration. As aresult of the halogen in-
duced depletion cycles, it appears that throughout the 1990s, the stratospheric po-
lar vortex air below approximately 25 km had very low values of ozone: the
hal ogens being activated by the multi-phase or heterogeneous reactions of the so-
called halogen reservoir species (eg. HCl, CIONO,, HOCI, BrONQ, etc.) on polar
stratospheric clouds (PSCs), which form at relatively low stratospheric tempera-
tures. The source of the halogens is primarily the anthropogenic release of chlo-
rofluorocarbon compounds (CFCs), their substitutes, the HCFCs, the halons,
methyl bromide and related compounds. The stratospheric dynamics above the
Arcticin winter and spring isin comparison with that above Antarctica less pre-
dictable. It aso appears that the ozone depletion in the polar vortex seems to be
somewhat time lagged compared to that above Antarctica. Several winters win-
tersin the 1990s associated with astrong and persistent polar vortex in the North-
ern Hemisphere and low temperatures have been characterised by severe Arctic
ozone loss. Figure Figure 6.1.1-1 shows how the change from 1980 to 1997.
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Theinthe 1970’ sthetypica behaviour of having an ozone*high” over the polar
cap isin recent winters no longer the case. This pattern of stratospheric ozone be-
haviour resemblesthat observed over Antarctica, although the depletionisless se-
vere. In general the most significant cases of ozoneloss have been associated with
unusually low temperaturesin the Arctic stratosphere. Examplesof thisbehaviour
wereinthewintersand springs of 1995/1996, 1996/1997 and it appearsthat 1999/
2000 isfollowing this pattern. In contrast the stratosphere had an early warming
in 1997/1998 and 1998/1999, and consequently the polar vortex was not stable.
Nevertheless halogen activation and some associated ozone depletion could be
observed in the polar vortex.

Recently alink between global warming and stratospheric ozone depletion has
been made. The resultant cooling of the stratosphere appearsto stabilise the polar
vortex and increase ozone depletion. Simulations coupling general circulation
models with stratospheric chemistry predict that the total ozonein the Arctic vor-
tex in March can drop to 120 DU during the decade from 2010 to 2019 [Shindell,
et al. 1998]. Thisisillustrated in Figure 6.1.1-2. Although these calculations are
uncertain, they show that the coupling between ozone and climate can cause se-
vere ozone depletion after the maximum in halogen loading has been reached.

48 QUILT - Final Report



6.1 Background

At mid latitudes significant ozone depletion is aso observed. The explanation
of this phenomenon is not yet fully understood, having aspects of dilution of
ozone poor air from the polar vortex, possible halogen activation and homogene-
ous gas phase catalytic destruction of ozone by halogen speciesin the middle and
upper stratosphere. Several other factors that remain yet to be explained include:

0 Theincreasing trend of stratospheric NO,. The trend is larger than
expected from decreasing aerosol loadings, and models also appear to
under estimate NO, in Polar Regions.

00 What isthe role of stratosphericiodine, i.e., O, in stratospheric ozone
depletion?

In summary as aresult of the non-linear complex nature of the atmosphere
chemistry, transport models of the atmosphere in spite of large improvementsin
their accuracy inthelast 25 years, continueto rely on the long-term measurement
of atmospheric composition. For policymakers there is a clear need to continue
and improvethe accuracy of measurements of stratospheric constituents and com-
bine these with models describing and predicting the behaviour of the strato-
sphere. The growing risk for future ozone loss increases the need for reliable
atmospheric chemistry models. The objectivesof QUILT specifically addressthis
need. QUILT aimsto combine not only validated global measurements of ozone
and key stratospheric constituents and test the capability of the atmospheric mod-
elsusing existing data, but to extend and improve the data set for the period 2001
to 2003 when stratospheric halogen loading is predicted to reach its maximum. In
addition it will continue to provide the user community with near real time data
products from the European satellite instrument GOME.

References:

Shindell, D.T, D. Rind and P. Lonergan, Increased polar stratospheric ozone losses and
delayed eventual recovery owing to increasing greenhouse-gas concentrations,
Nature, 392, 589-592, 1998.

WMO (1998), Scientific Assessment of Ozone Depletion: 1998, Global Ozone Research
and Monitoring Project, Report No. 44, ISBN: 92-807-1722-7.
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Section 6: Detailed report related to overall project duration

6.2

50

Scientific, technological and socio-economic objec-

tives

6.2.1 Scientific/technological objectives

Withinthe QUILT project several centra outstanding issues within thefield of
stratospheric ozone depletion have been addressed:

1. To determine the abundances of stratospheric ozone, the key free radicals
NO,, BrO, OCIO and 10 throughout the period of 1990 to 2003 by analys-
ing measurements made by the global ground-based ultraviolet/visible
spectrometer network, existing balloon-borne ultraviolet/visible observa
tions and by the European satellite instruments GOME and possibly SCIA-
MACHY.

2. To quantify the extent of chemical ozone depletion on aglobal scale during
the 1990s and beyond, and to determine the relative contributions to this
depletion of different chemical species. The cumulative chemical ozone-
loss and its geographical extent will be determined.

3. To improve our knowledge of the latitudinal, seasonal and interannual
trendsof NO,, BrO, OCIO and possible O, and to interpret therole of these
species in terms of the long-term effects on stratospheric ozone.

4. To use the data and insight gained from the three points above to close the
gap between measured and theoretically calculated ozone loss viathe cre-
ation of the best possible synergy between existing measurements and
models.

6.2.2 Socio-economic objectives

The European Dimension of the Problem

The thinning of the ozone layer is aglobal problem and therefore affects all of
Europe. The substantial 0zone lossthat has been observed inthe Arctic has affect-
ed Europe morethan other regions of the Northern Hemisphere. Thisisdueto the
fact that the polar vortex often is shifted towards the European sector of the Arctic
because of the Aleutian high (a high-pressure system that sits over Alaska and
Eastern Siberia). Therefore, the depletion of stratospheric ozoneis not a problem
for asingle nation or a small region. At the present moment, we are witnessing
what potentially may become the most severe ozone-loss conditions yet observed
in the European Arctic stratosphere. The problem is common to all European
countries. It isof strategic importance to Europe to obtain a better understanding
of the ozone layer problem. GCM calculations predict that the coupling of ozone
and climate may lead to far more dramatic ozone loss during the decade from
2010 to 2020 than has been observed during the 1990s. It will therefore be of im-
portance to further improve European atmospheric chemistry modelsin order to
calculate future projections of stratospheric ozone-loss with greater accuracy.

The impact of carrying out the project at a European level isfar greater than if
it wereto be carried out separately through isolated national projects. One reason
for thisisthe need to combine data obtained by different experimental techniques.
In order to get a complete picture of the processesthat cause ozone depletion one
needs to collect data on as many chemical compounds and atmospheric parame-
tersaspossible. Thisimpliesjoining the skills, competence and instrumental tech-
nologies of severa nations. Thereisno single nation in Europe that possesses the
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6.2 Scientific, technological and socio-economic objectives

range of instruments and theoretical modelsthat are necessary to get areasonable
overview of the processes responsiblefor ozone depletion. QUILT consists of the
entire range of UV-Vis techniques, the European NDSC UV-Visible ground-
based stationsin several countries, balloon-borne spectrometers, and 3-D CTM
modelling techniques from three different nations (UK, France and the Nether-
lands). It isbeyond the resources of one single nation to carry out such acomplete
observationa and modelling project.

This project involves ten European research institutions. These institutions con-
stitute alarge part of the European know-how in the areas of UV-visible ground-
based monitoring, balloon-borne measurement techniques, satellite measure-
ments of stratospheric species, and associated modelling activities. In addition,
UV-visible spectroscopy is aso the most proven and validated method available
for the detection of stratospheric ozone loss. The project aims at measuring strat-
ospheric components that influence stratospheric ozone depl etion over Europe.
The compounds of interest include BrO, OCIO, NO,, O, and 10. These com-
pounds are derived from a combination of both natural and anthropogenic sourc-
es. The project will focus more particularly on halogenated species that are of
specid interest and concern due to their relatively large anthropogenic contribu-
tion, as well astheir strong ozone depletion potentials. Although this area of re-
search can be considered as global in perspective, the emphasiswill be placed on
the European scale. This means that the research in this project directly or indi-
rectly addresses problems common to all European countries: stratospheric ozone
depletion, globa change and factors leading to changesin surface level UV irra-
diance. The project also aims at the improvement of data productsfrom European
satellites, through the reinforcement of the existing collaboration between the
ground-based and balloon communities, and the community of new satellitein-
struments.

The European Added Value of the Consortium

The research described herein cannot be carried out by one single country due
toitstrans-national dimension and geographical coverage, which means that the
European approach adds value compared to alocal, national or bilateral approach
which would only shed light on limited aspects of the problem. The project needs
to be carried out at acommunity rather than national level in order to combine and
obtain sufficient skills and resources both in human, technological and financial
terms. The consortium established incorporates the European ground-based UV -
visible network, balloon-borne instrumentation, satellite dataexploitation and 3D
model investigations: obviously a service that can only be provided by amultina-
tional group. Such activitiesmust be conducted in order to aid in the evolution and
implementation of EU environmental policy. The use of the NADIR data centre
also contributesto the European added value. This data centre has been used with
successin earlier ozone campaigns such as EASOE, SESAME, THESEO and Eu-
roSOLVE. Theresearch isalso of strategic importance sinceit will contribute to
putting Europe at the forefront in the international scene of ozone layer research.
The NADIR data centre will play an important role in WP6000, whereby the
QUILT consortiumwill provideaNRT data product servicefor the scientific and
general community. Information consisting of both NRT measured datafrom the
GOME satellite instrument and Arctic ground-based DOAS systems, aswell as
NRT 3D-CTM resultson Arctic ozone-losswill be made available viathe project
webpages.
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............

Figure 6.2.2-1. Excess skin cancer
incidence in North-West Europe under
three different scenarios for ODS
reductions. The blue curve shows the
result for no action, the red curve for
the first Montreal Protocol and the
green for the Copenhagen amendments
of the Protocol. Note the logarithmic
scale on the y-axis. Adapted from Sa-
per et al.

The project’s contribution to EU policies

European countries and the European Union have responsibilities under the
Montreal protocol of the Vienna Convention, itsamendments and the Framework
Convention on Climate Change. Knowledge about the state of the ozone layer
constitutes the basis for negotiations and decisions on the political level concern-
ing the phase-out of ozone depl eting substances. The Intergovernmental Panel on
Climate Change (IPCC) will consider aircraft impactsin its next report. For these
reasons, it isessential that thereisastrong, independent European scientific effort
in stratospheric research. QUILT will contribute to the knowledge which is nec-
essary to formulate asound environmental policy which aimsat protecting the en-
vironment by quantifying both chemically-induced ozone loss in the Arctic and
at mid-latitudes. The improvement of computer models, which is one of the main
goalsof QUILT, isnecessary for the prediction of future ozone loss. Such predic-
tionswill haveimplicationsfor community policies on the phase-out of ozone de-
pleting substances. Within the QUILT consortium, several validated European
3D-CTMs have been included.

Quality of lifeand health and safety

If it had not been for the existence of ozone observing networksthe use of ozone
depleting substances would have continued unabated and the thinning of the
ozone layer would not have been discovered until severe effectswere evident. For
humans an increase in UV-B radiation can cause skin cancer, eye cataracts, sun-
burn, snow blindness, skin ageing and depression of the immune system. Non-
melanoma skin cancer is one of the most common forms of cancer in humans and
arelation with UV-B radiation has been established (WMO, 1998).

Figure 6.2.2-1 shows the excess skin cancer rate that would result under three
different scenarios: 1) No reductionsin emissions (or “businessasusual”) 2) The
first Montreal Protocol and 3) The Montreal Protocol with the Copenhagen
amendments.

Had no action been taken the skin cancer incidence would have increased to
more than 2000 per million inhabitants per year in the year 2100. This represents
a quadrupling compared to the actual skin cancer incidence. The first Montreal
Protocol from 1987 would not have been enough to reverse this trend. Only with
the London, Copenhagen and Vienna Amendments and Adjustments are the re-
strictions severe enough to prevent arun-away depletion of ozone (WM O, 1998).
Since non-compliance is one of the most important current problemsfor the pres-
ervation of the ozone layer it isimportant that one continues to keep a close eye
on the development. In addition to non-compliance there are others threats to the
ozone layer: The increasing concentrations of greenhouse gases will lead to a
cooling of the stratosphere, which will lead to a higher probability for PSC for-
mation and hence halogen activation. Increasing amounts of water vapour in the
stratosphere, due to air traffic and increased amounts of methane, will also con-
tribute to more PSCs in the Arctic winter. All these negative developments call
for a better understanding of the processes that cause ozone depletion and they
giveriseto aneed for modelsthat can predict the future development of the ozone
layer under various scenarios. Theresultsfrom QUILT will contribute to a better
understanding of these processes and thereby to the improvement of models that
predict future ozone change. Better models will enable us to better predict the
conseguences of various political actionsto reduce ODS emissions and hence are
important for the health and well-being of the citizens of Europe during the next
century.

Theresearch carried out within this project will contribute to improve the exist-
ing network capabilities for long-term monitoring of stratospheric oxygenated
halogens, and to assess current 3D models in their ability to reproduce these ob-
servations. A new aspect of increasing importance will be the better exploitation
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of the data from European satellites for studying stratospheric ozone trends as
well asthe effects of large-scal e tropospheric pollution. Thiswill lead to a better
understanding of the mechanisms involved in ozone destruction in mid- to high
latitude regions.

Preserving and/or enhancing the environment and the min-
Imum use/conser vation of resources

Thisaspect cannot be over emphasised. The main aim of such researchisfor the
better understanding of natural processes that can directly contribute to the pres-
ervation and conservation of natural resources. The project proposed here im-
proves the scientific underpinning of international and European environmental
legidation such asthe Montreal Protocol, the subsequent amendments and future
revisions. Improvement in the quality of health and life/ecosystems, can be ex-
tended to cover aso the preservation and enhancement of the environment. The
ultimate goal of environmental legislation isto reduce the exposure of humans
and ecosystems to toxic effects. A better understanding of the processes that in-
fluence stratospheric ozone can play avery significant rolein thiswide reaching
social issue.

M arine r ecour ces:

UV-B radiation has been found to affect aquatic ecosystems, by limiting the
production of phytoplankton and causing damageto the early development stages
of fish, shrimp, crab, amphibians and other animals (UNEP, 1995). Phytoplank-
ton form the basis of the food chain in the oceans;, more than 30% of the world's
human consumption of animal protein comes from the sea, with an even larger
percentage in developing countries. One study (Smith et al. 1992) has shown that
areduced production of phytoplankton of 6-12% that occurred around the waters
of Antarcticawas directly related to an increase in UV-B resulting from the Ant-
arctic ozone hole. As phytoplankton form alarge sink for atmospheric CO, this
may also influence atmospheric CO, concentrations and the enhanced greenhouse
effect in thefuture, but this effect has not been demonstrated yet. The Barents Sea
istheregion in the world with the highest production of biomass. Damage on
plankton in thisareacan have negative consequences on the fish that feed on these
microorganisms. Thiswill again have large economic effects for the fishing in-
dustriesin Europe.

Agriculture:

The growth of terrestria plantsis also affected by UV-B radiation, even at
present-day levels. There are large differencesin UV-B response among species.
Plants have several mechanismsto repair the effects of UV radiation and may, to
a certain extent, adapt to increased radiation levels. UV radiation could affect the
biodiversity of ecosystems by changing the balance of species. In agriculture, in-
creased UV-B levels may decrease crop yield, which may necessitate the use of
more resistant species or new cultures (UNEP, 1995). In order to assessthe future
UV climatein Europe one must have agood knowledge of the processesthat lead
to ozone depletion and modelling tool s that can apply thisknowledgein computer
simulations of the future.

Other effects:

Increased levels of UV-B radiation may cause damage to materials, such as
plastics, dueto photo-degradation. Thismay limit thelifetime and quality of these
materialsand increase costs by requiring higher levelsof light stabilisersor earlier
replacement of thematerials. In addition, UV radiation affects chemical processes
in the lower atmosphere. It contributes to tropospheric ozone concentrationsin
polluted regions and influences the atmaospheric lifetime and concentration of a
large number of compounds, including several greenhouse gases.
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6.3 Applied methodology, scientific achievements and
main deliverables

6.3.1 WP 2000: Improved UV-Visible data
products

WP 2100: Ground-based off-axis DOAS meas-
urements of BrO, NO, and 10

Applied methodology and scientific achievements

Ground-based differential optical absorption spectroscopy (DOAS) measure-
ments of atmospheric trace gases in their traditional setup — measuring skylight
scattered in the zenith — have a high sensitivity towards stratospheric absorbers.
However, zenith-sky DOAS observation can be affected by trace gasesin the
troposphere, which potentially leadsto an improper assessment of the stratospher-
ic column:

1. Local pollution can cause strong increases in NO, column densities, and
which can lead to an overestimation of the stratospheric column if the tropospher-
ic fraction of the NO, profile cannot be determined with sufficient accuracy.

2. A systematic bias between BrO vertical columns measured from ground and
from satellite [Van Roozendael et al., 2002] indicates the possible presence of a
global BrO background in the free troposphere. BrO concentrations of (0.6 £ 0.2)
ppt being present in the free troposphere are inferred from ballon-borne DOAS
measurements [ Fitzenberger et al., 2000], and this tropospheric BrO background
is expected to have a significant impact on measurements of the total column.

3. Released from sea sdlt, the presence of high amounts of reactive brominein
the boundary layer during polar spring causes strongly increased column densities
of BrO[Friel3et a., 2004; Oetjen et d., 2002; Wittrock et a., 2000]. These events
lead to strong discrepanci es between modelled and measured BrO when total BrO
columns are compared [ Sinnhuber et al., 2002] and exacerbatesthe interpretation
of the seasonal variability of BrO in polar regions [Sinnhuber et a., 2002; Frief
et a., 2004b; Wittrock et d., 1996].

I Multi- Axis- (MAX-) DOAS, a measurement technique that has become more

and more popular in recent years, has the potential to discriminate between trop-
Figure 6.3.1-1. Sketch of the measure- ospheri_c and stratospheric absorbers. By observi ng scat_tered light not only from
ment geometry used by the MAX-DOAs  thezenith but also from sky closeto the horizon, along light path through the low-
instruments. With a scattering heightin ~ €Most atmospheric layers and a strongly increased sensitivity to trace gaseslo-
the middle troposphere, the zenith view- cated close to the surface can be achieved (see Figure 6.3.1- 1)

ing measurement (black) is weighted The main objective of thisworkpackage is the better assessment of purely strat-
L%anzfsérgj;atﬁzﬁ:wf’(ﬁgi&s ospheric columns using ground-based MA X-DOAS measurements of atmospher-
alarge sensi tiv?ty tothe layerscloseto 1€ trace gases. This measurement technique allows separating tropospheric and
the ground. In first approximation, the stratospheric partial columns, Whl_ch |s_a§ent|_al for the interpretation of zenl_th
stratosphericlight paths arethe samefor  SKY Measurements and may explain existing differences between stratospheric
both measurement geometries, enabling Model results, ground based and satellite borne observationsthat are sensitive for

the boundary layer concentrationsto be ~ the total atmospheric column.
derived.
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Table 6.3.1-1.  Ground-based

MAX-DOAS measurements

performed during the QUILT project

period.
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Figure 6.3.1-2. The UV-Vis spectrom-
eter network of the University of Bremen

(BREDOM network)

LB SR

Ty ifs \
== )
ira -" J

During the QUILT project period, MAX-DOAS measurements of atmospheric
trace gases have been performed at various locations, covering the Arctic, the
northern mid- latitudes, the tropics and Antarctica, aswell as 4 ship cruises from
Bremerhaven to Antarctica onboard the Polarstern research vessel (see Table
6.3.1-1). In addition partner 2 (IASB), 3 (Univ. Bremen) and 5 (Univ. Heidel berg)
particapated in the NDSC intercomparison in Andoyain February 2003 and in
two campaigns within the FORMAT project with a MAX-DOAS setup.

Lat Lon L ocation Period Participant
825| -62.3| Alert/Canada 04-06/2000 IUPHD
789| 11.9| Ny-Alesund/Spitsbergen 03/2000 - present | UHB
72.0| -38.0| Summit/Greenland 07/2003 - present | UHB

69.3 16 | Andoya/Norway 02/2003 UHB, IUPHD
and IASB

53.0 8.0 | Bremen/Germany 10/2000 — present | UHB

494 8.7 | Heidd berg/Germany 05-08/2003 IUPHD

47.3| 10.6 | Zugspitze/Germany 02/2002 —| UHB
07/2002

455 9.2 | Milano area/Itdy 07 — 08/2002 and | IUPHD, UHB
09/2003 and IASB

439 5.7 | OHP/ France 01/2001 —| IASB
07/2002

83| -71.6| Merida/Venezuda

5.8| -55.2| Paramaribo/Suriname
-1.2| 36.8| Nairobi / Kenya

-21.1 55.5 | Reunion

-70.6 8.3 | Neumayer/Antarctica
-77.8| 166.7 | Arrivd Heights/Antarctica

03/2004 — present | UHB
06/2002 - present | IUPHD
09/2002 — present | UHB
07/2004 - present | IASB
01/2003 - present | IUPHD
10/1998 - present | IUPHD

As an example for the multi-axis DOA'S technigque we describe the instrumen-
tation and data analysis used withing the Bremian DOAS network (BREDOM) in
more detail:

Within the network asimilar setups were build up at all stations (Ny-Alesund,
Bremen, Zugspitze, Merida, Nairobi)(see Figure 6.3.1-2). Themain componentis
agrating spectrometer equipped with a 2-dimensional CCD detector. Lightis
transmitted from a simple telescope to the spectrometer through a quartz fibre
bundlethat also convertsthe spherical aperture of the tel escope to the rectangular
dlit of the spectrometer. In addition, the quartz fibre bundle efficiently de-polar-
izesthe light, an important quality as polarisation of skylight is changing during
the day and grating spectrometers have different sensitivitiestowards parallel and
perpendicular polarised light.

Thetelescopeused isshownin Figure 6.3.1-3 and consists of two viewing ports,

one to the zenith sky and another towards the horizon. A rotating mirror can be
moved into the field of view of the zenith viewing fibre, directing the view to-

A wards the horizon at elevation angles between 0° and 30°. Usually, a sequence of

4 different horizon measurements and one zenith sky measurement istaken, each
measurement averaging over roughly 1 minute, adding up to atotal of 5 minutes
for each measurement cycle. However, theinstrument isfully programmable and
other sequences can be selected for specific situations.

To assure high quality measurements, the instruments have to be kept as stable
aspossible and be calibrated on aregular basis. To provide calibration, the instru-
ments are equi pped with aHgCd spectra line lamp and atungsten lamp in thetel-
escope. Each night, caibration measurements are performed automatically,
providing data for monitoring of system performance (spectral alignment, spec-
tral resolution, radiance throughput) and for the correction of instrument parame-
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Figure 6.3.1-3. Schematic (left) and
photo (right) of the telescope used by the
BREDOM instruments

6.3 Applied methodology, scientific achievements and main deliverables

tersin the dataanalysis (dit function, pixel-to-pixel variation). The spectrometer
ishoused in an insulated box that is maintained at constant temperature through-
out the measurements; the CCD detector is cooled to provide low dark signal. As
thetelescopeisusually situated outside of abuilding, it is heated to guarantee mo-
tor operations and to avoid accumulation of ice and snow on the optical ports.

Operation of the instrumentsis fully automated and data acquisition is control-
led by a computer as afunction of time and solar elevation. Data collection as
well asinstrument control is performed viainternet connection. Depending on the
location, computer time is adjusted via the internet of from a built in GPS receiv-
er. Except in the case of hardware failure, the instruments run without mainte-
nance for many months.
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Heating toil

Zenith window
ON=Axis-window
Turntable driven by motor
Mirror
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The basic quantity measured by the instruments are spectra between 320 and
600 nm at a spectral resolution of 0.5 to 1.5 nm. Measurements are taken at dif-
ferent solar el evations throughout the day and quasi simultaneously at different
viewing angles. From the spectra, optical densities of anumber of absorbersinthe
UV and visible spectral region can be retrieved using the Differential Optical Ab-
sorption Spectroscopy (DOAS) technique. In order to apply the DOAS retrieval,
abackground spectrum hasto be selected to compensate for the strong Fraunhofer
linesthat are evident in solar radiation and also in scattered sun light. This back-
ground spectrum is either a zenith-sky measurement taken at high sun with the
sameinstrument, or ameasurement taken at the sametime but in adifferent view-
ing direction. The result of the DOAS analysisis a quantity called slant column
that corresponds to the integrated amount of the absorber along the (mean) light
path through the atmosphere. If the background spectrum also contains atmos-
pheric absorptions, the differential slant column, that is the difference in absorp-
tion between the two measurementsis retrieved.

To convert this quantity into ageometry independent column, aradiative trans-
fer model is used to simulate thelight path through the atmosphere for agiven sit-
uation, and to compute an enhancement factor (airmass factor) that provides the
ratio between the measured dant column and the vertical column that is the ab-
sorber concentration integrated vertically from the surface to the top of the atmos-
phere.
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Figure 6.3.1-4. BrO slant column densi-
ties measured during ALERT2000: the dif-
ferent telescope el evation angles are shown
as different symbols. Adapted from Hon-
ninger and Platt [2002] .
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Daytime BrO, NO, and 10 slant columns measured at sites us-
ing both off-axis viewing and zenith-sky geometry (D5)

MAX-DOAS observationsof BrO and itsvertical distribution during
surface ozone depletion at Alert

MAX-DOAS measurements of boundary layer BrO were conducted during the
ALERT?2000 polar sunrise experiment at Alert, Nunavut, Canadain April/Mai
2000 [Honninger, 2002; Honninger and Platt, 2002]. For thefirst time the MAX-
DOA Smethod was applied to derivevertical profileinformation of BrO. BrOwas
observed at slant column densities (SCDs) of up to 10 molecules/cm? during a
10-day period. Thelargest BrO SCDswere found by observing scattered sunlight
from 5° above the horizon, and SCDs were decreasing with increasing elevation
angles of the light-receiving telescope. For zenith scattered light the lowest ab-
sorption was recorded. Radiative transfer modelling and the calculation of air
mass factors show that in most cases the bulk of the observed BrO was present in
alayer of 1 £ 0.5 km thickness above the surface, e.g. in the boundary layer, and
a corresponding BrO mixing ratio of 20-30ppt was inferred.
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BrO has been measured using a spectrometer for the near UV in combination
with a moveabl e telescope. Scattered sunlight has been observed sequentially
from 6 different elevation angles (zenith, 60°, 40°, 20°, 10°, and 5° above the ho-
rizon). The BrO dSCDs measured during the ALERT2000 campaign are shown
in Figure 6.3.1-4. A period of strong BrO enhancement occurs between Mai 26"
and June 6", with dSCDs reaching values of more than 10* molec/cn?. The
dSCDs observed from different elevation angles show a clear separation, with
higher values for lower elevations. This finding strongly suggests that the ob-
served enhancement is due to BrO located close to the surface.

The vertical extent of the BrO layer has been estimated using Monte-Carlo
modelling of the radiative transfer [Marquard et al., 2000]. A comparison of
measured and modelled BrO SCDs under clear sky conditions as afunction of el-
evation for different model layer heightsis shown in Figure 6.3.1-5. The four dif-
ferent lines show the expected behaviour for avertical extent of the BrO layer of
0.5, 1 and 2 km, respectively, and for an elevated layer between 1 and 2 km. A
BrO layer height of 1 km at the ground is most compatible with the measure-
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Figure 6.3.1-5. Measured and modelled
XDsfor the elevation angles used in the
ALERT2000 campaign. SCDsare modelled
for four different layers. Only data froma
cloud-free day (4" Mai 2000) was used for
this case study, the tropospheric BrO VCD
was 2x10" molec/cnt. Adapted from Hon-
ninger and Platt [2002].
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ments, whereas BrO layers of 0.5 and 2 km can be considered as lower and upper
limits.
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Multi-AxisDOAS observations of BrO and itsvertical distribution at
Ny-Alesund

Since start of the Bremen DOAS UV/vis measurementsin 1995 every spring
epsiodes with high BrO in the boundary layer were observed. In contrast to ze-
nith-sky measurements only it is possible to derive profile information of BrO
with the MAX-DOAS method. Thisisillustrated in the following example.

Figure 6.3.1-6 shows in the upper panel the diurnal variation of BrO SCDs on
April 12, 2002 above Ny-Alesund. In particular in the morning thereisaclear dis-
tinction between all different viewing direction of theinstument. The lower panel
shows the variation of the vertical column assuming two different scenarios for
the BrO profile. The first one with no BrO in the troposphere yields in agood
agreement between all elevation anglesin the late evening. The second setting
with 5 ppt in the boundary layer givesin excellent agreement between 2 and 6 am.
Therefore one could assume BrO enriched air masses transported to Ny-Alesund
one day before. Thisis also supported by observations from GOME (Oetjen,
2002, Sommar et al., 2004).
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Figure 6.3.1-6. The upper panel shows 45
the diurnal variation of BrO DSCDs Q 40 190
derived fromspectra measured on April 12, @ S ] SZA | 50
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The analysis of the BrO observations during the ALERT2000 campaign and in
Ny-Alesund have demonstrated that MAX-DOAS allows the determination of
relatively precise concentration levels and layer heights of boundary layer BrO
with relatively simple instrumentation.

M easurements of NO, vertical profileswith Multi-AxisDOAS in Hei-
delberg, Germany

MAX- DOAS measurements of NO, have been performed on the roof of the In-
stitute for Environmental Physics building in Heidelberg/Germany from Mai to
August 2003, using the UV/Vis DOAS system that has been also operated on-
board the Polarstern research vessel. Using four moveable telescopes (three for
the simultaneous measurement in the UV at different elevations, one for the visi-
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Figure6.3.1-7. NO, (upper panel)
and O, (lower panel) differential slant
column densities observed from Juli 7"
to July 13", 2003, in Heidelberg. The
differential slant column densities are
relative to the zenith observation at the
same time, which removes the strat-
ospheric part of the NO, column.
Adapted from Sinreich [ 2003].
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ble wavelength range), theinstrument has been pointing in western direction over
the Rhein valley towards the city of Mannheim.
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Figure 6.3.1-7 shows one week of MAX-DOA S measurements during a period
of highly increased NO,. NO, dSCDs are determined rel ative to azenith reference
measured at the same solar zenith angle, which cancels out the stratospheric com-
ponent of the slant column density since the stratospheric airmassfactor isa most
independent from the elevation angle. The NO, dSCDs are characterised by adis-
tinct separation of the measurements at different elevation angles. NO, SCDsin-
crease when pointing the tel escope closer to the horizon, indicating the abundance
of NO, in the lower troposphere. The NO, measurements at Heidelberg show a
pronounced diurnal and weekly cycle: Peaksin NO, dSCDs occur during the rush
hours in the morning and (to a smaller extent) in the evening, and only asmall
separation of the NO, dSCDsiis present at the weekend. This strongly suggests
that alarge fraction of the observed tropospheric NO, isemitted by vehicles. Also
shown in Figure 3 are the dSCDs of the oxygen dimer (O,) as measured by the
MAX-DOAS instrument. O, has a known vertical profile. It decreases exponen-
tially with altitude, with a scale height of approximately 4km. MAX- DOAS
measurements of the O, dSCD can therefore serve as a good qualitative indicator
for the length of the light paths through the lower troposphere, and even contain
guantitative information on the vertical profile and scattering properties of aero-
sols[Wagner et al., 2004]. In particular, alarge separation of the O, dSCDs at
different elevationsindicates a clear atmosphere with low aerosol loading, while
asmall variation indicates the presence of high aerosol or low clouds.

Since the presence of aerosols aters the light path through the atmosphere, in-
formation on the aerosol extinction profile is essential for the interpretation of
MAX- DOAS trace gas measurements. The aerosol extinction profile can be es-
timated by modelling the radiative transfer using different aerosol scenarios and
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Figure6.3.1-8. Measured (symbols) and
modelled O, airmass factors for an aerosol
box profile with 2 kmvertical extension
and an extinction coefficient of 0.05 km*.
The measurements were made on July 14",
2003. Adapted from Sinreich [ 2003].

by comparing the modelled with the measured O, SCDs as a function of solar ze-
nith angle and elevation.
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Figure 6.3.1-8 shows measured (symbols) and modelled (solid lines) O, airmass
factors under clear sky conditions. The best match between model and measure-
ment is achieved for an aerosol box profile with avertical extent of 2km and an
extinction coefficient of 0.05km™.

A similar approach as for the aerosol extinction profile has been applied for the
determination of the tropospheric NO, concentration profile: the tropospheric
profile has been modified until best agreement between modelled and measured
NO, SCDs has been achieved. When assuming abox profile, an NO, surface mix-
ing ratio of 1.2 £ 0.2 ppb with alayer height of approximately 1500 m can be in-
ferred.

Theanaysisof the MAX-DOASNO, and O, measurementsin Heidelberg have
shown that MAX-DOAS is a suitable technique to gain information on the verti-
cal profile of pollutantsin urban areas. Furthermore, information on the aerosol
extinction profiles can be extracted from measurements of the oxygen dimer.

MAX-DOAS measurementsin Bremen, Germany

Measurementsfor aclear day in Bremen have been analysed using two different
assumptions: a) enhanced NO, in the free troposphere and b) enhanced NO, in the
boundary layer. As can be seen from Figure 6.3.1-9, measurements taken under
different elevation angles give strongly disagreeing values with the first assump-
tion, but nicely fall into line when enhanced boundary layer concentrations are as-
sumed. When this approach is further refined, the vertical distribution of the NO,
total column in the stratosphere, free troposphere and the boundary layer can be
estimated, and two columns, a stratospheric and a tropospheric be determined.
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Figure 6.3.1-9. Analysis of BREDOM
NO, measurements in Bremen on 2002/09/
12. The data have been analysed using two
different assumptions: enhanced NO, in the 6.0:10'8
free troposphere (upper panel) or
enhanced NO, in the boundary layer (lower
panel). As can be seen, only the latter
assumption is compatible with the results
fromall viewing directions. using this
approach, a rough estimate on the vertical
distribution of the absorbers can be
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Similar results can also be derived for BrO and HCHO in the case of enhanced
boundary layer values.
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MAX-DOAS measurementsin Paramaribo/Suriname

As part of the ground-based SCIAMACHY validation network, a newly devel-
oped UV/Vismulti-axis DOAS instrument has been installed in Paramaribo/Suri-
name (5.8° N, 55.2° W), in Mai 2002. It is operated in collaboration with the
Meteorological Service of Suriname (MDS). The measurement site is located at
acoastal site close to the Atlantic Ocean. The ITCZ migrates twice per year over
this tropical observation site. This allowsto investigate the stratospheric compo-
sition at the location where the mgjority of the trace gases entersthe stratosphere,
and to sample air from both hemispheres.

First results of the measurements at thistropical site are shown in Figure 6.3.1-
10, where two weeks of O, and NO, data are plotted. The large scatter in O,
dSCDs is due to the presence of clouds, and the different values for different ele-
vationsindicate that the tropospheric light path isincreasing with decreasing ele-
vation angle. The same applies for NO, dSCDs, giving evidence that significant
amounts of NO, are present near the surface. The diurnal variation of NO, is char-
acterized by two peaks around 7:30am and 6:30pm local time, which are most
likely dueto the emission by traffic during rush hour in Paramaribo. Furthermore,
thereisasignificant weekly cyclein NO, with asmaller tropospheric signal at the
weekend. Since the stratospheric abundance of NO, in tropical regionsisrelative-
ly small, itisof particular importance to determine the tropospheric column with
high precision in order to gain the stratospheric part of the vertical column densi-

ty.
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Figure 6.3.1-10. Two weeksof O, and
NO, measurements at Paramaribo,
Suriname. Upper panel: dSCD O,.
Lower panel: dSCD NO,. dSCDs are
relative to the zenith observation at
same SZA.

Figure 6.3.1-11. The new multi-axis
DOAS tel escope at theNeumayer-Sa-
tion, Antarctica.
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MAX-DOAS measurements at Neumayer Station/Antar ctica

The DOAS instrument at the German Antarctic research station Neumayer (70°
S, 8°W), which has been performing long-term zenith-sky measurements of
ozone, NO,, BrO, OCIO, and |0 since 1999, has been equipped with anewly de-
veloped multi- axis telescope in early 2003 (see Figure 6.3.1-11). The telescope
unit is designed to operate in the cold and stormy environment of the Antarctic
continent. It consists of a stainless steel housing equipped with a 100W heater. A
quartz glass tube houses rotating quartz glass prisms, which alow to collect light
from different elevation angles (zenith, 20°, 10°, 5°, and 2°). The optical compo-
nents are kept free of ice by a continuous flow of warm air through the quartz
glass tube. Furthermore, the telescope is equipped with halogen and mercury
lamps for the automated measurement of calibration spectra during night.

The main purpose of these multi-axis measurementsis the investigation of the
vertical distribution of tropospheric halogen oxides (BrO and 10), which are po-
tentially released from sea salt (during Austral spring) and from biogenic process-
esin the ocean

The absorption structure of iodine oxide has already been identified in the ze-
nith sky spectrarecorded prior to the installation of the multi-axis tel escope, and
arguments based on photochemistry and the diurnal variation of the IO SCDs
strongly suggest that the observed 1O islocated in the boundary layer rather than
in the stratosphere [Frief3 et al., 2001]. The likely source for the observed 10 are
biogenic processes leading to arelease of short-lived organic iodine compounds
from the ocean by macroa gae and phytoplancton.

Based on measurements using the new Multi-Axis telescope, more direct evi-
dence for the presence of iodine oxide in the boundary layer has been found. Fig-
ure 6.3.1-12 shows the diurnal variation of 10 on aclear day in March 2003. A
strongincreasein 1O dSCDswith decreasing elevation angleisobserved, strongly
suggesting that the detected 10 is present in the boundary layer. The |O dSCD
strongly decreases during twilight (when only zenith sky measurements are per-
formed), afeature that can be contributed to the rapid photochemistry of iodine
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radicals, which are quickly converted to reservoir species (IONO,, HOI) in the ab-
sence of sunlight.

Figure 6.3.1-12. Multi-Axis measure-

ments of iodine oxide at Neumayer Sation, Meumayer Max-DOAS |0
Antarcita, on March 5, 2003 (preliminary 5 March 5. 2003
data). The elevation angles of the observa- .
tions are indicated by different colours as 7 ]T ] |
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A quantitative estimation of 10 concentrations using aradiative transfer model
isstill an outstanding issue. However, a simple geometric approximation based
on the assumption that the majority of the scattering events occurs above the IO
layer yields avertical column density of roughly 10* molec/cmy?, which corre-
spondsto amixing ratio of about 4 ppt for 10 being uniformly distributed within
the lowermost 1000m of the atmosphere. Model studies suggest that these con-
centration levels of iodine oxide have a significant impact on the boundary layer
ozone budget, and 10 is possibly the dominant sink for ozonein the Antarctic ma-
rine boundary layer.

MAX-DOAS measurementsat Arrival HeightsAntar ctica

The DOAS multi-axisinstrument at Arrival Heights/Antarctica(77.8° S, 166.7°
E) has been operated in cooperation with NIWA/Lauder almost continuously
since 1998 [Friel3 et al., 2002]. Scattered sunlight in the UV (330 — 420 nm) and
visible (400 — 650 nm) wavelength region has been observed from four different
elevation angles (10°, 15°, 20° and zenith) using a sun tracker system that keeps
the relative azimuth angle between sun and viewing plane at a constant value of
20° in order to minimize azimuthal effectsin the radiative transfer.

The analysis and interpretation of the existing data has mainly focused on both
the vertical distribution of near surface BrO during Austral springtime and the
possible abundance of BrO in the free troposphere above Antarcticain autumn.

Numerous events with highly elevated BrO SCDs, caused by heterogeneous re-
lease of reactive brominefrom seasalt surfaces, were observed during springtime.
In spring 2002, the measurements were intensified by additionally performing di-
rect sunlight measurements[Schofield et al., 2004]. A comparison between multi-
axis, zenith sky and direct light measurements during a period of several BrO en-
hancementsis shown in Figure 6.3.1-13. The presence of BrO in the boundary
layer can be clearly identified both by the MAX-DOAS measurements, which
show aseparation of the BrO dSCDsat different elevations, and by the direct light
measurements, which strongly increase dueto their high sensitivity for trace gases
in the lower troposphere.
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Figure 6.3.1-13. Differential slant col-
umn densities for zenith sky, off axis and
direct sun viewing geometries measured at
Arrival Heightsin spring 2002. The red
circles drawing attention to two of the
‘bromine explosion’ events.
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This combination of off-axis, zenith sky and direct light observations allowsto
retrieve the diurna variation of stratospheric aswell as tropospheric BrO partia
columns — and thus an improved estimate of the stratospheric column aswell as
information of the photochemistry of radical species such as BrO - with high ac-
curacy using an optimal estimation algorithm developed at NIWA [Schofield et
al., 2004]. Figure 6.3.1-14 showstheretrieved tropospheric and stratospheric BrO
partial column densities as a function of solar zenith angle as inferred from the
combined direct light and zenith sky measurements at Arrival Heights. There-
trieved tropospheric BrO column density suggests that a significant amount of
BrO is present in the free troposphere in the morning (~ 5x10" molec/cny?), while
the values remain below the detection limit in the evening. This might reflect the

(yet unknown) photochemistry of BrO radicalsin the free troposphere.
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Figure 6.3.1-14. Tropospheric and
stratospheric partial columns at sunset
(blue symbols) and sunrise (red symbols)
derived from combined DOAS measure-
ments of direct sunlight and zenith scat-
tered skylight at Arrival Heights/Antarcitca
using optimal estimation techniques.

Figure 6.3.1-15. Dots: BrO differential
slant column density of BrO at Arrival
Heights, during Autumn 2001 (clear sky
data only), relative to the zenith sky obser-
vation at same SZA. Solid lines: Smulated
diurnal variation of the BrO dSCDs for
purely stratospheric BrO. Dashed and dot-
ted lines: modelled dSCDs additionally 1
ppt and 2ppt BrO, respectively, uniformly
distributed over the free troposphere.
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Tropospheric and Stratospheric BrO column abundances
for the winfly campaign at Arrival Heights - Antarctica
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In order to further investigate a possible BrO background in the free tropo-
sphere, we have focused on the Multi-AX 1S DOAS measurements during au-
tumn, when no release of bromine from sea salt can be expected. Model
simulations using the AMFTRAN radiative transfer model [Marquard et al.,
2000] indicatethat BrO being abundant in the free troposphere with amixing ratio
of morethan 1 ppt should lead to asignificant separation of the BrO dSCD meas-
ured at different elevation angles. Only small differencesin the BrO dSCDs are
observed under clear sky conditions, indicating that the observations at Arrival
Heights are in agreement with BrO being abundant entirely in the stratosphere
(see Figure 6.3.1-15). Based on al clear sky BrO data of autumn 2001, we per-
formed a statistical analysis using multi-linear regression, which ispossible since
the observed BrO total column density isalinear combination of tropospheric and
stratospheric slant column density. Our analysis yields BrO vertical columns of
(3.5+0.2)[10* molec/cm? in the troposphere and (3.2+0.2)[10* molec/cny’ in the
stratosphere, in good agreement with the resultsfrom analysis of the combined di-
rect light and zenith sky measurements described above.

ADASZ MAXDOAS BrD - Autumn 2001 - clear sky data
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Section 6: Detailed report related to overall project duration

Figure 6.3.1-16. Typical time series of
DSCDs of NO,, O,, BrO, the SZA and the
relative azimuth RA (azimuth angle
between viewing direction and sun). Error
bars denote 1 fit errors. Left panel: on
October 1st the Polarstern was in the Eng-
lish Channel. The high DSCDs of NO, at
low elevation angles relate to NO, abun-
dance due to continental influence. Middle
panel: The pattern of the BrO serieson
October 6" north of the Canary Ilands is
typical for BrO in the marine BL. Right
panel: On October 16" in the remote Atlan-
tic south-west of Africa both, NO, and BrO
are below the detection limit.

MAX-DOAS measur ements onboar d the Polar stern resear ch vessel

A multi-axis UV/Vis DOAS instrument was operated onboard the German re-
search vessel Polarstern during four cruises from Bremerhaven to Antarctica
These measurements offer the opportunity to determine latitudinal cross sections
of both tropospheric and stratospheric trace gases (BrO, NO,), ranging from
northern mid-latitudes over the tropics to the south polar ocean.

Continuous measurements were performed during the Polarstern cruise from
October 1st to October 21%, 2000 [Leser et ., 2003] with atime resolution of 5
min for the 5° geometry and 1 h for each complete MAX-DOAS series, respec-
tively. Besides BrO, O,, NO, and O, absorptions were measured simultaneously.
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The O, measurements always increase with decreasing elevation angle asit is
expected for an absorber close to the ground (see Figure 6.3.1-16, bottom). The
large variations of O, show the influence of clouds on the radiative transfer. The
NO2 measurements clearly show occasional presence of pollution in the lower
troposphere. On October 1* the ship was till in the English Channel with the air
being continentally influenced. Asaresult thereare very high levelsof NO, inthe
boundary layer visible asincreasing DSCD with decreasing elevation angle (Fig-
ure6.3.1-16, | eft). Around October 6" sometimesthe wind wasblowing theship’s
exhaust plume into the viewing direction of the telescope as indicated by some
measurements with high NO, DSCDs at low elevation angles. These NO, meas-
urements had to be excluded from further evaluation. The right panel in Figure
6.3.1-16 (October 16"™) shows an example of remote marine air. The NO, SCDs at
low elevation angles are not higher than the zenith view absorption, but in some
cases even lower resulting in negative DSCDs. This effect, occurring most of the
time when there was no NO, abound, is still not understood.

While on most days the BrO DSCDs are not systematically changing with the
elevation angle and not significantly differing from zero, from October 5" till
noon of October 7" they show characteristics for BrO abundance in the boundary
layer (see center panel of Figure 6.3.1-16). The BrO DSCD isincreasing system-
atically at low elevation angles usually to levelssignificantly different from zero.
Some MAX-DOAS series of this period were compared to other series taken at
similar cloud conditions and solar zenith anglesto rule out a correlation of the de-
scribed signature with e.g., changes of theradiative transfer. At high elevation an-
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Figure 6.3.1-17. Tropospheric VCDs of
BrO and NO,. Left: the NO, VCD was high
in the English Channel and near the
Canary Idands. Values affected by the
ship’s plume are omitted. Right: Except for
5 days the BrO DSCD of individual meas-
urements was below detection limit. North
of the Canary Islands for a period of two
days several times BL BrO was identified
by the systematic variation pattern of the
DSCD with the elevation angle (see also

Figure11). In brackets significant and total |

number of data points are given for the
respective days.

6.3 Applied methodology, scientific achievements and main deliverables

glesthe MAX-DOAS series of BrO show the same behavior asthe O,
measurements (e.g., the negative DSCDs before 3 pm on October 6" resulting
from collecting light relatively close to the sun). Since O, isatypical absorber lo-
cated close to the surface the similarity in the elevation angle dependence of both
SCDs s another strong indication for near surface BrO abundance.

[ ! —'

3,48 +/-0,03 * 10"

N q A > I
45 / 4~ T
‘_u,an |
| & T ;
:cf:::o /! (2/40) 030 L
- q 06.10,
\ (5/24) 3
- * 10" 0710 ) s ‘
b 8,24/-0,24 10 tugs NO; mixing ratio [ppb) o L
P 000 01 02 03 M-lﬂ ] BrO rnl:ln%rallo [ppt]
[ I i 1 L [ i 3 4
b i sigal- 0-1‘40 \
1040 ficant value -~ A e e
| ‘ best upper limit \ ficant value
|
LR S mean upper limit i __4 [T N bost upper limit
15 | = 15 RS mean upper limit
| = days mean | Eh—,

(! WEh
- - lﬂ
any -

4.10

= - i -
Ll 15.10 L0 ue) ol {
6,10 1610 o .
1 4 ™~
10 Ml =YY 1]
s wo (R o e
1w a0 110
20100 ; - 20000 4
g ans [
wie ! 2810 ‘t
30 \ Rz 20 LT
2310 2540

Using ageometrical approximation for the airmass factor, tropospheric VCDs
were calculated from the 5°-measurements. In Figure 6.3.1-17 for each day the
highest VCD significantly different from zero are shown aswell asthe number of
significant values (in brackets). For days not showing any significant trace gas
levels upper limits are given. For the best upper limit the smallest error (2) of a
single measurement and for the mean upper limit the mean error of each day is
given (as VCD). The large variation of the upper limits originates from varying
light intensity. In addition for each day time averages were calculated by weight-
ing theindividual measurementswith their errors. Mixing ratiosare cal cul ated for
the standard conditions at sealevel. BrO could be detected directly in the mid-lat-
itude marine environment for the first time. The highest significant individual
measurement was 2.4 + 2.1 ppt. Typical levelsin the marine lower troposphere
were <1 to 3.6 ppt in most cases. Besides the detection of NO, with mixing ratios
up to 3.7 £ 0.2 ppb in the English Channel, upper limitsfor clean air in the Atlan-
tic west of Africaof 24 to 100 ppt could be derived.

Figure 6.3.1-18 showsresults of multi- axisUV/Vis DOAS NO, measurements
performed onboard of the Polarstern research vessel during the cruise from
Bremerhaven (Germany) to Cape Town (South Africa) in November 2001, con-
ducted as part of the SCIAMACHY validation activitie. Thelatitudinal cross sec-
tion of tropospheric NO, vertical column density was derived from the measured
NO, SCDs using Monte Carlo radiative transfer calculations. Under the assump-
tion that 15% of the tropospheric NO, resides in the lowermost 1 km of the trop-
osphere, the analyses resulted in a maximum of the daily averages of the NO,
mixing ratio in the marine boundary layer on November 10" at about 48°N 5°W
in the British Channel of (0.36 + 0.13)ppb. Such elevated NO, concentrations,
which were also detected at the island of Tenerife, can be attributed to local pol-
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Figure 6.3.1-18. Restlts of the
Polarstern measurements. Daily aver-
ages, minimumand maximumvalues of the
NO2 total tropospheric vertical column

densities (up to 10 km) and the correspond-

ing marine boundary layer mixing ratios
up to one km assuming that 15% of the
total tropospheric concentration residesin
the first km. Upper panel: data derived
fromthe 2° elevation measurements. Lower
panel: data derived from 5° elevation
measurements.

[ution. In more remote regions of the Atlantic slightly varying NO, mixing ratios
around 80ppt were detected, with a minimum in the tropics, at about 6°N 16°W
in the middle Atlantic with (60 + 12)ppt..
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Recommendations for off-axis instrumental set-up, spectral
analysis and radiative transfer (D6)

Sensitivity studiesfor O, (Partner 3, University of Bremen)

When modelling the radiative transfer in the atmosphere, a number of parame-
ters has to be set to realistic values. The most important ones are the viewing ge-
ometry, the position of the sun, wavelength, and the vertical profiles of absorbers,
pressure and temperature. However, surface albedo and the atmospheric aerosol
loading also have an impact on the results. For simplicity, al calculationsin this
work were made without consideration of clouds.

In Ny-Alesund at least weekly profiles for the absorber ozone and daily
temperature and pressure profiles of the atmosphere are available through
ozone soundings and radiosondes, respectively. Above the burst height of
the balloon the profiles are completed with values from a model climatol-
ogy provided by the MPI. These profiles are used as realistic meteorol og-
ical input for the model calculations.

In the following sections, the influence of multiple scattering, the relative azi-
muth, surface albedo, aerosols and the refraction on the O, AMF and consequent-
ly the calculated vertical column are investigated with model data. Such
sensitivity studies are necessary to determinewhich parameters need to be known
to which accuracy to derive redlistic vertical columns from the measurements.
The results are presented in the form of ratio between a reference airmass factor
AMF_Ref of astandard scenario with the airmass factor AMF' obtained with one
of the above mentioned parameters changed. Thisratio indicates the error in the
vertical column that is introduced when setting the respective parameter to an in-
appropriate value (Figure 6.3.1-19 - Figure 6.3.1-22). Whenever more informa-
tionisnecessary toillustrate theinfluence of one parameter, additional figuresare
shown.
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Figure 6.3.1-19. Effect of neglecting
multiple scattering on the calculated verti-
cal column of O,. For an elevation angle of
6° the vertical column will be underesti-
mated, if only single scattering is taken
into account for the airmass factor.

Figure 6.3.1-20. Effect of the relative
azimuth angle on the calculated VC. Shown
isthe error introduced in the vertical col-
umn of O,if an azimuth angle different from
the 90° of the reference case is used in the
airmass factor calculation.

Figure6.3.1-21. Effect of the albedo on
the calculated VC. Shown is the deviation
introduced in the vertical column of O,if an
albedo different from 0.5 of the referenceis
used in the airmass factor calculation.
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Section 6: Detailed report related to overall project duration

Figure 6.3.1-22. Effect of the aerosol
extinction profile on the calculated VC.
Shown isthe error introduced in the verti-
cal column of O, if aerosol scenarios dif-
ferent from the background aerosol of the
reference are used in the airmass factor
calculation.

Figure 6.3.1-23. Effect of neglecting
refraction on the calculated VVC. Only for
solar zenith angles larger than 85° the
introduced errors are larger than 0.5%.
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For thereference AMF, the atmospheric profilefrom 3 April 2002 was used and
a Fraunhofer reference spectrum taken at 60° SZA in the zenith direction was as-
sumed. All calculations shown have been done for 370 nm (the center of the O,
fitting window), an albedo of 0.5, a background arctic aerosol (see Figure 6.3.1-
24 and full multiple scattering and refraction. It isimportant to note, that the sen-
sitivity studies are presented in the form in which the AMF will be applied to the
actual measurement. therefore, not the absolute AMF but rather the differencein
AMF between ahorizon measurement and the background zenith measurement at
60° SZA isused nor the comparison with the reference scenario. Thisrelative
guantity sometimes was a larger sensitivity to changesin model parameters than
the absolute AMFs, but asit reproduces the real measurement situation, it seems
the appropriate choice.
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Figure 6.3.1-24. Profiles of the aerosol
extinction coefficient at 550 nm used for
AMF calculations shown in Fig. 12.

6.3 Applied methodology, scientific achievements and main deliverables

£

ra— Y

s Sunetic Hame
25 Bacioground

f—

DT LT O oLE o0 oS
Emxtincion Coafficlont a1 S50 nem o ']

Multiple scattering

For aqualitative interpretation of MAX-DOAS measurements, simple geomet-
ric considerations have sometimes been used to estimate the airmass factors.
However, in the troposphere multiple scattering at least for the used wavelength
region cannot be ignored, and using a single scattering approximation introduces
large errors. Thisisillustrated in Figure 6.3.1-19, there for an elevation angle of
6° the underestimation of thevertical column increasesfrom afew percent at high
sun to more than 50% at low sun depending on the relative azimuth. Asisto be
expected, the influence of multiple scattering increases with decreasing elevation
angle (not khown). The reason for the large impact of multiple scattering is two-
fold: on one hand, the airmass factor for the zenith sky measurement increases
with multiple scattering, thereby decreasing the difference between horizon and
zenith measurement. On the other hand, theairmassfactor for the horizon viewing
mode is dightly increased by multiple scattering for high sun, but clearly de-
creased at low sun. The combination of both effects resultsin the behaviour
shown in Figure 6.3.1-19.

Relative azimuth

When analysing the O, columns measured under different elevation angleson a
clear day, it is apparent that the values do not only depend on solar zenith angle
asin the case of zenith sky measurements, but also vary with the relative azimuth
angle. This becomes apparent from Figure 6.3.1-25, which shows measurements
of DSC from 26 April 2003. As the instrument is pointed towards the NNW, the
relative azimuth varies over the day, and morning and afternoon measurements
taken at the same SZA differ significantly. In order to evaluate the impact of the
relative azimuth between measurement direction and the sun, airmass factors
have been calculated for different elevation angles (3°, 10° and 18°) and then sort-
ed according to the relative azimuth. The main effect is, that the AMF is signifi-
cantly smaller when looking towards the sun, in particular for higher elevation
angles (see Figure 6.3.1-26} ). Thisisaresult of the strong forward peak in Mie
scattering, that reduces the effective light path in this geometry. The effect on the
difference between the horizon AMF and the zenith AMF can be quite large as
shown in Figure 6.3.1-20. Here, the error of the vertical columnsis shown that is
introduced when using adeviating azimuth instead of the correct relative azimuth
of 90° in the AMF calculations. The azimuth effect isrelevant for all elevation
angles, and islargest for higher elevations and a small relative azimuth. For all
azimuth angles pointing away from the sun the error issmaller than 10% for SZAs
less than 93°.
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Figure 6.3.1-25. Diurnal variation of
the measured O, DSCs on 26 April 2003.
As background the zenith sky noon spec-
trum from the same day was used. On this
very clear day (only thin cloudsin the late
evening) the azimuthal dependency of the
measured O, is clear

Figure 6.3.1-26. Absolute airmass fac-
torsfor O,. Pointing the instrument
towards the sun (O° relative azimuth)leads
to decreasing differences between horizon
and zenith sky AMF.
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From the results of thistest we conclude, that it is preferable to joint a horizon
viewing instrument away from the sun (Thisis not practicable at high latitudes!),
and that the correct azimuth has to be taken into account in the AMF calculation.

Albedo

Surface albedo changes have a significant impact on the intensity of the diffuse
radiation field close to the surface. In Ny-Alesund, very different albedo values
can be found depending on season and viewing direction, for example when com-
paring snow covered ground and open water. To study theimpact of albedo onthe
AMF, calculations with the albedo of freshly fallen snow (0.9) and avery small
albedo (0.01) are compared to a medium albedo of 0.5. For the lowest elevation
angle (3°) the vertical column will be underestimated when atoo small albedo is
assumed and overestimated when the albedo istoo high (Figure 6.3.1-21). At an
elevation of 18° the same trend can be observed for the directions pointing away
from the sun. However, for the direction towards the sun, i.e. 0° azimuth, using a
wrong abedo hasabig impact on the vertical column. For relative azimuthslarger
than 45°, the error introduced by using an inappropriate albedo is generally less
than 20%.
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Figure6.3.1-27. Differencesof AMF for
04 calculated with different albedos. All
relative azimuth angles from previous fig-
ures are plotted but for clearness not with
extra symbolsindicated. All AMF are
related to the zenith sky AMF calculated at
60° solar zenith angle. Although absolute
AMF are getting larger for increasing
albedo, the inverse behaviour istrue for
AMF differences between off-axis and
zenith sky.

6.3 Applied methodology, scientific achievements and main deliverables

Figure 6.3.1-27 shows the relative AMF, i.e. the difference between the actual
AMF and the AMF of midday at 60° SZA. As can be seen, the differenceis de-
creasing with increasing albedo. Thisresultsin ahigher relative sensitivity of the
off-axis measurements for asmall albedo which at first glanceis surprising. The
reason for this unexpected behaviour is not so much the effect of high albedo on
the low elevation measurements but an increased sensitivity of the zenith-sky
viewing direction. For high abedo the number of photons scattered close to the
ground is larger, making the zenith-sky measurements more sensitive to absorp-
tion in the troposphere.This reduces the differencein AMF between horizon and
zenith-sky viewing directions.
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In summary, the impact of albedo changes onthe AMF is significant, in partic-
ular when looking towards the sun. Good albedo estimates are needed for the
analysis (or have to be derived from the measurements themselves) and again it
issimplifying the analysis if the telescope is pointed away from the sun.

Aerosols

The optical properties of aerosols are determined by their composition,their
shape and relative humidity. For theimpact on the AMFs, the vertical distribution
of the aerosols also plays an important role. In general, increasing the aerosol ex-
tinction reduces the light path for the lower viewing directions but haslittle im-
pact on the zenith directions, therebyreducing the difference in tropospheric
absorption path for the different viewing directions. For the sensitivity studies, a
simplified vertical extinction profile -- based on measurementsin Svalbard during
the ASTAR-Campaign 2000 was used. In the troposphere, a marine aerosol type
was chosen, aged vol canic aerosol for the stratosphere and above that meteor dust.
The standard extinction coefficient is shown in Figure 6.3.1-24. The relative hu-
midity was set to 50% in the lowermost 5 km of the atmosphere.

Inthisstudy, only thetotal extinction was changed: The background scenariois
compared with very strong extinction as would be observed in an arctic haze
event and with no aerosols at al, i.e. zero extinction coefficient throughout the
whole atmosphere. The results are shown in Figure 6.3.1-25 for three elevation
angles. For the lowest elevation, the light path increases with decreasing extinc-
tion, and using a high aerosol scenario instead of the standard scenario will lead
to a 10% overestimation of O,. Similarly, using a Rayleigh atmosphere in the air-
mass factor calculations will lead to a 10--20% underestimation of the real col-
umn. For higher elevations, the sensitivity to aerosols decreases, but azimuth
effects are more important. In particular, the 0° azimuth direction (pointed to-
wards the sun) is very sensitive to changes in the aerosol extinction, mainly be-
causetheairmassfactor for thisdirectionisvery closeto the one of the zenith sky
background measurement (see Figure 6.3.1-26).
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Refraction

As aresult of refraction in the atmosphere, the solar disc can be seen during
dusk and dawn for some time even when it is geometrically below the horizon. In
the SCIATRAN model, including refraction in the horizon viewing geometry is
computationally expensive, and therefore the effect of neglecting refraction on
the AMFwasevauated. Ascan beseenin Figure6.3.1-23, theerror inthe vertical
would be well below 1% at SZAs smaller than 80°depending on viewing geome-
try (elevation and azimuth) and increases for larger SZA. Thus, in most cases re-
fraction is of minor importance.

Summary of the sensitivity study

The results of the model studies show, that multiple scattering can not beig-
nored, whereas refraction has only aminor impact on the results. The relative az-
imuth between sun and viewing direction has a significant effectand has always
to be taken into account, in particular when the instrument is not pointed away
from the sun and/or for measurements at high latitudes. The effect is much more
pronounced when the realistic case of azenith sky background spectrum with non
negligible O, content is considered. Both, aerosol extinction and surface a bedo
can have alarge effect on the airmass factors, and determining these parameters
iscrucial for aquantitative retrieval. The albedo can be adequately determined
through weather observation or Web Cam pictures whereas the aerosol scenario
persists to be an element of uncertainty. However, the measurements from differ-
ent lines of sight can be used to get aerosol information asis shown in Heckel, et
a., 2004 or in the following by partner 5. In all sensitivity studies, only one pa-
rameter was changed at atime to simplify interpretation. However, some of the
parameters are clearly not independent from each other, and for exampl e the ef-
fect of surface abedo might vary with aerosol extinction. Also, absorberswith a
different vertical profile will not behave exactly as O4 does, in particular if they
are confined to the boundary layer. However, the qualitative behaviour will bethe
same, and O, hasthe advantage of providing the opportunity to validate the model
results.

Application of observations

An important test of the quality of the radiative transfer model used is compar-
ison of modeled and measured O, vertical columns. In this section, vertical col-
umns of O, on two selected days in 2002 and 2003 are shown, when weather
conditions were stable and few clouds occured. Actua meteorological profiles
and albedo settings have been used for the radiative transfer calculation. Starting
with realistic aerosol scenarios the extinction profile and the composition of the
different aerosol layers have been changed until closure of vertical columnsof O,
for all lines of sight has been reached.

InFigure 6.3.1-28, O, vertical columnsare shown for 26 April 2003 and 13 July
2002. Thefirst day was selected asit was exceptionally clear at least before 20:00
UT, the second as the NO, columns measured on that day show an interesting fea-
ture discussed in the next section.

When judging the quality of the O, vertical columns, threecriteria have to be ex-
amined: a) how well the different viewing directions agreein the vertical column,
b) how constant the derived vertical column is over the day, and c) how well the
measured vertical column agrees with the value derived from the independent
sonde measurement.

Overall the agreement between the vertical columns obtained from the different
viewing directionsis excellent on both days. The small scatter in the datafrom 13
July 2002 isrelated to very thin clouds that were sometimes observed on that day.
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Figure 6.3.1-28. \ertical columns of O,
calculated for all off-axis directions from
slant columns measured on two selected
days.

6.3 Applied methodology, scientific achievements and main deliverables

The good agreement indicates, that the SCIATRAN model is capable of simulat-
ing the different light paths through the atmosphere with high accuracy.
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When looking at the variation of the retrieved O, vertical column over the day,
a systematic pattern is apparent in the April measurements. This pattern with an
amplitude of roughly 1* 10™ molec’cm™® is observed on some but not all days. Itis
related to the relative azimuth and probably indicatesa mismatch between the aer-
osol phase function used in the model and the real value. However, the absolute
variation is small (7% peak to peak) and does not have a big impact on the accu-
racy of the analysis.

Thederived O, columnswere also compared to the columns derived from sonde
measurements. The latter yield 1.50* 10”molec’cm™ on 23 April 2003, 1.44*10®
molec’cm® on 30 April 2003 and 1.38* 10* molec’cm™® on 13 July 2002. As the
temporal match is not perfect for April 2003, no direct comparison is possible.
However, the derived val ue of 1.44 * 10* molec’cm?® is close to the numbers meas-
ured before and after by the sonde. The sameistrue for the second measurement,
that agrees with the sonde within 4%.

In summary, the results of the comparison between the retrieved O, vertical col-
umnsand theindependent measurementsisvery favourable, and lends confidence
to the model performance and the retrieval approach.

MAX-DOAS O, measurements as a new technique to derive informa-
tion on atmospheric aer osols

Based on measurements conducted during the FORMAT |1 campaign in the Po
Basin near Milan/Italy in September 2003, a detailed study on the potential of
MAX-DOAS to derive information on atmospheric aerosol s has been performed
[Wagner et al., 2004]. The O, absorption between 335 and 367 nm was measured
sequentially at different elevation angles using the same instrument as for the
measurements in Heidelberg described above, but with the tree telescopes of the
UV instrument pointing in different azimuthal directions (approximately north,
south and west).

QUILT - Final Report




Section 6: Detailed report related to overall project duration

78

Like established methods e.g. sun radiometer and LIDAR measurements,
MAX-DOAS O, observations determine optical properties of aerosol under at-
mospheric conditions. However, the novel technique has two major advantages:
It utilizes differential O, absorption structures and thus does not require absolute
radiometric calibration. In addition, O, observations using this method provide a
new kind of information: since the atmospheric O, profile depends strongly on al-
titude, they can yield information on the atmospheric light path distribution and
in particular on the atmospheric aerosol profile. From O, observations during
clear days and from atmospheric radiative transfer modeling, we conclude that
our new method is especially sensitive to the aerosol extinction close to the
ground. In addition, O, observations using this method yield information on the
penetration depth of the incident direct solar radiation. O, observations at differ-
ent azimuth angles can also provide information on the aerosol scattering phase
function. We found that MAX-DOAS O, observations are a very sensitive meth-
od: even aerosol extinction below 0.001 could be detected. In addition to the O,
absorptions we aso investigated the magnitude of the Ring effect and the (rela-
tive) intensity. Both quantitiesyield valuable further information on atmospheric
aerosols. From the simultaneous analysis of the observed O, absorption and the
measured intensity, in particular, information on the absorbing properties of the
aerosols might be derived. The aerosol information derived from MAX-DOAS
observations can be used for the quantitative analysis of various trace gases also
anayzed from the measured spectra.

Figure 6.3.1-29 shows a simplified scheme of the atmospheric light paths rele-
vant for MAX-DOAS observationsfor agiven elevation angle. Also shownisthe
atmospheric height profile of the oxygen dimer O,; due to its square dependence
on the oxygen concentration its atmospheric scale height is only about 4 km. The
most important effects of aerosols are:

a. Reduction of the visibility: Aerosols reduce the visibility of the atmosphere
and thus decrease the direct light paths of the incident solar radiation and along
the line of sight of the telescopes. These effects will, in genera, reduce the ob-
served O, absorptions.

b. Increased probability of multiple scattering: Aerosolsincrease the number of
scattering events, especially in the case of extended clouds. This effect will in
general lead to asimultaneousincrease of the O, absorption for all viewing angles
[Erleet al., 1995; Wagner et al., 1998, 2002].

¢. Moadification of the received intensity: Aerosol scattering increases the total
amount of scattered photonsand thus, in general, enhancesthe observed intensity.
For high aerosol concentrations (especially also for thick clouds) this effect, how-
ever, can be (over-) compensated by aerosol extinction along theline of sight. Es-
pecially for absorbing aerosolsthelight intensity isfurther reduced. In contrast to
Rayleigh scattering, aerosol scattering usually strongly prefersthe forward direc-
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Figure 6.3.1-29. Scheme of the different
segments of the atmospheric light paths for

MAX-DOAS observations. Top: for an opti-

cally thin atmosphere, e.g. for an atmos-
phere without aerosol scattering and
observations in the visible spectral range
the observed photons are mainly single
scattered. The penetration depth of the
direct sunlight islarge (first segment); also
the direct line of sight of the telescopes
(third segment) is long. Bottom: If addi-
tional aerosol scattering takes place the
direct line of sight of the telescopes
decreases. Since the majority of the atmos-
pheric O4 islocated closeto the ground the

observed O4 absorption is then also signif-

icantly decreased. Additional aerosol scat-
tering also decreases the penetration depth
of the incident direct solar radiation. For
very strong aerosol scattering (e.g. inside
extended clouds) also a regime of diffuse
multiple photon scattering can occur which
can enhance the O4 absor ption. Adapted
fromWagner et al. [2004].
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tion. Thus the effect of aerosol scattering is significantly different for telescopes
looking at different elevations and, especially, different azimuth angles.
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These modifications of the atmospheric light paths change the relative compo-
sition of light paths having experienced different atmospheric O, absorptions and
thus make MAX-DOAS O, measurements especially sensitive to theinfluence of
aerosols.

For the analysis of MAX-DOAS O, observations, we focus on a measurement
period of four mostly clear days during the FORMAT Il campaign in Milan, Italy
in September, 2003 (see www.nilu.no/format/). During these days the aerosol
load of the atmosphere was strongly increasing. At the beginning, on September
14", the atmosphere was very clear after a series of rainy days. The atmospheric
visibility was very high and even the Monte Rosa mountain at adistance of about
120 km was clearly visible. During the following days the atmospheric visibility
was steadily decreasing. Finally, even the southern edge of the Alpine mountains
at a distance of only about 30 km was not visible anymore.

In Figure 6.3.1-30 the respective MAX-DOAS O, observationsfor the southern
telescopes are presented. Except for the morning of September 15", the diurnal
variation of the O, absorptions is smooth and almost symmetric, indicating that
the sky was clear throughout most of the period. Nevertheless, the magnitude of
the O, absorption and also the amplitude of the diurnal variation of the O, absorp-
tions change significantly during the following days, which can be attributed to
the influence of additional aerosol scattering. Different aerosol effects can be dis-
tinguished:

a. Aerosol extinction reduces the direct light path along the line of sight of the
telescopes. The higher the aerosol load is, the shorter is the distance from which
photons can reach the telescopes on a direct path.

b. Aerosol scattering changes the penetration depth of the incident sunlight and
thus the amplitude of the diurnal variation of the measured O, absorption.

c. At low aerosol levels (and in particular at relatively long wavel engths) the
bulk of the light recorded by the spectrometer is only scattered once. However,
for high aerosol concentrations, alayer can occur in which the photons undergo
diffuse multiple scattering.
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d. Additional aerosol absorption, however, decreases the absolute values of the
observed intensity. Information on the absorbing properties of aerosolsmight thus
be retrieved if both the measured O, absorption and the broadband intensity are
taken into account for the interpretation of the MAX-DOAS observation.

e. The angular dependence of aerosol scattering differs significantly from that
of molecular scattering. In particular aerosol scattering strongly prefers the for-
ward direction. Thus the influence of aerosols on the observed O, absorption is
different for different azimuth angles (at moderate to large SZA).

f. Not only the O, absorption but also the measured broad band intensity and the
Ring effect areinfluenced by aerosol scattering in asignificant and characteristic
way, and thus contain useful information on atmospheric aerosols properties.
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Using MAX-DOAS observations during clear days, we investigated severa as-
pects of the aerosol influence in detail. These findings were also confirmed by at-
mospheric radiative transfer modeling and can be summarized as follows:

a MAX-DOAS O, observations are very sensitive to the agrosol extinction
close to the ground.
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b. They are sensitive to the penetration depth of the incident solar radiation.
Thus they can yield information on the altitude of the aerosol layer.

c. From the comparison of the observed O, absorption and the measured inten-
sity, information on the absorbing properties of the aerosols might be derived.

d. Measurements at different wavelengths can characterize the wavelength de-
pendence of the aerosol scattering, and thus yield information on the size distri-
bution.

e. Not only the O, absorption can be analyzed but al so the magnitude of the Ring
effect and the (relative) intensity can beinvestigated. These quantities can also be
used for the determination of aerosol properties. In addition, also the absorption
of the O, molecule should be investigated.

f. Due to the differencesin the polarizing properties of aerosols and Rayleigh
scattering additional information on aerosol properties might be derived from ob-
servations of light with different polarization orientation.

g. From MAX-DOAS O, observations at different azimuth angles information
on the scattering phase function can be derived.

h. MAX-DOAS O, absorptions are very sensitive: aerosol optical depths below

0.001 can probably be detected.
Figure 6.3.1-31. Overview on theinflu-
ence of aerosols on MAX-DOAS O, obser- «1 MAX-DOAS 90
vations for 360 nm. Along the x-axis the Q4 scheme a0° 0°, 180°

possible MAX-DOAS geometries are

shown (thefirst caseis for a SZA of 20°
and a telescope elevation of 90°). Even for 360 nm
a pure Rayleigh atmosphere alarge variety L

of different O, absorptionsis found. If aer- E - oo —

osols are added these O, observations are (=] — o T —
e s L ) w 3 20° z 0°. 180° — -t —

modified in a characteristic way depending ) — — —

on the aerosol properties (the aerosol LL

extinction was set to 0.5/km and the single % —

scattering albedo was either set to 0 or -+ e — — e

o T —

0.5). In contrast to the absolute intensity

the influence of the aerosol single scatter- o

ing albedo on the O, absorption isrela- 3¢ 200

tively weak. It should be noted that similar — — — e — L ———
schemes for O, absorption bands at other Elevation SZA Azimuth Aerosol  Absorbing
wavel engths show different dependencies . added serosol
indicating additional information content &—— Pure Rayleighg atmosphere ——  ¢— With aerosols —

of multi-wavelength MAX-DOAS observa-
tions. Also the observation of the O,
absorption for light with different polariza-
tion might add valuable further informa-
tion.

Using optimal estimation to derive aer osol propertiesfrom ground-
based MAX-DOAS measurementsof O,

Here we present first results from an optimal estimation retrieval code for the
determination of aerosol properties based on ground-based MAX-DOAS meas-
urements of the oxygen dimer O,, which is currently under devel opment. Our ap-
proach issimilar to the analysis of airborne MAX-DOAS observations [Bruns et
al., 2004]: information on the aerosol extinction profile and optical propertiesare
retrieved using measurements of the optical depth of O, absorption bands at dif-
ferent wavel engths and using various observation geometries (lines of sight asde-
fined by elevation angle, solar zenith angle, and azimuth angle). The retrieval
algorithm is based on the optimal estimation technique, which derives a solution
for the state vector (e.g., the aerosol extinction profile) given a particular meas-
urement (e.g., measurements of O, optical depths). Thiskind of problem is usual-
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Figure 6.3.1-32. Aerosol extinction
weighting functions for the optical depth of
O, (I€ft panel) and the intensity index
(right panel). Different colours indicate di
fferent elevation angles and different line
styles indicate different wavelengths as
denoted in the legend, respectively.

ly under-constrained, which meansthat there are few measurementsthan retrieval
quantities. Thus additional information on the state vector is necessary, which is
provided by an a priori state vector, i.e. the knowledge on the state vector before
the measurement is made. A priori information can be based, for example, on a
climatology. The apriori state vector is then represented by the average state of
the atmosphere and its variability. Using the Bayesian approach, the apriori state
vector and the measurements are combined to derive the expected value of the
state vector under the constraint that the measurement has been made, given the
probability density function of the state vector. Thisapproach yieldsthe so-called
maximum a posteriori (MAP) solution of the state vector.

Compared to the retrieval of trace gas vertical profiles, the retrieval of aerosol
properties using observations of scattered sunlight is avery complex problem
[Wagner et al., 2004]: the response of the measurements to a change in state vec-
tor (the weighting function) is independent from the state of the atmosphere in
case of optically thin absorbers (which isthe case for most atmospheric trace gas-
esinthe UV/Visexcept ozone), which meansthat the solution can be determined
in only one iteration. However, aerosols have a strong impact on the radiative
transfer through the atmosphere sincethey act as scattering particles. Theretrieval
of aerosol properties is therefore a strongly non- linear problem. This makesiit
necessary to determine the MAP solution iteratively, avery time consuming pro-
cedure since the weighting functions have to be re-calculated in each step. Fur-
thermore, aerosol concentrationsin the boundary layer are highly variable, which
means that the a priori state vector can provide only very loose constraintsto the
solution.

We use the radiative transfer model SCIATRAN as the forward model for the
retrieval. O, slant columns densities are modeled using full spherical geometry
and taking into account refraction and multiple scattering. Furthermore, SCIAT-
RAN is able to calculate the radiance in specific lines of sight. Therefore meas-
urements of theintensity from different lines of sight can be used as an additional
source of information for the aerosol retrieval.
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Figure 6.3.1-32 shows aerosol extinction weighting functions for the O, differ-
ential optical depth (left panel) and the intensity index (right panel), i.e. the re-
sponse of the measured quantities to a perturbation of the aerosol extinction
profile at aparticular altitude. The weighting functions are shown for four O, ab-
sorption bandsin the UV/Vis spectra region between 360 and 630nm. The inten-
sity index is defined the intensity in the centre of the O, absorption band,
normalised to the respective intensity of the reference spectrum at the same wave-
length. The weighting functions shown in Figure 6.3.1-32 are calculated for a
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mid-latitude standard atmosphere using arural aerosol profile with 23km visibil-
ity adapted from the LOWTRAN aerosol library. The calculations were per-
formed for a solar zenith angle of 85.

The weighting functions for the O, optical depth in show a strong peak for the
surfacelayer. The (absolute) peak values of the weighting functions at the surface
increase with decreasing elevation angle, reflecting the increasing sensitivity of
the measurements for aerosols close to the surface when pointing the instrument
closer to the horizon. The O, weighting functions show a strong wavelength de-
pendence, and the highest sensitivity is achieved using the 577nm O, absorption
band. The sensitivity to aerosols is weakest in the near UV (360nm) since
Rayleigh scattering becomes more dominant at shorter wavelengths, which caus-
esashorter direct light path along the line of sight. The weighting functionswith
respect to the intensity index show a pronounced peak around 2km, which means
that using measurements of the intensity in the aerosol retrieval yields anim-
proved sensitivity for aerosols at higher atitudes than if using measurements of
the O, optical depth alone.

Figure6.3.1-33. Examplesfor the MAX- Profiles Averaging Kernels
DOAST etrieval of aerosol extinction pro-

filesin the lower troposphere, based on

simulated measurements. Left panels: A *- EI
priori (black solid line), ‘true’ (red line) ; e e
and retrieved (green line) aerosol profiles 3
for the LOWTRAN rural aerosol profile (a) L
aswell asfor increased aerosol layers at
the surface (b), and around 1km (c) and i
2km (d) altitude. Dashed, dotted, and dash- 4
dotted lines show the different error contri- R
butions (total error, smoothing error and

retrieval noise, respectively). Right pan- ' | EI
els: Corresponding averaging kernels for a.‘.\

the different scenarios. The retrieval has 'ﬁ,‘
been performed using both the optical R

depth of O, and the intensity index at four
wavelengths (360, 477, 577, and 630nm),
and for elevation angles of 90, 20, 10, 5,
and 2, at a solar zenith angle of 85.
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Figure 6.3.1-33 shows some examplesfor theretrieval of aerosol profilesin the
lowermost 5 km of the troposphere, based on simulated measurements for the
LOWTRAN rura aerosol profile (panel (a)), aswell asfor increased aerosol lay-
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Figure 6.3.1-34. Left panels: Relative
error of the retrieved aerosol extinction

profileasa function of altitude (y-axis) and
aerosol load. The aerosol load is varied by

multiplying the LOWTRAN rural aerosol
profile with a scaling factor (x-axis). A
scaling factor of zero refersto a pure

Rayleigh atmosphere, a scaling factor of 1
toavisibility of 23km, and 20 to a visibility
of ~1.2km. Right panels: Averaging kernel

for the aerosol extinction retrieved at

1.1kmas a function of altitude and aerosol
scaling factor. The upper three panels show <05

retrieval errors and averaging kernels

when using the O, optical depths at single
wavelength as denoted in the graphs, while
the bottom panels show the results for the

combined retrievals using all four wave-

lengths. Theretrieval has been performed
for a solar zenith angle of 85 and elevation

angles of 90, 20, 10, 5, and 2.

ers at the surface and around 1 and 2 km (panels (b)-(d), respectively). Also
shown arethe respective averaging kernel s (right panels), i.e. the sensitivity of the
retrieved profile to the true profile. The retrieved profile can be regarded as the
true profile, smoothed by the averaging kernel of the respective altitude, and the
resolution of the retrieved profile can be quantified by the width of the averaging
kernel. The following conclusions can be drawn for these case studies:

1. Aerosol profiles can be retrieved with avertical resolution of approximately
500m at the surface and better than 1km up to an altitude of ~2km.

2. For an aerosol extinction constantly decreasing with altitude (case (a)), the
measurement errorsintroduce some oscillation of theretrieved profile around the
true profile.

3. Layers of enhanced aerosol extinction are well captured by the retrieval, in
particular at the surface (case (b)), and to alesser extend for elevated aerosol lay-
ers (cases (c) and (d)), where the retrieved profiles are much smoother than the
true profiles and do not peak exactly at the nominal altitudes.

4. The peak values of the averaging kernels— and thus the vertical resolution of
theretrieval - increase at altitudes where the aerosol extinction isincreased.

To further investigate the information content of MAX-DOAS O, measure-
ments regarding theretrieval of tropospheric aerosol profiles, we have performed
aerosol retrievalsfor different aerosol loads by varying the aerosol extinction.
Thiswas done by multiplying the LOWTRAN rural aerosol profile with ascale
factor between 0 and 20. The left panel in Figure 6.3.1-34 shows the retrieval er-
ror for the aerosol extinction in thelowermost 2.5 km of the atmosphere asafunc-
tion of aerosol load. Further quantities useful for the assessment of the quality of
the retrieval and the information content of the measurements are the degrees of
freedom for signal and the entropy as shown in Figure 20. The degrees of freedom
for signal is the number of independent quantities that can be inferred from the
measurements, while the entropy S quantifies the information content of the
measurement, i.e. 2° is the number of different aerosol extinction profiles can be
distinguished.
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Figure 6.3.1-35. Degrees of freedom for
signal (top panel) and entropy (lower
panel) of the aerosol profile retrieval for
different aerosol loads. These quantities
are shown for retrievalsusing asingle O,
absorption band at different wavelengths
as denoted in the legend, and for the com-
bined retrieval using all four O, absorption
bands (magenta line).

6.3 Applied methodology, scientific achievements and main deliverables
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The following can be concluded from these results:

1. When using only asingle O, absorption band for the retrieval of aerosol ex-
tinction profiles, the smallest errors and best vertical resolution is achieved when
using the 577nm O, band.

2. A combined retrieval using the four O, absorption bands centred at 360, 477,
577 and 630nm significantly improves the quality of the retrieval in terms of ver-
tical resolution and retrieval error.

3. Using all four O, absorption band in acombined retrieval allowsto determine
aerosol extinction profiles within awide range of atmospheric conditions. The
vertical resolution at 1km altitudeis better than 1 km (Figure 6.3.1-34) for aerosol
scaling factors between 0.5 and 8, corresponding to visibilities of approximately
3-50 km.

4. As expected, the aerosol extinction retrieved for the surface layer has the
smallest relative error. The retrieval error remains less than 15% for visibilities
between about 2.5 and 10km.

5. Smaller relative errors are achieved for altitude regions where the aerosol ex-
tinction is strongly enhanced (see the examples shown in Figure 6.3.1-33).

6. The information content of the measurements strongly depends on aerosol
content. Degrees of freedom for signal and entropy arerelatively low invery clear
atmospheres (visibility > 50km) (see Figure 6.3.1-35).

7. Theinformation content of the measurements strongly depends on the wave-
length of the O, band used for the retrieval. The highest information content in
terms of entropy and degrees of freedom for signal is achieved for the 577nm O,
band. However, a significant improvement is achieved when using al four O, ab-
sorption bands in a combined retrieval.

Thismodel study has shown that MAX-DOAS measurements of the oxygen
dimer (in combination with intensity measurements) are suitable for the retrieval
of aerosol extinction profilesin the lowermost 2-3 km of the atmosphere, i.e. in
the region where the highest variability in aerosols is present. Using optimal esti-
mation, aerosol extinction profiles can be determined with avertical resolution of
better than 1km. Furthermore, MAX-DOAS measurements of O, (in particular in
combination with measurements of the relative intensity) offer the possibility to
retrieve optical properties of aerosols, such as the amount of absorbing aerosol.
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Figure6.3.1-36. Time-seriesof NO, and
HCHO differential slant columns measured
by BIRA-IASB at Observatoire de Haute
Provence (44°N) from January 2001 until
July 2002. Smultaneous observations (at
75°SZA, PM) in the zenith direction and at
an elevation angle of 10° are represented
with blue and red lines respectively. Sant
column evaluations have been performed
using daily noon zenith-sky reference spec-
tra. Results are displayed for clear days
where meaningful information on tropo-
spheric contents can be derived fromthe
excess absorption in off-axis observations
in comparison to simultaneous zenith-sky
values.

Figure 6.3.1-37. Example of daily time
evolution of the NO, slant column as meas-
ured in different viewing directions by the
BIRA-IASB MAX-DOAS instrument at
Reunion Island (22°S).

Separated tropospheric and stratospheric NO,column densi-
ties derived from off-axis measurements (D7)

Partner 2 (IASB) has carried out MAX-DOAS observations of HCHO and NO,
at Observatoire de Haute Provence (see Figure 6.3.1-36) and at Reunion (see Fig-
ure 6.3.1-37). Both sites show a clear tropospheric signal for NO,. The highest
valuesof HCHO occur in summer probably due to biogenic emissions from forest
at this site. A more detailed analysis of these data taking into account radiative
transfer calculations (see WP 2500) will be available soon.
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Summary and conclusion

Thiswork package might be one of the most successful in the project. Sincethe
first test of off-axis measurementsin 1998 by partner 3in Ny-Alesund and thein-
stallation of continuously running instrumentsin Arrival Heights by partner 5 and
again Ny-Alesund alot of progress was obtained in interpreting these measure-
ments and in finding new applications for this method. Several examples are il-
lustrated above:

* measure halogen oxidesin the boundary layer (D5)
» measure |local pollution, e.g. NO, in the Arctic (D7)

Several sensitivity studies haveillustrate the relevance of different atmospheric
parameters on the analysis of off-axis observations (D6). Different instrumental
setups have been developed showing that MAX-DOAS instruments can be built
small and inexpensively. This makes them ideal to usein remote areas or e.g. on
planes and ships.

In summary, Multi-Axis DOAS measurements are a promising tool for contin-
uous measurements of several tropospheric species such as NO,, BrO, SO,,
HCHO, and O,. Quantitative analysis of the measurements depends on a number
of parametersin the radiative transfer, and models such as those described in WP
2500 are now in aposition to include al these factors with the necessary accuracy.
In the near future other applicationsfor off-axisor MAX-DOAS observations are
likely:

* - monitoring of air pollution
* - monitoring of volcanoes
e - tomography of urban areas

It isalso expected, that advances in software devel opment raises new applica-
tions. While radiative transfer models are available to interpret MAX-DOAS da-
ta, the algorithms to derive vertical profiles of trace gases are still under
devel opment (some examples have been shown above).

References:
see Section 6.4: Main literature produces

Main deliverables

00 DaytimeBrO, NO, and 10 slant columns measured at sites using both off-axis
viewing and zenith-sky geometry

00 Recommendations for off-axis instrumental set-up, spectral analysis and
radiative transfer

0 Separated tropospheric and stratospheric NO, column densities derived from
off-axis measurements
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WP 2200: NO, profiles with GB DOAS

Applied methodology and scientific achievements

Introduction

More than twenty ground-based zenith-sky spectrometers are routinely measur-
ing stratospheric NO,. They cover al latitudes and include the primary stations
of the International Network for Detection of Stratospheric Change (NDSC). The
slant columns observed at twilight are routinely used to determine vertical col-
umns of NO,, but the change in scattering height at the UV-visible wavelengths
used to measure NO, allows avertical profileto beretrieved. Although theinfor-
mation content of the profileislimited, at the very least it would replace the cur-
rently used standard vertical profile, thereby allowing self-consistent vertical
columns to be determined. Thiswill greatly improve the accuracy of trendsin
NO, deduced from ground-based measurements.

In WP2200, we designed a new program suite for operational retrieval of NO,
profiles by any operator with data from any ground-based site, and two research
suitewith limited portability and access but which provides an independent check
on the operational tool and allows other aspects of theretrieval to beinvestigated.
The suites use classical optimal estimation to perform theretrieval, and use a Ra-
diative Transfer Model (RTM) together with the output of astacked chemical box
model to calculate transfer functions between columns and profiles. The suites
use climatologies to define the profiles of air and minor constituent densities for
the RTM and to initialise the chemical model, and to provide an a-priori profile
for the retrieval.

The results from the research suite strengthen our confidence in the reliability
and robustness of retrieval of vertical profiles of stratospheric trace gases from
ground-based zenith-sky observations. Thetechnique offersnew perspectivesfor
validation of models, and of satellite and balloon-borne measurements.

The NERC-BAS operational retrieval suite

Each module of theretrieval suite has an executable, a parameter file that in-
cludesthedefinitions, and well defined input and output files. The parameter files
can easily be extended to cover long data series from asite, with monthly or more
frequent recalculation of chemical and RTM outputs.

A variety of climatologies areincluded in the suite. The chemical model isin-
itialised with the output of the Cambridge 2D model run in the conditions of 1995,
giving mixing ratios of twenty-five constituents plus temperature at 3.5 km verti-
cal intervals, together with an initialisation tool to interpol ate them to the latitude
and date of the measurement site. The | ASB NO, climatology from HALOE data
canoverwritethe NO, valuesfrom the 2D model. TheRTM usestemperature and
pressure from CIRA-1986 to calculate air densities, plus a standard profile of
background aerosol extinction. The a-priori NO, profile can be chosen from the
2D model, the HAL OE climatology, or profileswith Gaussian or uniform shapes.

The chemical model accountsfor the chemical variation of NO, during twilight.
It isanon-family version derived from the SLIMCAT 3D Chemistry-Transport
Model with identical chemistry. It includes 52 constituents, and heterogeneous
chemistry on liquid and solid aerosols. Aerosol amounts are based on the H,SO,
distribution and its temperature-dependent equilibrium with HNO, and H,O. The
time-step is chosen to be 1 minute. The model isrun for 30 days to assure con-
vergence of the NOy compounds within 0.1%, using the solar parametersfrom a
single day throughout the run. It is run independently at each of the 17 pressure-
hights of the 2D-model climatology. The output takesthe form of alook-up table
of NO, as afunction of solar zenith angle (SZA) and altitude, of which Table
6.3.1-2 contains some examples.
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Table 6.3.1-2.

solar zenith angles and altitudes at

sunset, for the measurements at OHP

in June.

Figure 6.3.1-38. Left, Gaussian profiles
of simulated NO, with various amplitudes,

used in the Radiative Transfer Model for
weighting function calculations. Right,
weighting functions (transfer functions

from slant columns to vertical profiles) of

the Gaussian profile chosen as standard
(A=1) at various values of Solar Zenith
Angle between 60° and 94°.

Ratiosof NO,to NG,
at solar zenith angle of 90°, at selected

Altitude(km) 20 5 30 H 40
A ()

8 082 090 091 0.92 091
R 113 113 115 112 n
A 117 128 144 18 160
% 116 128 149 1% 219

The RTM was developed at Service d’ Aeronomie and British Antarctic Survey
in the early 1990s for Air Mass Factor (AMF) characterisation. It calculates the
transmission function by forward ray tracing in afully spherical atmospherein
shells of 1 km thickness from the ground to 90 km. The model runsin single or
double scattering, but a sensitivity study showed that the change from single to
double scattering was four times smaller than that induced by a change of NO,
profile, so single scattering is chosen. The NO, transmission in each layer above
18 km is chemically weighted using the look-up table calculated by the chemical
model. The transmission function is then used to produce chemically modified
weighting functions (Table 6.3.1-2).
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Vertical profiles are deduced from slant columns using an optimal linear inver-
sion, resulting in aweighted mean between the a-priori vertical profile (afunction
of atitude), and the measurement series (a function of SZA) transferred into the
vertical space by the matrix of weighting functions. The weights arethe errors of
the a-priori profile, and the error of each measurement similarly transformed.
Thevertical intervals can be specified, or chosen to equal the approximate vertical
resolution given by the mean of the full width at half maximum of the averaging
kernels. Limitationsin the retrieval arise might arise from the chemica model
stopping at 58 km, but above 45 km the weighting functionsin Figure 6.3.1-38
show the information content becomes inherently small, so the profile tends to-
wards the a-priori profile.
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Figure 6.3.1-39. Weighting function
ratios using the NO, standard profile and
others defined in Figure 1. Differences
from unity increase with increasing solar
zenith angle. For amounts of NO, four
times the standard, the differences are
+7% at 94°, +5% at 92° and +2% at 90°.

Figure 6.3.1-40. Retrieved profiles at
44°N in June 1996, from the |ASB instru-

ment, which hasgood signal-to-noiseratio.

T he day to day consistency of the results
(variation of 25% at sunrise and 15% at
sunset) at a time and place when strat-

ospheric variability should be small, illus-

trates the high quality of the retrieval.

6.3 Applied methodology, scientific achievements and main deliverables
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For constituents like ozone, weighting functions are affected by a small varia-
tion of the constituent amount, because typica atmospheric amounts of ozone
render it optically thick, so weighting functions must be recal culated after afirst
retrieval iteration. The possible non-linearity of weighting functions of NO, was
assessed in Figure 6.3.1-39, shows negligible effect at reasonable NO, values.

Initailly, we applied our retrieval procedureto two data sets, one with very good
signal-to-noiseratio and onewith poor. Theinstrument with good signal-to-noise
ratio wasthe | ASB spectrometer, measuring in June 1996 at Observatoire de Hau-
te Provence (OHP, 44°N 6°E). This modern spectrometer uses a cooled detector
of MOS technology. The time of year was chosen because of reliable periods
with clear skiesin the mornings, and because the stratospheric winds are weak so
that stratospheric composition is slowly varying. Lack of cloud isimportant for
anorthern hemisphere site, otherwise one must take care to avoid even minor pol-
[ution episodes when measuring total NO,,.
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The instrument with poor signal-to-noise ratio was the BAS spectrometer de-
signed by CNRS in the late 1980s, still operated at Rothera (68°S 68°W). This
spectrometer has a P-N junction rather than MOS detector, and it is uncooled to
improve reliability and reduce power in remote locations. Sample results from
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Figure 6.3.1-41. Retrieved profiles at
68°Sin January 1997, from the BASinstru-
ment that has comparatively poor signal-
to-noiseratio. Again, the day to day con-
sistency of the results when stratospheric
variability should be small illustrates the
high quality of the retrieval despite the
poorer signal-to-noise ratio. These results
have been dlightly smoothed in the vertical
to guide the eye, unlike Figure 6.3.1-40.

Figure 6.3.1-42. Comparison between
the profiles retrieved from the ground-
based spectrometer in this work, and from
the CNRS balloon-bor ne spectrometer, on
19 June 1996 at sunset and on 20 June at
sunrise.

92

January 1997 are shown in Figure 6.3.1-41, the dates being chosen to be in late

summer when the full range of SZAs are available at this polar latitude, but when
NO, amounts are still large. In summer the stratospheric variability is again ex-
pected to be small.

® Vertical profiles of NO2 at Rotherain January 1997, sunrise 24'j a
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A balloon-borne UV -visible spectrometer from CNRS was flown close to OHP
in June 1996, allowing avalidation of the ground-based retrievalsin Figure 6.3.1-
40. Theflight went from Tallard (45°N 6°E) to Toulouse (44°N, 2°E), recording
spectra of the sun during occultation during sunset on 19 June and sunrise on 20
June. Profileswereretrieved by onion-peeling with much finer vertical resolution
than that of the ground-based profiles. Figure 5 shows the comparison, with a
standard deviation of the differences of 13% and much better agreement above 15
km where ground-based information content is greater. Smoothing the balloon-
borne profile to the resolution of the ground-based profile would improve the
agreement. Given the day-to-day variation in the NO, profile in Figure 6.3.1-42,
the remaining small differences could be due to the difference in locations.
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The IASB research retrieval suite

Asin the NERC-BAS suite, the IASB retrieval uses optimal estimation. The
chemical model isthe IASB model PSCBOX, initialised by output from a 1999
run of the 3D CTM SLIMCAT at the location and day of the year of the ground-
based observations. The RTM is UV spec/DISORT in multiple scattering mode
with ground albedo fixed to 25%, with the variation of the concentration of the
absorbing speciesalong the light path taken into account. Theapriori profilesare
from the output of the chemical model. Below the lowest altitude of the chemical
model the NO, content in the a priori profile was made negligible, and above its
highest altitude the US76 standard atmosphere completed any requisite profiles.
The suite uses the SZA range from 75° to 94°, and in anovel feature it deduces
the amount of NO, in the reference spectrum as well asthe vertical profile. This
avoids the need for achemically modified Langley plot performed separately be-
foretheretrieval, although it can lead to difficultiesin averaging the amount when
using a single reference spectrum for along data series.

The research suite was used to conduct an extensive set of vaidations, using
ground-based measurements from |ASB spectrometers at the NDSC station of
Harestua and Andgya, and comparing to data from the ball oon-borne spectrome-
tersfrom CNRS and from Heidelberg, and the satellite instruments POAM |11
(Polar Ozone and Aerosol Measurement) and HALOE. These balloon and satel-
lite instruments were chosen because they cover complementary altitude ranges
(15to 30 km for balloons, 20 to 45 km for satellites). Satellites also operate year-
round, allowing alarge number of coincident measurements with the ground-
based observations.

Satellite and balloon-borne instruments al so have good vertical resolution (1 to
2 km), but before comparing with ground-based results they must be smoothed by
convolving with the ground-based averaging kernels: x_=x_+ A (X, —X_), where
A isthe ground-based UV -visible averaging kernels matrix, x_istheapriori pro-
fileused intheretrieval, and x_isthe balloon or satellite profile. The balloon and
satellite profiles cover alimited altitude range but must be extended over the same
atitude grid as the averaging kernels. Below, thisisdone by the apriori profile
scaled to agree at the upper and lower measurement limits.

All the flights used for the CNRS balloon-borne comparisons originated in
Kiruna (68°N, 21°E) and occurred at sunset. As the balloon data have not been
corrected for photochemical variationsa ong theline of sight, only the ascent data
are taken into account for the comparisons. Five coincident events were found,
three in summer (Harestua data) and two in early spring (Andgyadata), although
several days can separate the ground-based and balloon-borne observations. Due
to the latitude difference of 8° between Harestua and Kiruna, their comparisons
are only relevant in summer when the stratosphere is stable. Figure 6.3.1-43
shows good agreement for the cases of Harestua 13 & 28 August and Andgya 16
March, the profiles differing over the entire atitude range by less than 7%, 25%,
and 21%, respectively. For both other coincident events, the relative difference
issmaller than 25 % above 20 km but larger discrepancies are observed below (up
to 70%). For Andaya27 March, dynamical effects could be argued to explain the
observed discrepancies since it isthe end of the polar vortex season and the ob-
servations are 3 days apart, but the PV at 475 K shows that both measurements
were outside the vortex. The vertical columnsintegrated over the balloon-borne
height range show agreement of better than 17 % for each case (Table 6.3.1-3).
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Figure 6.3.1-43. Comparison between
ground-based UV-visible profiles at Hares-
tua (sunset, summer conditions) and
Andgya (sunset, late winter-early spring
conditions) and SAOZ balloon profiles. In
the 5 cases, SAOZ balloons were launched
fromKiruna. For direct comparison, SAOZ
balloon profiles have been smoothed by
convolving them with the ground-based
UV-visible averaging kernels. Therelative
differences appear in theright lower plot.

Table6.3.1-3.  13-29km NO,
partial columns values calculated from
coincident GB UV-visible and
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The Heidelberg balloon-borne spectrometer has a cooled detector to provide

high signal-to-noiseratio. Two flights originating from Kirunaare appropriate for
comparison with Harestua ground-based data, on 19 August 1998 and 21 August
2001 at sunset. Asfor the CNRS balloons, only ascent dataare used. For the sec-
ond flight, the closest day of Harestuadatais 2 days earlier. In Figure 6.3.1-44,
the agreement for 1998 is excellent with differences of less than 4% over the
whole altitude range, but in 2001 the ground-based profile exceeded the balloon-
borne by upto 30% near 27 km. Thepartial columnvaluesin Table 6.3.1-4 reflect
these differences.
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Figure 6.3.1-44. Comparison between
ground-based UV-visible profiles at Hares-
tua and DOASballoon profiles for two sun-
setsin summer conditions. DOAS balloons
were launched from Kiruna. For direct
comparison, DOAS balloon profiles have
been smoothed by convolving themwith the
ground-based UV-visible averaging ker-
nels. The relative differences appear in the
right plot.

Table6.3.1-4.  NO, partial columns
from 13 to 37 km calculated from
coincident ground-based and
smoothed Heidel berg balloon-borne
profiles at Harestua at sunset. In both
cases, balloons were launched from
Kiruna. Therelative differencesin %
appear inthe last row..
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POAM 11 isasolar occultation instrument launched on SPOT 4 satellitein
1998, measuring stratospheric profiles of NO, from 20 to 45 km at sunset via dif-
ferential measurements at 439.6 nm (NO,-on channel) and 442.2 nm (NO,-of f
channel). Vertical resolution is about 2 km at altitudes below 40 km but is more
than 7 km at 45 km. Retrievals do not include a correction for the variation of
NO, along theline of sight. 76 coincident events (within 5° latitude and longitude
of Harestua) were found between June 1998 and September 2000, with examples
in Figure 6.3.1-45. Agreement is good in two examples, with differences less
than 25 % over the whole atitude range, largest below 25 km where the ground-
based values are smaller. Thisdifference at low atitudeislarger in the third ex-
ample, reaching 40 %, and is clearly systematic asit persistswhen profilesare av-
eraged (Figure 6.3.1-46). Except two daysin 2000, the POAM Il columnsin
Figure 6.3.1-47 are larger than ground-based columns by up to 26%, but the dif-
ference varies with year and season. Earlier POAM validations were compared
to total NO, from ground-based instruments and were smaller because of
POAM '’ slimited height range, and theresult isthe sameif Harestuatotal columns
are used, emphasising theimportance of vertical retrieval for such validation stud-
ies —without it, an opposite conclusion would be reached.
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Figure 6.3.1-47. Comparison of the sun-

set 20-37 km NO, partial columns calcu-
lated from the coincident ground-based
UV-visible and smoothed POAM 11 pro-

files at Harestua for the period 1998-2000.

The relative differences appear in the
lower plot.
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HALOE (HALogen Occultation Experiment) was launched on UARS satellite
in1991. Asfor POAM Ill, it observes solar occultation. Vertical profilesof NO,
areinferred from an infrared channel centred at 6.25 um, and measurements ex-
tend from about 10 to 50 km. Large error bars are sometimes observed below 25
km, the error becoming larger as the altitude decreases, so only HALOE data
above 20 km are used here. Vertical resolutionis2 km, and retrieval doesinclude
acorrection for the line of sight changes of NO, 22 coincident events (3 at sun-
rise, 19 at sunset) werefound for late winter-spring and 8 (6 at sunrise, 2 at sunset)
for summer-early fall. Figure 6.3.1-48 shows the comparison, with good agree-
ment above 28 km. Below, the ground-based profiles are systematically less than
HALOE, asin POAM |11 comparisons, although the observed differencesare here
within profile variability of both profiles, and agreement with HALOE at sunset
issignificantly better than with POAM I11 (differences below 25 km smaller than
20% instead of being comprised between 20% and 40%). The partial column
comparisonsin Figure 6.3.1-49 show similar features, with ground-based values
generally lessthan HALOE. Thescatter islarger inlatewinter-early spring, when
large dynamical effects occur above Harestua. Aswith POAM, earlier HALOE
validations were compared to total NO, from ground-based instruments and were
smaller, and we again find the same opposite result if total columns are used.
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Figure6.3.1-48. Comparison of coinci-
dent ground-based and smoothed HALOE
profiles separately averaged for sunrise
and sunset for late winter-spring (upper
plots) and summer-early fall (lower plots)
at Harestua. Events cover the period from
mid-June 1998 to mid-September 2001.
Therelative differences appear in the
right-hand plots, where error bars are off-
set by 0.2 km for clarity.

Figure 6.3.1-49. Comparison of 20-37
km NO, partial columns from the coinci-
dent ground-based and smoothed HALOE
satellite profiles at Harestua. Relative dif-
ferences appear in the lower plot.
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The good agreement with both balloon-borne instruments suggests the disa-
greement with both satelliteinstruments at low altitudesis a problem with the sat-
elliteinstruments at low atitudes, where HAL OE error barsincrease and POAM
I11 neglects the correction for the line of sight variations. Neglecting the correc-
tion resultsin overestimation of NO, below 25 km, asfollowsfor POAM 111 from
theaboveargument. Oneestimate of the correction is 20% at 20 km, which would
provide apartial explanation for the differences, though other estimates are small-
er suggesting that the correction may have alarge uncertainty. This uncertainty
could also account for the difference in agreement with HAL OE between sunrise
and sunset, as the correction and so its uncertainty is much larger at sunrise than
at sunset.
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Errors

Thetotal error of theretrieved profileisthe sum of three errors: the error due to
the smoothing of the true profile, the error due to the measurement noise, and the
error due to systematic errorsin the forward model.

As residuals from spectral fits are dominated by the random noise of the detec-
tor, the measurement covariance matrix S, is chosen diagonal with values corre-
sponding to the statistical error from the spectral fits. The S, matrix being fixed,
theapriori covariance matrix S, can act like atuning parameter. The variance val-
ue to be placed on the diagonal of the S, matrix has been empirically determined
and 10% was found to be the threshold value above which undesired oscillations
in the retrieved profiles can occur. S, also contains extra-diagonal termsin order
to account for correlations between NO, values at different altitude levels. In the
research suite these terms were added as Gaussian functions:

Saij = y/SaiSa; ©P(-IN) (Z, ~2,))°) D

where z and z arethe atitudes of i"" and j" levels, respectively and y is the half
width at half maximum (HWHM). The choice of a correlation length of 8 km (y
= 4 km) is discussed below.

The smoothing error covariance matrix S, can be calculated using:
S =(A-NS(A-), (2)

where S isarealistic covariance matrix of the true NO, profile, A isthe aver-
aging kernels matrix and | isthe unit matrix. For retrievals using the research
suite, the variance of the true NO, profile placed on the diagonal of the S, matrix
has been estimated from HALOE NO, profilesat 55°N to 65°N over thefiveyears
from 1998 to 2002. 1368 profileswere selected, covering sunrise and sunset and
February to October. The use of the HALOE datawas limited to the 17-50 km
atitude range, and variance values calculated at 17 and 50 km from HAL OE data
areassumed below 17 km and above 50 km. S_also containsextra-diagonal terms
in order to account for correlations between NO, values at different atitudes.
Thesetermswere added as Gaussi an functions using the same expression and cor-
relation length as for the S, matrix.

The measurement error is defined as:

S, =GS G ©)
withG =% =S K"(K S K™+S)?, (4)
0y

where S, isthe measurement error covariance matrix, and G isthe contribution
functions matrix expressing the sensitivity of the retrieved profile to changesin
the measured NO, slant column abundances.

The forward model parameter error S, is given by:
S =GK,5K,G", (5)

where G isthe contribution functions matrix, K isthe sensitivity of theforward
model to perturbations of forward model parameters b, and S, is the covariance
matrix of b. S cannot be determined easily due to the large number of forward
model parameters, so the matrix derived in an earlier study by K. Preston et a.
was used.

Error profiles from the two suites are shown in Figure 6.3.1-50 and Figure
6.3.1-51. Smoothing error dominates in the research suite, due to its use of meas-
ured variability to define the smoothing-error’s covariance. This may be philo-
sophically inappropriate, and ongoing research will resolve the issue.
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Figure 6.3.1-50. Error profiles fromthe 50 = : -
operational retrieval suite for the profile — Profile
from OHP of 19 June 1996 at sunset. -—- Mess. err
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Figure 6.3.1-51. Example profiles of
theretrieval errorsand NO, natural
variability from the research retrieval
suite for the profile of Harestua May
25, 2001 at sunset.

Information content

The averaging kernel matrix A isthe key parameter for characterization of ver-
tical resolution and information content. Typical averaging kernels are shownin
Figure 6.3.1-42, where those between 13 km and 33 km pesk at their nominal al-
titude. Vertical resolution is 8 km at 13 km and reaches 20 km at 33 km.

The number of independent pieces of information that can beretrieved from the
measurements can be estimated from the trace of A. A depends on the a-priori
covariance matrix S,, and therefore on the correl ation length between altitude lev-
els used for the calculation of the extra-diagonal terms of S, The impact of this
correlation lengthissignificant (Figure 6.3.1-43). Thetrace of A aso dependson
the SZA sampling and range of the measurements. Figure 6.3.1-43 showsthat for
optimal information content it is crucial to exceed 93°SZA and to sample at small
intervals, important in the design of new instruments.
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Figure 6.3.1-52. Left: Typical example  sp

of ground-based NO, averaging kernel, for 5 ;m =
. sunset at Harestua on May 25, 2001. 20 -- 9km 1.
Plain diamonds indicate the altitude at = }? m ;
which each averaging kernel should peak Ta — g; :m '
inanideal case = — 25km 1.
© — 29km =
Figure 6.3.1-53. Right: Traceofthe 2 5 =7 gg L -
averaging kernels matrix A asa function of < —— #1kn E
the HWHM (}), for sunset at Harestua on 1.
25 May 2001. The maximum number of 10 :
independent pieces of information is about '
;, g?céulirrri]ng at a correlation length (twice e o e 1.
Ox 5 5 10 15 20
ox ¥ [krn]

Figure 6.3.1-54. Left: Typical example

Of ground-basec NOZ averagi ng kernel, fOI’ 25 —— SIZA intervals frc:mI measuréments
. sunset at Harestua on May 25, 2001. —=- 1°SZAintervals

. . . . . —&— D.5°SZA intervals
Plain diamonds indicate the altitude at —&— 0.25° SZA intervals

which each averaging kernel should peak
inanideal case

Trace of A

1.5F

és 83.5 890 205 M 915 892 925 93 935
SZA upper limit [9]
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Application of the NERC-BAS retrieval suite to INTA results

Figure 6.3.1-55. Retrieved profiles for selected days from INTA measurements (blue) at Izafia (28°N) in 1999 (squares), 2000 (triangles)
and 2001 (stars). SAGE Il data for the same periodsisin other colours.
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To test the NERC-BAS suite as an operational tool, INTA applied it to the slant
column measurements from 1999 to 2001 by the INTA visible spectrograph (RA-
SAS) at the subtropical Observatory of |zafia (28°N, 16°W). Slant columns for
the SZA range 70° to 93° at intervals of about 0.5° were used, and the retrieva
output was at 10 km intervals between 7 to 57 km. Dayswith small residualsin
the spectral fit were chosen. Theinstrument did not always reach the largest SZA
required for optimal retrieval, neverthel ess the suite was successfully run for cas-
es covering all seasonsin each of the 3 years.

Theresultsin Figure 6.3.1-55 are grouped by month, and include for compari-
son SAGE Il profiles measured within 5° of the observatory. Inthefigure, the
profile shapes are often bimodal rather than the unimodal we might expect from
NO2 climatologies. Thisbehavior isalso observed in some coincident SAGE I1
profiles (e.g. March 2003), but in other cases the main maximum islocated unre-
alistically high which we ascribe to instability in the retrieval method, acommon
problem. The unimodal retrieved profiles have a maximum between 25 and 30
km during the whole year, in agreement with SAGE Il data.

Figure 6.3.1-56. \ertical columns fromintegrating the retrieved profiles at 1zafia (pink am, green pm), together with the vertical columns
deduced from the same instrument in the conventional way (red am, blue pm).
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In Figure 6.3.1-56, the columns deduced from the retrieved profiles agree well
with those determined without retrieval, showing that the instability is not rele-
vant to the more important goal of self-consistent vertical columns — instability
arises from lack of information content, so the bimodality of the profile does not
change the resultant vertical column.

During 2000, sudden short-duration increases in NO, vertical column were ob-
served. Defining aspikeasanincreasein column by greater than 10% of the same
twilight on adjacent days, a number of spikeswere identified (Figure 6.3.1-57).
Possible explanations of the spikes are:

(a) Surface pollution in broken inversion episodes

(b) Abrupt change of stratospheric meridional circulation
(c) Stratospheric intrusions

(d) Long-range pollution coming from America

(e) Regional production of NO, in thunderstorms
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Information on which of these possibilities takes place could be obtained from

the height at which the spike occurs, even a distinction between stratosphere and
troposphere would be useful. Figure 6.3.1-57, 21 and 22 show a case study of a
spike with low aerosol (optical depth at 500nm = 0.02).

Figure 6.3.1-57. Sant columns on a day with a spike in the vertical column (12 May 2000, day 132) and slant columns from the same twi-
light on the previous day, their ratios, and ratios of calculated AMFs.
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Figure6.3.1-58. Profilesof NO, profiles
on day 132 pm and the previous day
retrieved with the operational suite at 10
kmvertical intervals. The expected
increase near 10 km on day 132 does not

occur, perhaps because of the choice of

starting altitude and vertical interval used

intheretrieval.

Theratio between the slant column densities (SCD) on day 132 and the previous
day isgiven by:

r (Sza) - $D132 (Sza) - VCD132 (Sza) le\M F132 (sza)

$D131 (Sza) VCD131 ( Sza) AM F131 ( Sza)

If the increase occurs in the stratosphere and the shape of the profileis not dis-
turbed, then r should be constant with sza. Figure 6.3.1-57 shows thisis not the
case, instead r increases with sza, so either the NO, vertical column (VCD) was
increasing, or the NO, enhancement takes place in the troposphere or lower strat-
osphere, modifying the air mass factor (AMF), or both.

Ratios of calculated AMFsin Figure 6.3.1-57 show that the variation of r with
szais consistent with an increasein NO, at 10 to12 km. Figure 6.3.1-58 shows
theretrieved NO, profiles, but the expected maximum near 10 km does not occur.
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ISAC-CNR profile inversion and results

The method used for profileretrieving isthat one suggested by McKenzie et al.
1991 based on the Chahine iterative retrieval. The Rodger (Rodger, 2000) ap-
proach has been used for the calculation of the error in the retrieved profile. The
averaging kernels of our inversion model are shown in Figure 6.3.1-59 with the
estimated percentage errors on the retrieved vertical profiles calculated using a
mid-latitude climatological NO, profile. Sensitivity for altitudes higher than 32.5
km isvery low and errors can reach values of up to 80%. Accuratea priori infor-
mation isthen necessary for these altitudesto give further stability to the solution.
In the troposphere and the middle-low stratosphere, where the nitrogen dioxide
variability ishigher, the method isreasonably accurate with errorsin the range of
12-38%. Full width at half maximum (FWHM) of the averaging kernel rowsgives
apossible estimation of the vertical resolution in the retrieved profile. From 2.5
up to 32.5 km the FWHM varies from 10 to 15 km so that avertical step of 5 km
isrequired at |east to reproduce the retrieved signal without losing information.
The sensibility of the retrieval to the NO, loading in the lowest troposphere was
further investigated using synthetic measurements obtained with the RTM model
AMEFCO. Three different scenario was used with NO, profiles constant in the
stratosphere but with different tropospheric loading. The calculated sant col-
umns were than used to retrieve the NO, profiles with the inversion model. Two
positive results have been obtained: @) as suggested by the smoothing error calcu-
lation the retrieval has good sensibility in the lowest troposphere and b) no insta-
bility of the solution was observed when high NO, valuesin the troposphere were
present.

Figure 6.3.1-59. On the l€ft the averag-
ing kernels of the inversion model used for

nitrogen dioxide vertical profile retrieval 50

50

from slant column measurements are 4
shown. The estimated percentage error on
the retrieval is shown on theright (see text
for more details). The model can retrieve
useful information on the vertical distribu- 3 30
tion of the gas up to 32.5 Kmwith errors
ranging between 12% and 38%.
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Figure 6.3.1-60. NO, profiles at Mt.

Cimone from 1993 to 2001.
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Theinversion model has been than applied to the historical data set of NO,slant
column measurements at Mt. Cimone (44 N, 11 E). Datafrom august 1993 to De-
cember 2001 was processed. Results are shown in Figure 6.3.1-60 separately for
AM and PM observations.

The goal of the analysiswasto study the trend of stratospheric NO,content ne-
glecting any possible influence from tropospheric pollution. We used the NO2
concentration values at 27.5 Km to investigate thus the trend with a statistical
model as suggested by Liley et al 2000. Results give an increased trend for strat-
ospheric NO, at northern mid-latitudes of 3.5% and 4.4 % per decade for AM and
PM respectively. Values are consistent with the trend of N,O that is the main
source of stratospheric nitrogen dioxide and that has been estimated with 3.6 +
0.4 % increase per decade (WM O, 1998). Previous studies carried out on the same
data set but considering slant column measurements at solar zenith angle of 90°
(asdone by Liley et al. 2000) reported substantially different results with an in-
creasing trend per decade of 6% and 8% for AM and PM respectively (Petritoli et
al., 2002).

Theinformation retrieved on the tropospheric NO,amount was used to perform
an intercomparison with NO, tropospheric column amount retrieved by GOME
sensor in the Po valley area (Northern Italy) (Petritoli et a, 2004). The compari-
son of satellite columns with profilesretrieved by DOASS ground-based measure-
ments carried out at Mt. Cimone (2165 m adl) provided good agreement (see
Figure 6.3.1-61) when the troposphere was horizontally homogeneous enough to
make the two measurements compatible. The strict selection criteriaallowed only
a selection of very few observations to be compared quantitatively. A set of nine
episodesfrom the polluted days ensembl e was sel ected according to the M C (mix-
ing coefficient) parameter calculated using supplementary information on the
tropospheric status and three of them were regjected because of cloudsin the
GOME FOV. Four of the remaining episodes showed agood linear correlation
between GOME and GASCOD NO, tropospheric columns with R*= 0.9 and the
angular coefficient 0.86 while two cases (19/01/2000 and 17/02/2000), had a

106 QUILT - Final Report



Figure 6.3.1-61. Scatter plot between
GOME and GASCOD tropospheric NO,
columns (above) in the Mt. Cimone area.
Different symbols are connected to the MC
parameter as discussed in thetext and in
Table 2. The linear regression shown inthe
plot is calculated on the black filled
squares excluding 19/01/2000, 17/02/2000
and the three cloudy days that are not
included in the plot and in the analysis.
Satistical summary of the pollution events
analysed and the absolute average differ-
ence between GOME and GASCOD tropo-
spheric NO, column are plotted in (below).

6.3 Applied methodology, scientific achievements and main deliverables

GOME/GASCOD ratio of 0.68 and 0.55. The conclusion (see Petritoli et al. 2004)
is that two different pollution sources were sampled by the satellite on 19/01/
2000 and only one half of the GOME pixel was covered by the hot spot on the 17/
02/2000. The data group with MC<<1 has also been studied and areasonable in-
terpretation of the discrepancy between the two instruments was found in cloud
cover, lightning and strong gradients in the NO, column amounts in the Mt. Ci-
mone area reflecting incomplete mixture of air masses sampled by GOME and
GASCOD.
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Conclusions

Three new suites of NO, inversion software have been devel oped, one for oper-
ational use and two for research use. They have similar principles, though differ
in detail. The operational suiteiswell documented, modular and portable. The re-
search suite lend themself to testing different scientific and technical inputs.

The research suite has been used investigate errors and accuracy relative to sat-
ellite and balloon-borne instrumentsin a significant validation effort, and to ex-
amine details of vertical profilesin a polluted area

The operational suite has been distributed to QUILT partners. Its has already
been used to investigate unusual NO, distributions at asubtropical station, and the
trend in profile shape at an Antarctic station in summer - important because of the
large apparent trend in total NO, there.
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Main deliverables

0 Software suite for the retrieval of NO, profiles from ground-based slant
columns at twilight, independent of the type of spectrometer or itsloca-
tion, distributed to the project partners and the NDSC

O Included in software suite; routine production of error statistics on the
NO, profiles.

0 Sampleresults of NO, profiles from a spectrometer with good signal-to-
noise ratio and with poor signal-to-noise
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WP 2300: OCIO algorithm development

Applied methodology and scientific achievements

Several activities have been carried out during the project to investigate the spe-
cific problemsin retrieving OCIO from UV /vis spectra. These activitiesinclude:

Acquisition of information

Thefirst step was to systematically acquire information on the parameters used
for the OCIO analysis by the different groups. Like for the investigation of the
BrO analysis during the OHP campaign (Alliwell et al., 2002) it turned out that
aso for OCIO the settings of the various groups differed strongly. The details of
the analysis parameters are summarised in Table 6.3.1-5. The collected informa-
tion on the different OCIO analysis properties aswell as also on specific findings
(see Table 6.3.1-6) of the different groups served as input for the systematic in-
vestigation of the impact of the algorithms settings on the OCIO results.

Specific properties for the different measurement platforms

The influence of most OCIO analysis parameters (see Table 6.3.1-7) on the re-
trieval issimilar for DOAS observations from different platforms. Nevertheless,
there exist also specific properties for measurements from different platforms,
which will be briefly discussed in this section. Some of these differences are in-
herent for specific platforms (e.g. small signal to noise ratio for satellite observa-
tions). Others are caused by specific instrumental properties, e.g. dueto
undersampling of the detectors of GOME and SCIAMACHY . The specific prop-
erties for different platforms are summarised in Table 6.3.1-7.

Table6.3.1-5.  Details of the analysis parameters used for the OCIO analysis by the different groups.
NILU IASB NIWA IUPHB IUPHD Remarks
Ny-Alesund/ | Harestua Arrival Ny-Alesund
Andgya Heights
Spectral 357 - 385 362.4-381 404 — 424 GB 355 - 390 GB -Advantages for
range (nm) 357.5-381 339 -358.5 GOME 363 - 400.2-424.5 different ranges?
392 371.4-390.1 -Differences in
Moon 397 — 424 363.5-390.1 SCD OCIO?
GOME
364 - 393
Ozone GOME 202 & GOME 241K GOME GOME, Is ozone neces-
241K BremFTS sary?
NO2 Harder 227K Vand. 220&294K | Harder GOME, Vand. 220&294K | Differences in
227&294K BremFTS SCD OCIO?
O4 Hermans et al. Hermans et al. ? Greenblatt Greenblatt Differences in
SCD OCIO?
BrO Wahner (227K) ? Necessarry only
in specific cases
OClo Wahner (204K) Wahner Wahner, Bremen |  Wahner (204K) Differences in
FTS SCD OCIO?
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NILU IASB NIWA IUPHB IUPHD Remarks
Ny-Alesund/ | Harestua Arrival Ny-Alesund
Andgya Heights
Ring calculated measured measured & cal- Calculated Differences in
culated (one / two spec- SCD OCIO?
tra) How is it calcu-
lated?
Is there a refer-
ence for the use
of calculated or
measured pec-
trum?
NO2 tests No Harder, Van- No Different cross -temperature
daele sections, -lo-corr.
(GOME different temps. -Filling-in
summerOCIO)
lo correction Yes, Only small Yes, for NO, Yes Yes / no Has to be inves-
differences tigated
Other correc- Resol. change
tions cross section
Main prob_ Signal to noise Ring, offs., A, OCIO, O, and O, cross section NO,
lems Resolution NO, cross sec- & shifts o,
changes, NO, tions Instrumental Fraunh. Ref.
cross sections artefacts
(GOME)
fTable 6.3.1-6.  Specific findings from OCIO observations carried out by the different groups.
NILU IASB NIWA IUPHB IUPHD Remarks
Ny-Alesund / |Harestua Arrival Heights Ny-Alesund
Andgya
W/CHZO Not looked Not looked Not looked Few cases HONO What do we
HONO expect?
-> models
AM / PM AM > PM AM = PM AM < PM AM=PM AM=PM What do we
expect?
Outside vortex NO NO later later Probably Different casest
(GOME)
Dayti me NO ? later - SZA>75° What do we
(GOME) expect?
-> models
Summer NO VandaeleNO, later NO Maybe...... What do we
YES expect?
-> models
110
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Fable 6.3.1-7.  SPecCITIC properties for OCIO observations from different platforms.
[Platform Instrument Problem Potential solution
Ground based (part|y also Fraunhofer reference spectrum Very stable instruments and
aircraft and balloon obser- contains OCIO absorption, small | improved spectral analysis allow
vations) difference between OCIO absorp- | the use of Fraunhofer spectra from
tion in both spectra other seasons.
Differential slant column density is
compared to appropriate model
output
Aircraft observations AMAXDOAS Strong dependence on the relative | Improved spectral analysis and
azimuth angle between viewing radiative transport modelling,
direction and sun investigation of the observed
strength of the Ring effect.
Satellite observations GOME/SCIAMACHY Strong influence of the surface Use of two or more Ring spectra,
brightness and colour, especially | Use of Intensity offset as fitting
on the Filling-in of Fraunhofer lines| parameter (Wagner et al., 2001b,
2002)
Small signal to noise ratio Improved spectral analysis, adding
of spectra
Undersampling Spectral smoothing or modelling of
the undersampling residuals,
Use of an earth shine spectrum as
Fraunhofer reference (Wagner et
al., 2001a, 2002, Kihl et al.,
2004a-c)

SCIAMACHY Polarisation Takin into account the spectra of
the polarisation responce of the
instrument into the spectral fitting.
(Wagner et al., 2004)

Systematic investigation of the analysis algorithms of the dif-
ferent groups using sythetic spectra.

Partner 2 (IASB) has provided synthetic spectrato the project partnersfor
following purposes:

*Check consistency of retrieval softwares

*Support to optimisation of retrieval settings for BrO and OCIO

*Help in understanding possible sources of bias

The focus of these data sets were on:

*Zenith-sky measurements at twilight (90° SZA)

*UV-Visregion relevant for OCIO and BrO retrieval (340 —430 nm) —typica
resolution of 0.7 nm FWHM

*Include simple (Beer-Lambert) and more realistic simulations based on radi-
ative transfer calculations with/without RRS

Four different data sets have been provided, each including ssmulations
corresponding to following atmaospheric scenarios:

1. Winter conditions, high OCIO+BrO, low NO2
2. ldentical (1) + HCHO

3. Identical (1) + high NO2

4. ldentical (1), but without OCIO

5. Summer conditions, high NO2, no OCIO

6. Identical (5) + HCHO
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The agreement between the different groupsis generally very good (bet-
ter than afew percents). Largest differences have been generally found for
SET3 (spectrawith shift/stretch). One example of the comparisonisshown

in 6.3.1-62:
Figure6.3.1-62. An example of the com- INTERVALZ (OCIO UV) - Relative differences w.r.t. NIWA
parison between OCIO analysis performed SETO (Lambert-Beer) SET1 (Elastic-only)
. . 20 20 ~
by the different groups on the synthetic 1
. 1
spectra provided by partner 7. T ) !
Z 10 . L R T
£A P !
% -=- UB e }‘:;{"‘\3\ % N
5 OF—Fnfpadec == L e L L S
o NLU RIS 5} e
Q & INTA LA Q *
o Y &
& 10|~ LB - —- - 8 A0 - -
o UHE v o
- |ASB -
20 ; -20
0 2 4 6 8 0 2 4 6 8
SET3
SET2 (Elastic+RRS) (Elastic+RRS+Shift/Stretch)
20 20 v
IR Vo s
1/ b - :
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= 10 LT R[] S : 0
: £ 20 e
2 A0S0 Z
= D ! = s ¢SD
o o gy S 2O
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Q * | Q VoEL
L T | A S S (N Q gl . B SR
g 10 11 g 10 —“1 3
A L 4
-20 - -20 L :
0 2 4 6 8 0 2 4 6 8
Scenario No Scenario No

In addition partner 2 has made some sensitivity tests to estimate the impact of
various effects/settings:

» Solar 10 effect

* HCHO interference

» BrOfitting in OCIO interval

* OCIO UV versus Visible

» BroO fitting over larger wavelength interval

* Impact of molecular Ring fitting (e.g. adding Ring* O3 cross-section)

Some results are shown exemplarily in Figure 6.3.1-63.
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Figure 6.3.1-63. Sensitivity testson
OCIO analysis to estimate the impact of
various effects/settings (performed by part-
ner 2).
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SENSITIVITY TESTS (OCIO)
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Recommendations

We can conclude, that the solar 10 correction has a small impact, but seemsto
stabilise the OCIO results. Best accuracy seemsto be obtained in the 363-391 nm
fitting interval, without including BrO in thefit (BrO-OCIO interference effect in
presence of Ring). The OCIO fitting in visible window tends to be positively bia-
sed.

Main deliverables

0 Recommendations for the fitting parameters for a standard OCIO DOAS
algorithm

O Determination of the accuracy and precision of the standard OCIO DOAS
algorithm

00 Recommendations for future improvements of the OCIO retrieval

114 QUILT - Final Report



Figure6.3.1-64. Ratio of two different
sets of 10 DSCDs for 2 March 1997:
one calculated taking into account two
NO, temperatures (Fit2), the other one
with one cross section measured at 221
K.

6.3 Applied methodology, scientific achievements and main deliverables

WP 2400: Groundbased DOAS retrieval of 10

Applied methodology and scientific achievements

Introduction

During aformer project (Stratospheric Ozone Destruction by Bromine), zenith-
sky measurementsin Ny-Alesund have been analysed for absorption by iodine mon-
oxide (Wittrock et al., 2000). If present in the stratosphere, iodine can provide rapid
catalytic destruction cyclesfor ozone, in particular in thelowermost stratosphere. lo-
dine compounds add to ozone destruction by CI and Br,, but probably are not an-
thropogenic but primarily of natural origin. In two previous studies, small upper
limits have been derived for 10 and |, indicating thet very little 10 is present in the
stratosphere. In contrast, analysis of the measurements in Ny-Alesund provide evi-
dencefor stratospheric 10 mixing ratios of 0.65 to 0.8 pptv in polar spring 1997, and
similar valuesin other years.

Dueto the fact that no other station has reported stratospheric 1O so far, severa
tests have been carried out to exclude problemsin the retrieval (also part of deliv-
ery D16). During this study following error sources have been ruled out to be re-
sponsible for an uncorrect 10 retrieval: selection of the wavelength range,
unproper correction of NO,- absorptions, Ring correction, | -effect. As an exam-
plethefollowing figure showsthe differencein 10-DSCDs (differential slant col-
umn densities) between the standard evaluation and the retrieval taking into
accout the temperature dependency of the NO, absorption cross section in the se-
lected wavelength range.

Influence of different NO2 cross section on 1O DSCD
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Estimates of the stratospheric 10 column under different con-
ditions (D15)

IO DSCD at the subtropical observatory of |zafia (Partner 8)

At theend of 2001 anew UV DOASINTA instrument wasinstalled at subtropi-
cal 1zafia Observatory (28°N, 16°W, 2370 m.a.s.l) for BrO DSCD measurements,
thisnew instrument (ARTIST) coversthe UV-Vis. range between 320 to 460 nm,
and its resolution, 0.6 nm, alows us aimproved attempt to evaluate |O DSCD.

The evaluation has been carried out over the days 1 to 290 of 2002, following
the procedure described by Friess et al. The spectral range used for the retrieval
was 415-450 nm, and O,, NO,, NO, T-dep |, corrected, O, and H,0O wereincluded
inthe INTA analysis package. The cross sections were convolved and caibrated
by WinDOAS software. The standard package has been modified in order to
make an individual positioning and stretching of every spectrum respect to the
cross sections and the reference spectrum This improvement, in addition to the
best quality of datafor 1O retrieval, givesan appreciablereduction inthefit errors.
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Figure 6.3.1-65. 10 DSCD between 80°
and 90° sza during 2002 at | zafia station.

Up to now only one set of evaluation has been carried out between 80° and 90°
sza

Seasonal evolution evaluated between 80°-90° sza, is displayed in Figure 6.3.1-
65. The standard deviation of theresidualsfor every day is shown in the top panel
of the figure, days with afit error larger than 3 10* have been removed, the other
panel shown the DSCD of 10 for am and pm. The mean values observed for 10
DSCD are-—1.062 10* (sd 8 10") am and —1.25 10" (sd 9 10**) pm and as can be
seen, the retrieved DSCDs are below the error bars.In both cases, am and pm, a
different behavior after the day number 140 is observed in the DSCD of 10 when
the mean decreases to —1.3 10* (sd 7 10%) am and —1.7 10* (sd 6 10*) althought
the grater values during the pm than in am are kept. The different behavior issure-
ly related to the change of the field of view of the instrument, which occurred this
day, from about 10° to 25°. This appears to be an unredlistic effect due to the
change in the collecting optics.

To check whether or not the retrieved 10 DSCD is correlated to the sd of the
residuals, in Figure 6.3.1-66 the cross correlation between both magnitudes are
plotted, and as can be observed, no clear dependence can be inferred. The main
difference with the 2001 resultsisthe pm values are greater than theam ones. Typ-
ical fiterrorsusing the INTA analysispackage arearound 2 10*, for both datasets,
am and pm. In Figure 6.3.1-67, the diurnal variation of the O DSCD is shown for
aparticular day, 171, where theresiduals are small. Thisis aclear sky day with
very low aerosol loading. Theintensity of the signal for the spectra collected for
szagrater than 92°isin genera very low and those spectra have been removed of
the analysis.A dlightly decrease is observed from 80° sza, coincident to larger sd
of the residuals, but the DSCD never comes below 2 10%, what is estimated to be
the detection limit of the instrument.

From the analysis we conclude that no detectable levels of 10 are present in the
free troposphere of the subtropical 1zafia Observatory, in agreement with the pre-
vious observations and the current accepted chemistry.
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Figure 6.3.1-66. Crosscorrelation
between the sd of the residuals and the 1O
DSCD. Red circles are am data and blue
ones pmdata..

Figure 6.3.1-67. Upper panel: residu-
als sd for 1O DSCD for day number 171,
amisinred and pmisin blue. Lower pan-
els: 10 DSCD for day number 171, amisin
red and pmisin blue.
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Antarctica

Zenith sky DOA S measurements of iodine oxide (10) were performed at Neu-
mayer Station, Antarctica (70 S, 8 W) using aUV/Visinstrument that has been
operating at thissite continuously since March 1999 [Frief3 et a ., 2001]. The spec-
tral signature of 10 was clearly detected in the observed spectra (see below). A
typical example of the diurnal variation of the |O dSCD observed at Neumayer is
shown in Figure 6.3.1-68.
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Figure 6.3.1-68. Diurnal variation of
the |O dSCD on September 5 (panel A) and
October 27 (panel B), 1999. The position
of the Fraunhofer reference spectrumis
marked with an arrow. Left axis: inferred
1O dCD; Right axis. absolute 10 SCD
under the assumption that 1O istotally
removed from the atmosphere at a solar
zenith angle of 95°. The error bars denote
the 1 retrieval error. Panel C: RMSresid-

ual of the spectral retrieval on October 27.
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Thediurnal variation of 10 under clear sky conditionsis characterised by a con-
stant |O dSCD during day and arapid decrease during twilight. Thelatter finding
can be explained by the rapid conversion of iodine radicals to reservoir species
(IONQ,, HQOI) in the absence of sunlight. Based on radiative transfer calculations,
we conclude from these measurements that the majority of the detected 10 islo-
cated close to the surface: the airmass factor for 1O located in the stratosphere
strongly increases with increasing SZA. In contrast to the observed constant 10
levelsfor SZA < 85° thiswould lead to asignificant increase in 10 dSCD during
twilight.

Further evidence for 10 being located close to the surface is the fact that multi-
ple scattering due to snowdrift has a significant impact on the |O dSCDs. Thisis
illustrated in Figure 6.3.1-69. No pronounced diurnal variation of 10O due to pho-
tochemistry is expected during this period since the solar zenith angle always re-
mains below 86°. The IO dSCD has a constant value during aperiod of clear sky
on December 14 and 15. A snowdrift on December 12 and 13 causes a strong var-
iability of the light path, accompanied by astrong increasein 10 dSCDswith val-
ues of up to 4 x 10" molec/cm?.
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Figure 6.3.1-69. dSCD 10 froman anal-
ysis using a fixed Fraunhofer reference
spectrum (upper panel) and the enhance-
ment of the tropospheric light path as
inferred from O, measurements (lower
panel) between December 12 and 16, 2000.
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More direct evidence for the hypothesis that the observed 10 islocated in the
boundary layer is provided by measurements using the new Multi-Axistelescope,
which has beeninstalled at Neumayer in early 2003. The new tel escope allowsto
collect scattered light from different viewing angles. Compared to zenith sky
measurements, observations from close to the horizon have a high sensitivity for
absorbers located close to the surface due to the increased light path through the
lower troposphere.

Figure 6.3.1-70. Multi- Axis measure-

ments of iodine oxide at Neumayer Sation, Neumayer Max-DOAS 10

Antarcita, on March 5, 2003. The eleva- 6 March 5, 2003

tion angles of the observations are indi-

cated by different colours as denoted in the 57 } I [

legend. N 7] gl
0t l
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Figure 6.3.1-70 showsthe diurna variation of the|O dSCD (relativeto a zenith
reference measured at noon) on aclear day in March 2003 for elevation angles of
90° (zenith), 20°, 10°, 5°, and 2°. A strong increase in 1O dSCDs with decreasing
elevation angle is observed, confirming that the detected 10 is present in the
boundary layer.
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The zenith sky DOAS observations of 10 at Neumayer Station can be summa-
rised asfollows:

» The spectral signature of iodine oxide has been clearly detected in the
zenith sky spectra recorded at Neumayer station during 1999 and 2000.

» Although DOAS observations of zenith scattered sunlight provide no
direct information on the altitude distribution of the observed trace gases,
arguments based on radiative transfer model calculations and photochem-
istry indicate that the observed diurnal variation of the |O DSCD is caused
by tropospheric rather than stratospheric 10.

» Assuming the observed 10 to belocated completely in the boundary layer
leads to mixing ratios of roughly 5-10 ppt during summer, similar concen-
trations astypically found in the mid-latitude MBL.

» No evidence for stratospheric 1O was found, mainly because the expected
small stratospheric signature of 1O may be masked by the strong tropo-
spheric signal observed at Neumayer.

» The pronounced sensitivity of the IO dSCD to near surface multiple scat-
tering due to snowdrift supports the conclusion that the bulk of 10 is
located close to the ground.

» Moredirect evidence for the hypothesis that the observed IO islocated in
the boundary layer is provided by analysis on measurements using the
new Multi-Axis telescope. These MAX-DOA S measurements show a pro-
nounced increase in 10 dSCDs for low elevations.

Arctic

In spring 2002 a new developed MAX-DOAS setup was installed in Ny-
Alesund (see WP 2100). Havingin 2002 only aUV part (325-412 nm), which is
not able to detect | O, the system was supplemented with a second CCD-spectrom-
eter device in March 2003. Thiswas designed for the wavel ength range from 390
— 570 nm, covering the spectra features from IO and OIO absorption. MAX-
DOAS measurements during 2003 and 2004 from Partner 3 (UHB) in Ny-
Alesund have been analysed for 10 absorption. Severa settings have been tested
according to suggestions by Wittrock, et a., 2000 and Friess, et a., 2001. Finally
following parameter were chosen to analyse the spectra:

*  Wavelength window: 416 — 439 nm;
* 0O,,NO,, 10, OCIO, Ring;

* Polynomial: Degree 2;

» Background: Zenith noon

Throughout theyear it was possibleto find | O DSCDs above the detection limit.
But this was the case for off-axis observations only. Usually the IO slant column
follows the O, slant column, which isillustrated in Figure 6.3.1-71 and Figure
6.3.1-72. Radiative transfer model studies according to publications by [Heckel
et al., 2004] and [Wittrock et al., 2004] were carried out to derive profileinforma-
tionfor 10. Thisleadsto volume mixing ratios of 1 ro 3.5 pptv from April to Sep-
tember within the boundary layer.
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Figure 6.3.1-71. Diurnal variation of
the 10 and O,DSCDs on April 23, 2003.
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Table 6.3.1-8.

122

Recommendations for the fitting parameters for an improved
IO DOAS algorithm (Study from Partner 4)

lodine oxide (10) has been detected for the first timein Antarcticausing a
DOAS zenith sky UV/Visinstrument which has been operating at the German re-
search station Neumayer (70 S, 8 W) since March 1999. The visible spectrometer
of the Neumayer DOAS system covers the wavel ength range between 400 and
650nm with a spectral resolution of 1nm FWHM . Zenith scattered light is ob-
served by atelescope and dispersed using a holographic grating. A photo diode
array with 1024 cannels serves as detector. The detector is cooled to -35°C to min-
imise the dark current and detector noise,

The spectral signature of 10 was clearly identified in the Neumayer spectra by
observing five vibrational absorption bands located in the wavelength region be-
tween 415 and 461 nm. The cross sections used for the spectral retrieval of 10 are
listedin Table6.3.1-8. Inaddition to | O, the cross sections of NO,, ozone, O,, OC-
1O, H,0 and 10 are included in the spectral retrieval. A polynomial of fourth de-
greeisincluded in the fit to remove broad- band structures caused by Rayleigh
and Mie scattering. Furthermore, anonlinear offset to the intensity is allowed for
in the analysis, which compensates for possible non-linearities of the instrument,
such asinstrumental stray light. The spectral analysis was performed using the
WINDOAS software (M. van Roozendael and C. Fayt, |IASB, pers. communica-
tion)

Cross sections used for the retrieval of 10.

Trace gas

Temperatures Reference

Ozone

221K, 271K [Burrows et al., 1999]

NO;

223K, 280K [Voigt et al., 1999]

Oy

298K Hermans, pers.comm.

OCIO

233K [Krommingaet a., 1999]

H.O

273K HITRAN database

10

[HOnninger, 1999]

Ring spectrum

Synthetic spectrum

Since the optical density of 10 isvery small (typically below 107%), it is neces-
sary to keep the signal to noise ratio of the spectral analysis as small as possible.
Changes in the spectral resolution with time can strongly affect the spectral re-
trieval, sincein this case the Fraunhofer structure cannot be removed properly by
calculating the ratio of two spectra. Therefore, daily Fraunhofer reference spectra
recorded at 80° SZA were used to analyse the twilight measurements of the re-
spective dusk/dawn. This procedure has two shortcomings:

» Sincethe differential dant columnsrelativeto a daily Fraunhofer refer-
ence spectrum have an unknown offset, which can vary from day to day,
these measurements gain no direct information on the seasonal variation
of iodine oxide but only on changes of the dlant columns during twilight.

» The period of available datais restricted to those days were the solar
zenith angle reaches less than 80. This leads to a gap in the time series
between mid April and late August for our measurements at high southern
latitudes.
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Figure 6.3.1-73. Example for the spec- 5
tral retrieval of |O on October 30, 1999 at 0
92° SZA. The Fraunhofer reference spec- 5 NO,
trumwas recorded at 80° SZA on the same SCD = ?.?_*ml ! -:Im“
day.
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Figure 6.3.1-74. Detected 10 absorp-
tion structure during twilight as a function
of SZA, observed on October 30, 1999. The
Fraunhofer reference spectrumisrecorded
on the same day at 80° SZA. An offset is
added to the individual absorption struc-
tures and the corresponding SZA is
denoted at the right.
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Figure 6.3.1-75. Relative changein the
1O fit coefficient (in percent) when shifting
the ozone, OCIO and IO cross sections and
the Fraunhofer reference in wavelength.
Solid lines: Results for a measured twilight
spectrum from October 15, 1999 (92°

Figure 6.3.1-73 shows an examplefor the spectral retrieval of iodineoxide. The
five vibrational bands of the A%, X?,, transition of 10 in the wavelength region
between 415 and 461.5 nm have an optical density of up to 1x10%, while the re-
sidual RMSisonly 1.4 x 10“. A negative |O dSCD is determined, which means
that thereisless 10 abundant along the light path at 92 compared to 80 SZA. This
isasoillustrated in Figure 6.3.1-74: a strongly increasing negative spectral sig-
nature with increasing SZA is observed and 10 can be clearly detected for solar
zenith angles of up to 95.

Since the optical density of 10 isvery small, it must be guaranteed that the ob-
served absorption structure is not an artefact. An element of uncertainty is a pos-
sible improper wavelength alignment of the reference spectra. Possible
candidatesfor aspectral misalignment are the Fraunhofer reference spectrum, the
cross sections for ozone [Burrows et a., 1999], for OCIO [Wahner et d., 1987],
and (to asmall extend) for iodine oxide [Honninger, 1999]. The influence of the
uncertainty of the wavel ength alignment was investigated according to the proce-
dure recommended by Stutz and Platt [1996]: the cross sections and the Fraunhof-
er reference spectrum were shifted in wavelength by the uncertainty of their
wavelength calibration. The change of theretrieved IO dSCD due to these wave-
length shiftsis a measure for the error caused by improper spectral alignment of
the reference spectra.

Thesetestswere performed in two separate ways: (1) by using ameasured spec-
trum and Fraunhofer reference and (2) by using synthetic spectra. A synthetic
Fraunhofer reference spectrum |, was created by convoluting a high-resolution
Fraunhofer spectrum [Kurucz et al., 1984] to the resolution of the instrument. A
second spectrum | was calculated by adding the absorption structure of the trace
gasesto the high resol ution Fraunhofer spectrum prior to the convolution. To sim-
ulate the noise of theinstrument, random noise was added to the synthetic spectra
in order to obtain the sasme RM S residual aswhen analysing atmospheric spectra.
The spectral analysis using the synthetic spectra | and |, was performed with the
same settings as for measured spectra. Compared to the analysis of measured
spectra, using synthetic spectra has the advantage that the 'true’ 10 fit coefficients
are known and can be compared to the coefficients determined by the spectral
anaysis.

20 204

SZA); dashed lines: Results for synthetic
spectra, calculated as described in the text.
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Figure 6.3.1-75 shows how the 1O fit coefficient changes when shifting the ref-
erence spectrain wavelength. The spectral retrieval of 10 shows aremarkable sta-
bility when shifting the reference spectrain wavelength. The largest uncertainty
is given by the spectral calibration of the ozone cross section.

Table 6.3.1-9 summarises the estimated errors of the 10 dSCD due to improper
wavelength calibration of the reference spectra. A total error of only about 3% is
inferred, leading to the conclusion that errorsin the wavelength calibration cannot
cause artificial structures which would explain the observed 10 absorption.

Table 6.3.1-9.

Error in 1O dSCD

due to uncertainties in the wavelength Reference Wavel epgth Changein
calibration. spectrum uncertainty [nm] | 10 dSCD
Fraunhofer 0.02 2.0%
O3 0.10 2.3%
OCIO 0.20 0.5%
() 0.01 0.1%
Total Error 3.1%

A further test of the reliability of the IO retrieval was performed by comparing
theinitial and retrieved 10 dSCD using synthetic spectra. This was done in the
following way:

1. A synthetic Fraunhofer reference spectrum |, was created by convoluting
the high resolution Fraunhofer spectrum to the instrument's resolution.

2. A synthetic spectrum | with the absorption structures according to typical
dant column densities of all absorbers was created. Theinitial 10 slant
column density in the synthetic spectrum was set to -8 x 10** molec/cn?’.
Two sets of 500 spectra each were calculated using the synthetic spectrum
I:

* a by adding random noise(l,)
* b. by adding random noise plus the average residual structure of the
spectral retrieval at 92° SZA during October 1999 (1)

3. In both cases, the variance of the noise was adjusted so that an average
RMS residual of 2.5 x 10* was obtained in the spectral retrieval.

4. The IO dSCDs were determined by the spectral analysis procedure, per-
formed using the Fraunhofer reference spectrum I, and both the sets of
spectral, and I,
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Figure 6.3.1-76. Histograms of the RMSresidual (l&ft) and relativefit error (right) of the 10 retrieval for 91.5° SZA 92.5° for the measure-
ments at Neumayer during 1999 and 2000.
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Table 6.3.1-76 shows the histogram of theretrieved 10 dSCDs using the above
described synthetic spectra. As expected, the average 10 dSCD from spectrawith
pure random noiseiscloseto theinitial value of -8 x 10 molec/cn¥, but the stand-
ard deviation of about 2.5 x 10" molec/cm? is about twice as high as the fit error
from measured spectra shown in Table 6.3.1-77. Thisis likely caused by the tri-
angular smoothing applied to the spectra, which leadsto an underestimation of the
fit error since the smoothing causes a correlation of neighbouring pixels [Stutz
and Platt, 1996]. When adding both random noise and the average residual to the
synthetic spectra, theimpact of systematic structure on thelO retrieval issimulat-
ed. In this case, the absolute value of the 10 dSCD is underestimated by about
3.5%, while the standard deviation (1.5 x 10%) is smaller compared to the case
with pure noise, but still larger than the 10 fit error of measured spectra.

Figure 6.3.1-77. Histogram of the

retrieved |O dSCDs using synthetic spectra 120 Noise added: N
; i 1 -8.15 +/- 2.53)*10 ™ molec/em®
Wlth (a) random noise anq (b) random L :\luise + avera;e residmugleadzrgd:
noise plus the average residual of the IO ~ 1004 (7.72 4114910 * moleciem* | Y N
retrieval at 92° SZA during October 1999. % . 1
The synthetic spectra were created with an ; ] "
initial 1O dSCD of —8 x 10* molec/cn. 2 60+ a
S ] NN
o 404
o 7% NEN
L 2 7
0 ] e 'm%l%l% @'mvln@_ﬂﬂl_ﬂ-«'
-12 -1 -10 9 8 7 -6 -5 -4

Retrieved SCD 10 [10" molecicm ]

The influence of smoothing the spectra prior to the analysis was also tested us-
ing synthetic spectrawith amodeled 10 dSCD of -8 x 10" molec/cny’. As shown
in Table 6.3.1-78, applying asingle triangular smoothing has only asmall impact
of less than 1% on the retrieved 1O dSCD.
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A further uncertainty of the 10 retrieval is given by possible nonlinearities of
the instrument, which can be caused by an improper dark current correction or in-
strumental stray light. Those effects could cause artificial structures and are com-
pensated for by fitting a nonlinear offset to the intensity. To investigate this,
synthetic spectrawith avarying offset and a constant 10 dSCD of 5 x 10" molec/
cm? were calculated. The result of the spectral retrieval using these spectrais
shown in Table 6.3.1-79. It is obvious that a small intensity offset of only afew
percent leadsto completely wrong resultsif no nonlinear offset isfitted. The non-
linear offset fit, however, can compensate well for these nonlinearities.

Figure 6.3.1-78. Influence of smoothing ]
on the spectral retrieval of 10 using syn- 701
thetic spectra with a modelled 10 dSCD of o< 5] w [
—8 x 10® molec/cn. The error barsrepre- a8 .§ 0] [ ‘
sent the standard deviation of the data g :
using 500 spectra with random noise. 2 E 57 .
E'o 004
« -9.5 -' 1
1 T ¥ T ¥ T " T v T ¥ T T
0 1 2 3 4 5 [
Degree of triangular smoothing
Figure 6.3.1-79. Influence of the inten- A ]
sity offset on the spectral retrieval of |O @ — 50+
using synthetic spectra with a modelled 1O % 'g 0
dSCD of -5 x 10* molec/cn?. The x axis 5 50
denotes the intensity offset added to the £ 0]
synthetic spectra prior to the fit. Upper © I
panel: Retrieved dSCD 10 with (squares) E = 107
and without (circles) accounting for an ° § 5]
intensity offset in the analysis. Middle g 07
panel: Retrieved intensity offset; Bottom E 3 5] - Y =4.44003E-4+0,99983 X
panel: RMSresidual with (squares) and € -0 we®T : i i
without (circles) accounting for an inten- T g:g E LI T m omsettt
sity offset in the analysis. % o 207 O. 8 No offset it T
g5 157 .. e
=" 109 O, d
£  05]Residual e, _.__,,.-A-'
00 ——p—————— 4%
0 8 6 4 2 0 2 4 6 8 10
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The following can be concluded from the above sensitivity tests:

1. The RMSresidua of the IO retrieval istypically in the order of 2 x 10,
while optical densities of more than 1 x 10° are observed with our instru-
ment at Neumayer station. Thisleadsto typical 10 retrieval errors of 8 x
10* molec/cny, compared to maximum IO dSCDs of more than 1 x 10*
molec/cm?®. However, the tests using synthetic spectraindicate that the
retrieval algorithm may underestimate the error of the 10 dSCD by afac-
tor of two.

2. Thedetection limit of 10is 1 x 10" molec/cm? (according to the definition
of Stutz and Platt [1996])

3. Systematic residual structures have arelatively small impact on the
retrieved 10 dSCDs.

4. Changes of the instrument properties have only a small impact on the 1O
retrieval when using daily Fraunhofer reference spectra.
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5. ThelO retrieval isinsensitive to possible wavelength misalignments of
the reference spectra.

6. Possible nonlinearities of the instrument, e.g. caused by instrumental
straylight, can have alarge impact on the IO retrieval. Including a non-lin-
ear intensity offset in the retrieval can compensate for these effects.

ThelO retrieval isfound to be quite robust regarding changes of the analysis
settings. The above findings give confidence that the observed absorption struc-
ture in the spectra measured at Neumayer station is related to the abundance of
iodine oxide along the observed light path.

Summary and Conclusions

Several partners have analysed both ground-based and ballon-borne measured
sunlight spectrafor signatures of 1O absorption. Case studies have shown, that the
IO retrieval is quite robust to changesin the analysis settings (which isin contast
to e.g. the BrO retrieval). The detection limit for the analysisisin the range of 5
10" to 2 10" molec/cm?® in DSCD depending on site conditions and instrument.

Recommendations for the fitting parameters for an improved
IO DOAS algorithm (D16)

Following table summarized the recommendated fitting parameter for an im-
proved 1O DOAS retrieval.

Wavelength window

At least 4 bands between 419 and 461 nm

Polynomial

2to3

Further corrections

Straylight (ground-based)
Solar-center-to-limb-darkening (balloon-borne)

Cross section included Temperatures Reference

Ozone 221K [Burrows et al., 1999]

NO,, two temperatures 223K, 280K [Voigt et al., 1999]

O4 298K [Greenblatt et al., 1990]
wavelength  corrected or
[Hermans, pers.comm].

OCIO, for polar sites 233K [Kromminga et a., 1999]

H,O 273K HITRAN database

(@] [HONNinger, 1999] or
[Spietz, 1999]

Ring spectrum Synthetic  spectrum, e.g.
SCIATRAN

Table 6.3.1-10. Recommendations for the fitting parameter for an improved 10 DOAS agorithm.
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Estimates of the stratospheric 10 column under different con-
ditions (D15)

An oberview of 10 studies within the QUILT project is given below. They have
been published at least partly in one of the project reports.
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Group |[How? [Where? Trop.? |[Strat.? W hen? |Comments
Bremen |ZS Arctic: Ny- [Y es Y es(<0.8ppt) [1995- Stratospheric 10 for high
DOAS |Alesund 1998 SZA only
MAX Y es No (< 0,3 2003 —
DOAS [Ny-Alesund|(<3.5ppt)|ppt) 2004 Tropospheric 10 in BL
NILU |ZS Arctic: Ny- [Y es No 95-97 strat. signal possibly
DOAS |Alesund Y es No 98- masked by trop.
A ndoya
Heid. |ZS- Antarctica: |Y es No 1999 strat. signal possibly
MAX- [Neumayer [(<10ppt) masked by trop.
DOAS Tropospheric 10 in BL
Heid. |DOAS |[Northern [Yes(<7 | 1997
Mid- ppt)
L atitudes:
M ace Head
(Ireland)
Heid. [Ballon- |Arcticand |- No, < 0.1 ppt|1996 —
borne IMid- for lower 2000
DOAS |[Latitudes: stratosphere
Kiruna,
Gap, Leon
INTA |ZS Subtropics:[No No 2002
DOAS |lzana

Combining al studiesit is most likely, that the amount of 10 is very small
throughout the stratosphere (< 0.1 ppt). Only Wittrock et al. [2000] have reported
IO differential dant columns larger than the detection limit, attributing them to
small stratospheric amounts (<0.8 ppt). These observations couldn’t confirmed
from the Bremen group for measurements in 2003 and 2004 on the same site.
Only 10 DSCDs caused by tropospheric amounts have been found. These find-
ings are in good agreement with measurements from Friess et al. in Antarctica

One might speculate about the reasons for the disagreement between measure-
mentsin Ny-Alesund from 1995 to 1998 and thosein 2003 and 2004. Several tests
have been carried out to exclude possible errorsin theretrieval of thedata. [Bésch
et al.] have introduced the solar-center-to-limb-darkening effect (CLD) in the
anaysis of balloon-borne data. Evenif it isin respect to the different viewing ge-
ometry of the ground-based measurements very unlikely, further investigations
are necessary to exclude a possible influence of this effect on zenith sky measure-
ments. Morelikelihood is an explanation, taking into account a combination of a
varying amount of 10 in the troposphere and instrumental problems under low-
light conditions.
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Recommendation for the format (SZA range, VCD/SCD/DSCD)
of astandard IO product (D17) and for the future improvements
of the IO retrieval (D18)

Because no clear evidence for stratospheric IO has been found during the
project, deliverable D17 became obsolete. It is recommended to further investi-
gate the CLD effect on zenith sky measurements.

Main deliverables

00 Estimates of the stratospheric 1O column under different conditions

00 Recommendations for the fitting parameters for an improved 10 DOAS
algorithm

0 Recommendations for future improvements of the IO retrieval

00 Daytime BrO, NO, and IO slant columns measured at sites using both off-
axis viewing and zenith-sky geometry (part of D5).
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WP 2500: Radiative transfer interface

Applied methodology and scientific achievements

The objective of the WP2500 wasto improve the accuracy of the different mod-
el/measurement radiative transfer (RT) interfaces used in the QUILT consortium
for interpreting ground-based and GOME DOAS observations.

It has been achieved through an intercomparison exercise between the RT codes
existing within QUILT. This exercise has been performed within the framework
of aworkshop on QUILT RT modelling activitiesheld at IASB-BIRA on October
3-4, 2002.

The characteristics and fields of application of the RT models existing within
QUILT are summarized in Table 6.3.1-11.

Inorder to test their consistency, these RT models have beeninvolvedin several
SCDs calculations comparison tests performed using identical settingsfor al the
models. Both ground zenith-sky (trace gases: BrO, NO,, and OCIO) and off-axis
geometries (trace gases. BrO, NO,, and HCHO) have been considered for these
tests, the photochemical enhancement being taken into account only in the zenith-
sky geometry. The main tests and their corresponding settings are the following:
1. Calculations of BrO, OCIO, and NO, SCDs in zenith-sky geometry, photo-

chemistry included

» Fixed BrO, OCIO, and NO, diurnal variation matrices, O,, NO,, p, T and
total number density profiles

» Fixed dtitude grid: 0-120 km/1km layer thickness

» Fixed wavelengths: 352 nm (BrO), 368 nm (OCIO), and 422 nm (NO,)

» Fixed ground albedo value (0.20)

» Fixed cross sections sets

* Aerosol scattering and refraction not included

» Calculation in single scattering (SS) mode + multiple scattering (MS)

mode if possible

2. Caculations of BrO, NO,, and HCHO SCDs in off-axis geometry, photo-
chemistry not included
« Initialization: same as exercise 1 except that single profiles are used (see
Figure 6.3.1-80); wavelength for HCHO SCD calculations: 356 nm.
» Cadculationsin MS mode (the only relevant mode in this geometry) for 0°
and 90° of azimuthal angle of line of sight (AzLOS) and for 5°, 10°, 20°,
30°, 40°, and 90° (zenith) of elevation.
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Partner

M odel main features

Applications

SCD zenith, nadir
static (Oa)

SCD  zenith,
chemistry
coupling
(Bro,
0CIO)

NO.,

SCD
off-
axis

Weighting
functions
calculation

UBRE
(IUP-Bremen)

SCIATRAN model:

—Combining Differential-Integral
approach using the Picard-Iterative
approximation (CDIPI)
—Treatment of MS
spherical  geometry
refraction

—Chemistry included (2D array of
profile variation with SZA)
—Treatment for aerosol and clouds
scattering, and ground albedo
—Raman scattering included

in a full
including

YES

YES

YES

YES

UHEI
(IUP-Heidelberg)

TRACY moddl:
—Monte Carlo approach
—Treatment of MS
spherical geometry
refraction

—Chemistry included (2D array of
profile variation with SZA)
—Treatments for aerosol and cloud
scattering, and ground albedo
—Raman scattering included

in a full
including

YES

YES

YES

Under
develop.

NILU,
IASB-BIRA

—UVspec/DISORT package inclu-
ding chemistry (2D array of profile
variation with SZA)

—Discrete ordinate method
—Treatment of MS and refraction
in a pseudo-spherical geometry
(direct beam only)

—Treatment for aerosol and clouds
scattering, and ground albedo

YES

YES

YES

YES

ISAC-CNR

—Single scattering model in a 2-D
atmosphere

—Treatment for refraction, aerosols
scattering, and ground albedo

Y ES (zenith)

YES

YES

YES

NERC

—Forward ray tracing

—2nd order of scattering in a full
spherical geometry

—Treatment for aerosols and PSC
scattering, and ground albedo

YES (zenith)

YES

NO

YES

NIWA

—Single scattering model in a 2-D
atmosphere
—Treatment for
aerosols scattering

refraction and

YES (zenith)

YES

NO

YES

Table 6.3.1-11.
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Figure 6.3.1-80. Profilesin concentra-
tion (upper plots) and VMR (lower plots) 60 60 60

used to initialize the RT models in the com- 50 50 50
parison tests in off-axis geometry. _
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3. Test on the impact of the aerosol scattering in off-axis geometry: calculation
of NO, and HCHO SCDs in off-axis geometry, aerosol scattering included
and photochemistry not included
e Initialization: same as exercise 2
* Fixed aerosol profiles (extinction coefficient and phase function)

» Calculationin MS mode (the only relevant mode in this geometry) for
30°, 60°, 90° and 120° of AzLOS and for 5°, 10°, 20°, 30°, 40°, and 90°
(zenith) of elevation

4. Test on theimpact of ground albedo in off-axis geometry: calculation of NO,
and HCHO SCDs in off-axis geometry for different ground a bedo values,
aerosol scattering and photochemistry not included
* Initialization: same as exercise 2
* Fixed ground albedo values: 0, 0.30, 0.60, and 0.90
e Cdculationsin MS mode (the only relevant mode in this geometry) for 0°

and 90° of AzLOS and for 5°, 10°, 20°, 30°, 40°, and 90° of elevation

The resultsfrom test 1 (zenith-sky geometry) are presented in Figure 6.3.1-81.
Since the findings are similar for both sunrise and sunset, only the results for sun-
set are shown and discussed here.
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Figure 6.3.1-81. Sunset BrO, NO,, and
OCIO SCDs calculated for test 1 (zenith-
sky geometry). The upper plots correspond
to the SCDs and the lower plotsto the

r atios between the results from the different
models and the |ASB model arbitrarily
chosen as the reference model. Two differ-
ent scenarios have been considered:
Harestua (Norway, 60°N) in summer (NO,)
and in winter where chlorine activation
occurs (BrO and OCIO). Solid and dashed
lines are corresponding to calculationsin
SSand MS modes, respectively.
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A good agreement is observed between the NIWA, IASB, and NILU modelsin
SS mode for the three species. the relative difference between the NIWA and
NILU models and the IASB one — arbitrarily taken as the reference model - is
smaller than 1% below 90° SZA and smaller than 3% above 90° SZA. These re-
sultsindicate that the consistency between the three models about the way the
photochemical effect has been implemented is very good. Concerning the ISAC-
CNR calculations, therelative difference with the |ASB model reacheslarger val-
ues over the whole SZA range for the three species: between 1% and 5% below
90° SZA and up to 14% above 90° SZA (OCIO at sunset). Since (1) the relative
differenceincreases with increasing SZA, (2) the largest relative differenceis ob-
served for OCIO above 90° SZA, and (3) this species varies rapidly at such large
SZAs, this suggeststhat the way the photochemical effect istaken into account in
the ISAC-CNR model differsfrom the other models. Concerning the calculations
in MS mode, the agreement between NILU and IASB is quite good even if the
difference between both models (up to 8% at large SZA) islarger than the one ob-
served in SS mode. The relative difference between the UHEI and IASB models
in the MS mode is smaller than 5% for BrO and NO, and 10% for OCIO below
93° SZA. Above this SZA value, larger relative differences are observed: up to
16% and 8% for BrO and NO,, respectively (UHEI calculations for OCIO are
missing in this SZA range). These results, at least those for BrO and NO,, show
that avery good consistency can be obtained up to 93° SZA between the SCDs
calculated with the IASB and UHEI models despite the differences existing be-
tween both codes (i.e., the method of solving the RT equation and the treatment
of the sphericity; see Table 6.3.1-11).
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It should be noted that this comparison test has allowed to greatly improve the
consistency between the different RT models in both scattering modes. Thisim-
provement isillustrated in Figure 6.3.1-82 where the first comparison results and
the current results - obtained after modifying and optimizing the RT codes - are
shown. The modifications in the RT codes have mainly concerned the way the
photochemical enhancement is handled and the treatment of the forcing of pho-
tonsinto the sun in the case of the UHEI model (Monte Carlo approach).

Figure 6.3.1-82. First comparison
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Figure 6.3.1-83 showstheresults of test 2 (off-axisgeometry) for HCHO. These
correspond to calculations for 5°, 20°, and 40° of elevation and for 90° AzL OS.
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Figure 6.3.1-83. HCHO SCDs calcu-
lated by the NILU, UBRE, IASB, and UHEI
models in MSmode for test 2 (off-axis
geometry). Upper plots correspond to the
SCDs and the lower plotsto the ratios
between the results from the different mod-
elsand the|ASB model arbitrarily taken as
the reference model. Results for 90° AzLOS
and for 5°, 20°, and 40° of elevation are
plotted here.
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The agreement between the IASB, NILU, UBRE, and UHEI modelsis very
good for 5° and 20° of elevation: the relative differences between the NILU,
UBRE, and UHEI models and the IASB one (reference model) are smaller than
2%, 6%, and 7%, respectively. In the case of the UBRE and NILU models, the
relative difference is also almost constant over the entire SZA range whereas the
relative difference between the UHEI and IASB models displaysalarge SZA de-
pendence. A similar feature is observed at 40° of elevation. However, larger rel-
ativedifference values are observed at this elevation, especially for the NILU and
UHEI models at high SZA (relative difference values of +6% and -12 %, respec-
tively). The comparison of calculations for both values of AzLOS (0° and 90°)
also shows that the impact of the AzL OSisrather small: SCDs calculated for 90°
AzL OS are maximum 10% larger than those cal culated for 0° AzL OS and thisfor
all four models.

Similar features are observed for BrO and NO, (results not shown here). How-
ever, the relative differences between NILU, UBRE, and UHEI models and the
IASB one are smaller for these species than for HCHO.

A preliminary comparison test between the IASB, NILU, and UBRE models
has also illustrated the impact of the resolution of the HCHO cross sections and
atitude grid. Using high resolution HCHO cross sections and an altitude grid of
0-120 km/1km thick leads to large discrepancies between the UBRE model and
the two other models based on the UV spec/DISORT package as it can been
shown in Figure 6.3.1-84. These discrepancies have been resolved mainly by
smoothing the high resolution HCHO cross sections used for thistest, thus reduc-
ing the interpolation effects. To a much lesser extent, decreasing the layer thick-
ness where the concentration changes rapidly with the altitude in the HCHO
profile (layer thickness of 0.2 km instead of 1 km between 0 and 3 km) has also
reduced interpolation effects and hasimproved the consistency between the mod-
els. This new altitude grid and the smoothed HCHO cross sections have been
therefore adopted for the comparison tests involving HCHO.
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Figure 6.3.1-84. Impact of the reso-
Iution of the HCHO cross sections
and altitude grid on the HCHO
SCDs calculated by the UBRE and
IASB models in off-axis geometry
(comparison test 2). The upper
plots and lower plots correspond to
the SCDs cal culated with the origi-
nal HCHO cross sections and alti-
tude grid and with smoothed
HCHO cross sections and new alti-
tude grid between 0 and 3 km,
respectively. Results for 90°
AzLOS and for 5°, 10°, and 20° of
elevation are plotted here.

6.3 Applied methodology, scientific achievements and main deliverables

Original HCHO cross sections and altitude grid

. Az 90° - 5° elev o Az90°-10°elev .~  Az90°-20°elev
E8 E8 E8— .
5] L = o
s -~ & ]\J‘TI)E £
<} P <] NIL =}

L s o® UBRE| | ¢ 6

© el =)

o |5 B ceclas i _
(] i
a4 R g ==l g4 :
5] %] 5] fi
o] @] QF ||mETEE :
L - L= || e
Q2 Q2 02

I 40 60 80 T 40 60 80 T 40 60 80

SZA[7] SZA[7] SZA [7]

Smoothed HCHO cross sections + new altitude grid between 0 and 3 km

o Az90°-5%¢elev. -~ Az90°-10%elev .~ Az90°-20°elev
£8 ; E 8 : E8 ;

2 L L

[&] [&] (&}

o ° °

[¢] ; === [+] []
Eflaz===77" Ee Ee

© o ©

= : x | ]

g4 B4 8¢

n ; 0 : %]

o : o |: o | 2
I : b : T

02 02 02

T 40 60 80 T 40 60 80 T 40 60 80

Figure Figure 6.3.1-85 shows the impact of aerosol scattering on NO, SCD cal-
culationsin off-axis geometry (test 3). The results presented here are correspond-
ing to 30° of AzL OS for which the impact of the aerosol scattering isthe largest.
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Figure 6.3.1-85. NO, SCDs calculated

by the NILU, UBRE, |ASB, and UHEI mod-

elsin MSmodefor test 3 (impact of aerosol
scattering in off-axis geometry). The upper
plots correspond to the SCDs and the lower
plots to the ratios between SCDs cal cu-
lated with and without aerosol scattering.
Results for 30° AzZLOSand for 5°, 20°, and
40° of elevation are plotted here.
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Large discrepancies are observed between the ratios of NO, SCDs cal cul ated
with and without aerosol scattering. Since the models have been initialized with
the same aerosol profiles (extinction coefficient and phase function), thisindi-
cates that the treatment of aerosol scattering differsin each model. Further inves-
tigations are needed to explain thisfeature. It isalso observed that the consistency
between the IASB, NILU, and UBRE models becomes clearly better when the
SZA andtheelevation but also the AzL OS (not shown here) increase. Concerning
the impact of elevation degree, an opposite behaviour is observed for the UHEI
model results: the consistency between this model and the othersisthe worst for
high elevation degree values. Similar discrepancies between model results are ob-
served for HCHO (not shown here). However, theimpact of the aerosol scattering
on HCHO SCDs s smaller: the ratio between cal culations with and without aer-
osol scattering iscomprised between 0.87 and 1.05 for al elevation degrees, SZA,
and AzLOS.

Theresultsof test 4 ontheimpact of ground albedo on HCHO SCD calculations
in off-axis geometry are presented in Figure 6.3.1-86. At 80° SZA, anincrease of
the ground albedo from 0.0 to 0.9 leads to an increase of the HCHO SCD of about
20% and 80% for 5° and 40° of elevation, respectively. The corresponding in-
creases for the NO, SCD are 5% and 18%, respectively (not shown here). These
increases of HCHO and NO, SCD values are similar for the UBRE, NILU, and
IASB models whereas they are systematically larger for the UHEI model. The
larger impact of the ground albedo on the HCHO SCDsis expected since HCHO,
in contrast to NO,, ismostly located in the lower part of the troposphere (between
0 and 5 km) and is therefore more sensitive to the ground abedo. It is also ob-
served that theimpact of the ground albedo becomeslarger asthe SZA decreases.

138 QUILT - Final Report



6.3 Applied methodology, scientific achievements and main deliverables

Figure 6.3.1-86. HCHO SCDs calcu-
lated by the NILU, UBRE, IASB, and UHEI 30° AzLOS - 5° elev 30° AzLOS - 20° elev 30° AzLOS - 40° elev
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Conclusions

The present intercomparison exercise has alowed the determination of the con-
sistency between the QUILT RT models used for interpreting the ground-based
DOAS and MAX-DOAS observations. The main results are the following:

» The consistency between the QUILT RT models has been greatly
improved for zenith-sky BrO, NO,, and OCIO SCD calculations in both
SS and MS modes. However, some discrepancies still persist at large SZA
(>90°) and need further investigations.

« A good overal agreement is obtained between IASB, NILU, UBRE, and
UHEI modelsin MS mode for the calculation of BrO, NO,, and HCHO
SCDsin off-axis geometry.

» Theimpact of the aerosol scattering and ground albedo on off-axisNO,
and HCHO SCDs has been quantitatively determined. The results clearly
show that the treatment of aerosol scattering differsin each model
whereas a reasonably good consistency is obtained between IASB, NILU,
UBRE, and UHEI models concerning the impact of ground albedo.

* The WP2500 deliverable - consisting of a RT model validation package -
has been made publicly available through the QUILT website. This pack-
ageintegrates al theinitialization data and results of the present intercom-
parison exercise. Its purposeisto enable the testing of RT codes aiming to
the calculation of AMFs (air mass factors)/SCDs as required for ground-
based DOAS and MAX-DOAS applications.
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6.3.2 WP 3000: Historical data set revision

Introduction

The aim of WP 3000, as defined in the QUILT DOW, is to optimise the exploi-
tation of the existing European UV -visible monitoring systems by which ozone
and the related active radicals NO,, BrO and OCIO can be measured from the
ground, balloon and satellite. Over the past decade, alarge amount of atmospheric
measurements of these compounds have been performed at a number of sites cov-
ering high and mid-latitudes in both hemispheres. The existing network has also
been extended during recent years (mostly towardstropical and equatorial regions
where alack of observational means has long been recognised), with the installa-
tion of several new UV-Visinstruments owned by different European institutes.
In the current stage of the evolution of the NDSC, the need to establish methods
to improve and consolidate the existing measurements has been identified and de-
fined as an important objective of the QUILT project. Thisinvolvesthe selection
of state-of-the-art retrieval algorithms (see results from WP 2000), and their ap-
plication to available time-series of measurementsin order to produce required
homogeneous datasetsfor each relevant trace gas. Such high quality datacan then
be used by end user communitiesfor testing and validating state-of-the-art chem-
ical transport models, and ultimately synthesising information required by legis-
lative authorities responsible for public health issues and by the general public as
awhole.

Within WP 3000, there are three main work packages based on the analysis of
data from respectively ground-based, balloon and satellite platforms. In this sec-
tion, the efforts made by the QUILT partners during the whole project to extend
their measurement capabilities, homogenise data sets and better exploit available
measurements of O,, NO,, BrO, OCIO and |O column measurements are de-
scribed.

WP 3100: Ground-based DOAS revision

Applied methodology and scientific achievements

WP 3100 is dedicated to the consolidation of column measurement data series
at the stations of the QUILT network (Table 6.3.2-12). As can be seen, most sta-
tions are part of the NDSC, as primary or complementary site. All latitudinal
bands in between Arctic and Antarctic regions are covered. All stations provide
O, and NO, columns, with data records of various|engths some of them extending
back to eighties. An increasing number of sites also provide slant column meas-
urements of BrO and OCIO, the latter molecule being measurable only in polar
regions. At some stations, zenith-sky observations are complemented by Multi-
AxisDOAS (MAX-DOAS) observations, anovel development of the DOAS
technique, which also enable the measurement of tropospheric trace gases (NO,,
BrO and HCHO). During the QUILT project, efforts have concentrated on estab-
lishing homogenei zed time-series of the relevant QUILT trace species at the var-
ious stations. Although data consolidation activities were essentially carried out
individually at each station, under responsibility of various data providers, results
from the third NDSC intercomparison campaign of UV -visible spectrometers,
held at Andoya, Norway, in March 2003, provided a significant contribution to
WP 3100 in establishing new standards for high quality NO, slant column meas-
urement. New NDSC certification criteriawere also defined for this molecule.
Therefore we start this section by a summary of main results from the Andoya
2003 campaign. The current status of the QUILT network is then outlined with a
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description of main consolidation work performed. Examples of geophysical
studies based on the resulting homogenised data series are finally given.

Table 6.3.2-12. The QUILT network of ground-based UV/Visible spectrometers.

Station Lat. Long. Ingtitute Instrument type Dates
Ny-Alesund, Spitzber gen “* 78.9°N 11.9°E NILU SAOZ 1990 — 2004
Ny-Alesund, Spitzbergen ** 78.9°N 11.9°E UBremen MAX-DOAS* 1995 — 2004
Summit, Greenland * 72.5°N 38°W UBremen MAX-DOAS* 2003 — 2004
Scor eshysund, Greenland ? 70.5°N 22.0°W CNRS SAOZ 1991 — 2004
Andoya, Norway * 69.3°N 16.0°E NILU SYMOCS 1998 — 2004
Kiruna, Sweden * 67.8°N 21.1°E UHeidelberg DOAS 1994 — 2004
Sodankyla, Finland ? 67.4°N 26.7°E CNRS SAOZ 1990 — 2004
Salekhard, Siberia?® 66.7°N 66.7°E CNRS SAOZ 1998 — 2004
Zhigansk, Russia? 66.7°N 123.4°E CNRS SAOZ 1991 — 2004
Harestua, Norway * 60.2°N 10.8°E BIRA DOAS 1994 — 2004
Bremen, Ger many 53.1°N 8.9°E UBremen MAX-DOAS* 1993 — 2004
Aberystwyth, UK ? 52.0°N 4.1°W UWades SAOZ 1990 — 2004
Jungfraujoch, Switzerland * 46.6°N 8.0°E BIRA SAOZ 1990 — 2004
OHP, France* 43.9°N 5.7°E CNRS SAOz 1992 — 2004
OHP, France* 43.9°N 5.7°E BIRA MAX-DOAS* 1998 — 2002
Mt Cimone, Italy 44.2°N 10.7°E CNR GASCOD 1993 — 2004
Bologna, Italy 44.5°N 11.3°E CNR GASCOD 1997 — 1998
Stara Zagor a, Bulgaria 42.4°N 25.0°E CNR GASCOD 1999 — 2004
|zana, Canaries? 28.3°N 16.5°W INTA ARTIST 1993 — 2004
Merida, Venezuela 21.0°N 99.5°W UBremen MAX-DOAS* 2003 — 2004
Paramaribo, Suriname? 5.8°N 55.2°W UHeidelberg MAX-DOAS* 2003 — 2004
Tarawa, Kiribati Republic?® 1.4°N 172.9°E CNRS SAOzZ 1992 — 2004
Nairobi, Kenya 1.3°S 36.8°E UBremen MAX-DOAS* 2003 — 2004
Reunion Island ? 21.1°S 55.5°E CNRS SAOz 1994 — 2004
Reunion Island ? 21.1°S 55.5°E BIRA MAX-DOAS* 2004
Bauru, Brazil ? 22.4°S 49.0°W CNRS SAOz 1995 — 2004
Lauder, New Zealand * 45.0°S 169.7°E NIWA DOAS 1980 — 2004
Kerguelen Idand ? 49.4°S 70.3°E CNRS SAQOZ 1995 — 2004
Dumont d’'Urville, Antarctica* 66.7°S 140°E CNRS SAOZ 1988 — 2004
Marambio, Antarctica 64.3°S 56.7°W INTA DOAS 1994 — 2004
Faraday, Antarctica® 65.3°S 64°W BAS SAOZ 1990 — 1995
Rothera, Antarctica? 67.6°S 68.1°W BAS SAQOZ 1996 — 2004
Neumayer, Antar ctica >* 70.7°S 8.3°W Uheidelberg DOAS 1999 — 2004
Terra Nova Bay, Antarctica®* 74°S 164°E CNR GASCOD 1996 — 2004
Arrival Heights, Antarctica*** 77.8°S 166.7°E NIWA MAX-DOAS* 1998 — 2004

* includes low elevation bright-sky viewing, thereby also measuring tropospheric trace gases

! primary NDSC station

? complementary NDSC station

® often inside the edge region of the Antarctic stratospheric vortex

* maximum solar zenith angle in midsummer too small for reliable NO, measurementsin
midsummer

142 QUILT - Final Report



6.3 Applied methodology, scientific achievements and main deliverables

Third NDSC intercomparison of UV/Visible spectrometers, An-
doya, Norway, 2003

Within the framework of the NDSC, an intercomparison campaign of ground-
based zenith-sky viewing UV -visible spectrometers was held at the Andeya
Rocket Range at Andenes, Norway from 14 February to 7 March 2003. The cho-
sen siteis classified as a complementary NDSC site. Eight groups from seven
countries participated in the exercise. All of them areinvolved in the NDSC net-
work. The purpose of thisexerciseis primarily to verify and ensure the high qual-
ity and the consistency of the data distributed through the NDSC. Criteriafor
acceptance of data have already been defined by the NDSC in the case of NO,,.
However those definitions were made some years ago, during the previousNDSC
intercomparisons in 1992 (Hofmann et a., 1995) and 1996 (Roscoe et a., 1999)
and were characteristic of mid-latitude conditions. It was therefore deemed nec-
essary to analyse their pertinence for high-latitude conditions and with instru-
ments modified to take advantage of the technology developed since then. The
campai gn focused on the measurements of slant columnsof NO,, BrO, and OCIO,
with main focus on measurements of the NO, and BrO slant columns. For OCIO,
the weather conditions were such that very low levels of OCIO were observed,
therefore limiting the interest of the exercise for this molecule.

Different analysis criteriawere investigated during the campaign. Theseinclud-
ed the use of fitting parameters as chosen by each group to provide what they con-
sidered to be optimised retrievals. Additional sets of imposed parameters were
also used by each group including the wavelength interval, absorption cross sec-
tions, and species fitted. In practice the comparison focused on the use of three
different sets of analysis parameters (TC), which allowed the characterization of
the differences existing between the instruments. These differences were high-
lighted through the analysis of (a) regression between the groups and a common
reference, (b) fractional differences relative to the reference, and (c) histograms
of the absolute differencesin measurements. The choice of the reference datawas
based on the methods established in Roscoe et al. (1999) and considered linear re-
gressions between pairs of instrumentsin order to select a subgroup of instru-
ments which performed comparably.

From the analysis of the results obtained under the different TCs, it appearsthat
amost al instruments agreed within 5% or better when the analysis parameters
are imposed, and using the 425-450 nm spectral interval (TC1). This agreement
degrades to 9% when retrieving NO, in the 400-418 nm region and to 7% if each
instrument uses its preferred choice of parameters. For the sake of uniformity it
was recommended that all instruments preferably use a set of prescribed analysis
parameters for their NDSC measurements. In particular, it isrecommended to de-
rive NO, slant columns from the 425-450 nm spectral region. Spectra should be
calibrated in wavelength using a high-resolution solar spectrum (Kurucz et al.,
1984). In thisregion, O,, O,, and H,O should also be fitted on top of NO,. High-
resol ution absorption cross sections of NO, are available in theliterature at differ-
ent temperatures (Harder et al., 1997; Vandaele et al., 1998). Both sets were ob-
tained with Fourier transform spectrometers leading to a very accurate
wavelength calibration. The O, temperature-dependent cross section of Bogumil
et a. (2000) has been considered owing to its high signal to noise ratio and accu-
rate wavelength calibration. In the NO, interval it is not necessary to take more
than one temperature (223 K) into account. The O, absorption cross-section of
Greenblatt et (1990), after correction for shift and stretch, should be used in this
spectral region. The water vapour reference spectrawas obtained by considering
the line parameters listed in the HITRAN 2000 database (Rothman et al., 2003).
However better correction could possibly be obtai ned using the measured absorp-
tion cross-sections of Harder and Brault (1997). The importance of the solar | ef-
fect wasalready stressed in Aliwell et al. (2002). The O, and NO, absorption cross
sections should therefore be corrected for this effect.
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In comparison to previous exercises in 1992 and 1996, the 2003 Andoya NO,
Intercomparison had different measurement conditions, with alimited range of
solar zenith angles due to latitude and season, mainly cloudy conditionsand little
tropospheric contamination. The Andoya Intercomparison produced the best re-
sultsso far, probably owing in part to more favourable conditions. However what
stands out between the 1996 OHP and 2003 Andoya campaign, isthe much closer
agreement of all participants which should lead to areal improvement in the ac-
curacy of NDSC global coverage. A major conclusion of the exerciseis, that both
instruments and analysis have improved since 1996. Some of thisarisesfrome.g.,
the understandings about instrument polarisation effects, but also from the wide-
spread use of WinDOAS analysis software which facilitates a more “ standard-
ised” approach to NO, measurements of adequate accuracy for NDSC.

2003 I nter comparison NO, Certification

Previous intercomparison exercises had led to the definition of acceptance cri-
teriafor NDSC-quaified NO, measurements, based on an assessment of the cur-
rent state of the art in 1992 and 1996. On distinguished between two types of
acceptance criteria:

Previous Type 1 (Long term Measurements):

Residual <= 0.10x 10" cm®, Sope= 1.00 £0.05, Intercept <= +0.15x 10" cm™.

Previous Type 2 (Process Studies):
Sandard Deviation <= 0.05, Ratio = 1.00 +0.10, Offset <= +0.25 x 10" cm?.

For this Intercomparison a single acceptance criteria was recommended as fol-
lowed:

Residual <= 0.05x 10" cm?, Sope= 1.00+0.05, Intercept <= +0.10 x 10" cm®

With this criteria 7 out of the 8 participating groups have been certified. A pos-
sibility of later certification isproposed to the eighth group, upon submission and
acceptance by the NDSC Steering Committee of areport demonstrating adequate
improvement of the instrument performances.

Network status and long-term data series consolidation

In this section, the main activities carried by individual partnersin view of op-
timising the quality and consistency of their reprocessed ground-based data sets
arebriefly described. The overal status of this consolidation work is summarised
in Figure 6.3.2-13.

Partner 1: NILU

NILU operates zenith-sky instruments at two stations: Andgya (69.3°N,16.0°E)
and Ny-Alesund (78.9°N, 77.9°E). The time-series of NO, and O, column meas-
urements recorded from 1991 until 2004 with the SAOZ instrument at Ny-
Alesund has been entirely reprocessed using the latest version of the CNRS anal-
ysis software. The data have been submitted to the QUILT data base. Unconsoli-
dated SY MOCS observationsof NO,, O,, BrO and OCIO at Andgyaare available
from 1998 until 2004. Re-processed, harmonized data sets from Andayawill be
added to the QUILT data base within afew weeks.
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Partner 2: BIRA-1ASB

BIRA-IASB has performed zenith-sky and (some) multi-axis DOAS observa-
tions at four stations of the QUILT network: Harestua, Jungfraujoch, OHP and
Reunion Island. At the Jungfraujoch, SAOZ observations of NO, and O, total col-
umns have been performed since 1991. In Harestua, measurements of O,, NO,,
OCIO and BrO columns have been started in 1994 (on acampaign basis) and con-
tinued without interruption over the period from 1998 until 2004. At OHP, zenith-
sky measurements of BrO and NO, have first been conducted from June 1998 un-
til December 2000, then a modified bi-axis DOAS instrument was installed and
operated for BrO, NO, and HCHO monitoring until July 2002. More recently, in
July 2004, aMAX-DOAS spectrometer was installed at Reunion Island after its
qualification for NDSC was obtained during the Andgya campaign.

The compl ete data set of measurements of NO, and O, vertical columns, aswell
asBrO and OCIO differentia slant columns performed in Jungfraujoch, OHP and
Harestua has been revisited within the QUILT project. Raw data have been re-
processed using most recent analysis settings agreed during the Andgya Cam-
paign with the aim to produce consistent and homogenized time-series of all
QUILT-relevant trace species. These results have been incorporated in the
QUILT data base and delivered to QUILT Partner 6 for comparison with model
simulations. For O, and NO,, the NDSC data base has also been updated using
most recent evaluations.

Partner 3: University of Bremen

The University of Bremen currently maintains monitoring activitiesat five sites
of the QUILT network: Bremen, Ny-Alesund, Nairobi, Summit and Merida. Con-
tinuous raw data from these stations are available for Bremen since 1993, Ny-
Alesund since 1995, Nairobi since September 2002, and Summit since August
2003. Theinstrument for Merida has been set up in March 2004.

Wherever the instrument set up permits the retrieval of the slant columns of
NO,, BrO and OCIO, data are analysed as agreed on the intercomparison cam-
paign in Andaya, Norway.

Ozone columnsin the ultraviolet wavelength region are derived by using the
concept of extended DOAS: Instead of cross sections slant optical densities are
fitted to compensate not only for the strong dependence on wavelength for the
ozone air massfactor but al so the temperature dependence of the absorption cross
section.

Air massfactors are cal culated using the newest version of the full-spherical ra-
diative transfer model SCIATRAN (Rozanov et al. 2001). Where possible, these
calculations are based on co-located ozone profiles provided by sonde measure-
ments. Also the treatment of aerosolsin the model isimproved by using the ex-
tinction profile information obtained by MAX-DOAS measurements of the
oxygen dimer O,.

The analysis of data from Ny-Alesund has been finalised and submitted to the
QUILT database soon. For Bremen and Nairobi which are highly polluted sites,
more work is needed especially for NO, vertical columns which are strongly af-
fected by the varying tropospheric NO, concentrations.

Partner 4: CNRS-SA

CNRS hasre-analysed the data from its 10 SAOZ instruments on the period
1988-2003. In addition to revision and homogeneisation of the NO, and O, slant
column data sets according to results from the Andgya campaign, Artic, mid-lat-
itude and tropical AMFs have been modelled using O, and NO, profiles from the
balloon-borne SAOZ which will result in more accurate and consistent vertical
columns. The consolidated data set is available on the CNRS-SA website (http://
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www.aerov.juss eu.fr/~fgoutail/SAOZ-consol .html). Thissite has adirect link to
the QUILT home web page.

Partner 6: University of Heidelberg

Withinthe QUILT project, DOAS measurementsat Kiruna (Sweden), Neumay-
er (Antarctica) and Paramaribo (Suriname) were analysed and revised. Theinstru-
ments of the latter two stations perform Multi-Axis DOAS observations (at
Neumayer since 2003), while the measurementsin Kiruna are till conducted in
the zenith-sky geometry.

The entire dataset of zenith-sky UV observationsin Kiruna/Sweden (68°N,
21°E) hasbeenre-analysed. A consi stent dataset of high quality of BrO and OCIO
dSCDsis now available for the period from 1997 until spring 2003. The data set
from Neumayer Station, Antarctica (70°S, 8°W) comprises consistent time series
of O, and NO, vertical columns, aswell asBrO and OCIO dSCDsfrom 1999 until
summer 2003.

Partner 7: BAS

BAS has been operating a SAOZ instrument in Faraday from 1990 until 1995.
Since 1996 this spectrometer has been moved and operated in Rothera. Thetimes-
series of NO, and O, columns from Faraday has been finalised and distributed.
M easurement datain Rothera have been acquired until 2004 and all spectrahave
been analysed to slant columns with both SAOZ447 and Windoas softwares. O,
values have been reworked and finalised, but not yet sent to NDSC database. NO,
valuesarestill preliminary as routine chemically-modified Langley plot software
isnot yet written. NO, profiling has been started.

Partner 7: INTA

INTA maintains zenith-sky DOAS spectrometers at two ground-based sites:
Izafia (28°N, 17°E) and Marambio (64°S, 57°W). Total columns of NO, and O,
have been continuously monitored since 1993 at |zafia, and since 1994 at Mara-
mabio. Since 1999, the | zafia spectrometer has been replaced by an improved ver-
sion alowing for BrO differential slant column measurements, in additionto NO,
and O, vertical columns.

Data sets from both stations have been revised as part of WP 3100, based on ec-
ommendations issued during the NDSC Andgya Campaign (March 2003). Con-
solidated time series of NO, and O, vertical columns have been submitted for
inclusioninthe QUILT data base, aswell as BrO differential dant columns meas-
ured in 2002 and 2003 at the tropical station of 1zana. The complete consolidated
NO, dataset for | zafiais however still under progress due to the need for are-eval-
uation of errorsin the scanning spectrometer (1993-1998). Neverthel ess the data-
set of the Diode Array instrument in Izafia (1999-2004) has been uploaded to the
QUILT database.

Partner 10: | SAC-CNR

ISAC-CNR has produced ozone and NO, data sets from four ground-based sta-
tions, Mt. Cimone (Italy), Bologna (Italy), Stara Zagora (Bulgaria) and Terra
NovaBay (Antarctica). All the ground-based stations are equipped with GAS-
COD type UV/Visspectrometers, with aspectral resolution of about 0.5 nminthe
spectral range 290-600 nm, an NMOS Hamamatsu linear sensor and af/5 Casseg-
rain input telescope. All the spectrometerswork, asnomina mode, inthe 410-464
nm spectral interval. The entire data set of zenith sky spectral measurements with
GASCOD Uv-Visspectrometersinstalled at Mt. Cimone, StaraZagoraand Terra
NovaBay has been reprocessed with the state of theart DOA S algorithm resulting
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in a homogenous database of NO, and ozone total column from the above men-
tioned research stations.

{Table 6.3.2-13.  Status of ground-based UV-visible data set processing at QUILT stations. |

Station 88 [ 8 | 90 | 91 | 92 | 93| 94| 95| 9 | 97 | 98 | 99 | 00 | 01 | 02
Ny-Alesund, NILU X | x| x| x| x| x| x

Ny-Alesund, Ubremen X X X

=

=

=
&

x
X
x
X
X

Summit, UBremen
Scoreshysund, CNRS X X X X X X X
Andoya, NILU
Kiruna, UHeidelberg X X X X
Sodankyla, CNRS X X X X
Salekhard, CNRS
Zhigansk, CNRS X X X
Harestua, BIRA

X
X
X

Bremen, UBremen
Aberystwyth, UWales X X
Jungfraujoch, BIRA X
OHP, CNRS X
OHP, BIRA
Mt Cimone, CNR X X X X
Bologna, CNR X

X X X X X X X X X X X X X X
><><><><><><><><><><><><><><g

X X X X

X X X X X X

X X X X X X

X X X X X X

X X X X X X
X X X X X X X X X X X X X
X X X X X X X X X X X X X
X X X X X X X X X X X X X
X X X X X X X X X X X X X

X
X

X
X X X X X X X X X X X X X X

X
X
X

Stara Zagora, CNR
Izana, INTA X | X | x| X | X | X | x| x| X |X
Merida, UBremen
Paramaribo, UHeidelberg X
Tarawa, CNRS X X X X X X X X

X X X X

x

Nairobi, UBremen
Reunion Island, CNRS X X X X X X X X X
Reunion Island, BIRA
Bauru, CNRS

Lauder, NIWA X X X X X X X
Kerguelen, CNRS

Dumont d’ Urville, CNRS X X X X X X X
Marambio, INTA X

Faraday, BAS X X X X X
Rothera, BAS X X X

X

X X X X X X X X

X X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X
X X X X X

Neumayer, UHeidelberg
TerraNovaBay, CNR X X
Arrival Heights, NIWA X

X X X X
X X X X
X X X X
X X X X
X X X X
X X X X

x dataset fully homogeneised
X dataset produced but not fully homogeneised
X dataset available from external partner (not funded by QUILT)
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Ground-based data dissemination

Final consolidated data records have been collected for inclusioninthe QUILT
database at NILU, and alink to the QUILT web site (http://nadir.nilu.no/quilt/)
has been established. In addition a Data Consolidation Document (DC-Daoc),
which includes details on measurements performed at each station, aswell asrel-
evant information on instruments, retrieval algorithms and ancillary data used by
each group, has been compiled and associated to the data base.

Geophysical exploitation of homogenised data series at partic-
ular stations

In this section, results of some interesting studies performed at QUILT stations
based on the use of the homogenised data sets are described.

Trend analysis of 8 years of NO, columnsat Mt. Cimone

Recent studies have pointed out difficulties to give a correct interpretation to
measured long term trend of stratospheric NO,. Several atmospheric phenomena
may alter the NO, content in stratosphere and each of them should be taken into
account to evaluate the NO, trend. A study on the NO, trend performed on DOAS
measurements obtained at Mt. Cimone station (44°N, 11°E, 2165 m adl) in the
Northern Italy was performed. A first evidence of the NAO influence on the NO,
stratospheric amount has been observed and investigated. Understanding the
trend of NO, in the stratosphere is an important task for atmospheric science. The
long-term evolution of stratospheric NO, is thought as being mainly modul ated
by the N,O produced at the ground. Nevertheless southern hemisphere mid-lati-
tudes observations (Liley et a, 2000) have found out a decade increase in NO,
column amount measured during twilight of about 5% that is more than expected
if compared with N,O trend (that is around 3.4% per decade). Fish et al. (2000)
tentatively explain such discrepancy by an indirect effect due to the trend in strat-
ospheric aerosol. On the other hand, McLinden et al. (2001) demonstrate how the
study of such trends performed with DOA S measurements during twilight periods
iscritical and requiresacorrect interpretation of chemistry. Here DOAS measure-
ments performed at the Mt. Cimone station have been used by CNR-ISAC to
show how the NO, column amount at northern mid-latitudes can be modulated by
the pressure field patterns, which can be modelled with the NAO index. Other au-
thors have found a correlation between NAO index and stratospheric ozone (Ap-
penzeller et a. 2000, Weiss et al., 2001) and with other atmospheric parameters
such as meridiona heat flux, zona winds and temperature (Gimeno et al, 2002,
Zhou et a., 2001).

Zenith scattered UV/Visradiation measurements are performed daily at Mt. Ci-
mone since August 1993. One year and half of observations between 1997 and
1999 are missing. We have used AM and PM slant column values between 1993
and 2003 interpolated at fixed Solar Zenith Angle (SZA) values of 88° and 90°.
Asaready shownin Liley et a. 2000, Appenzeller et a., 2000 and Weisset al.,
2001, one possible approach to the NO, trends in the stratosphere isto model the
natural variationswith known predictors. In thiswork we have used the following
model:

Mlodel SCME|= = cost+ Z al

where Model_SC, ., isthe NO, slant column amount obtained by the model, P,
are the predictors (annual cycle, QBO, semiannual cycle, solar cycle) expressed
with sinusoidal functions and & their relative coefficients. A non-linear fitting al-
gorithm has been used to force the model to reproduce the observationsin the
least-squares sense. Any information related to sources of long-term NO, modu-
lation not accounted for in the model will therefore show up in the residuals.
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The slant column amounts have been filtered from pollution episodes by using
NO, vertical profilesretrieved from the same measurements (Petritoli et al .,
2002). Further, twilight periods with non-monotonous increasing slant columns
have been removed because likely affected by local pollution transport (not con-
sidered in profilesretrieval) and/or cloudy sky conditions. The remaining data set
has been monthly averaged in order to smooth out the natural high frequency var-
iations of the NO, column (that our model can not reproduce properly) and there-
fore better capture the long-term (low-frequency) variations of the stratospheric
NO2. Thistime scale also turns out to be adequate to study trendsin dynamical
processes (e.g. planetary wave activity) connected to the NAO index (Zhou et dl .,
2001). Monthly averages have been considered asrepresentative only if they were
obtained from at least 15 days measurements. These were used to perform corre-
lations with the NAO index, as aobtained from the NOAA Climate Prediction
Center (http://www.cpc.ncep.noaa.gov/). A check on the stability of these corre-
lations was performed using two different data sets for morning and evening
measurements, respectively at SZA=88° and SZA=90°.

In Figure 6.3.2-87 and Figure 6.3.2-88 the scatter plots of the NO, residuals are
plotted against the NAO index, for AM and PM at 88° and 90° for two distinct
annual periods: January, February, March, April (JFMA) and September, Octo-
ber, November, December (SOND). The respective linear coefficients and their
errorsare reported in Table 6.3.2-14. During JFM, the NAO index represents the
modulation of the tropopause height that has been demonstrated to modify the to-
tal ozone column (Appenzeller et al., 2000). AM resultsfor JFMA are consistent
with no-correlation at al, while PM results show a slightly negative correlation
of the order 0.14-0.19x10" molec/cm?/NAO. This means that during winter when
NAQO absolute oscill ations of the order of 2-3 can be observed, the NO, slant col -
umn may be modulated by up to about 0.5x10" molec/cnm?, which isin therange
of 6-12% of the NO, slant column in winter and early spring period. The NO,
modulationin AM slant column is expected to be much lower than that in PM and
may have been hidden by the errorsin our fitting model. The correlation in the
SOND period appears to be dightly different. For this period, Weiss et al. (2000)
reported a positive correlation between ozone measurements in the middle strat-
osphere obtained by ozone soundings at Payerne (Switzerland) and NAO. This
was supposed to be correlated with variability in the middle stratospheric quasi-
horizontal transport of ozone that leads to transport of ozone-rich air from high
latitude during positive NAO phase and ozone-poor air from low latitude during
negative NAO phase connected to upward propagation of Rossby wavesthat is
favoured in SOND period. What we obtain for the NO, columnisdifferentin AM
and PM observations.
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Figure 6.3.2-87. Linear correlation
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Table6.3.2-14. Linear
coefficients and respective ~ JFMA SOND
versus NAO index.. AM 90° -0.04 £ 0.09 0.30 + 010
PM 88° -0.14+0.11 -0.20+0.12
PM 90° -0.19+0.12 -0.27+0.17

The former show a positive correlation between 0.25-0.30 x10' molec/cny/
NAO, the latter aweak negative correlation in the range of 0.20-0.27x10" molec/
cm’/NAO with alarger scatter. At mid-latitudesthe daily variation of the NO, col-
umn is strictly linked to the catalytic ozone destruction cycle and to the slow re-
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lease of NO, from the N,O, nocturnal reservoir. AM observations arein
agreement with ozone behaviour: at sunrise the NO,-O, equilibrium israpidly
achieved and higher O, also means higher NO,. The weak negative correlation in
PM observation linked to the positive one in morning measurements means that
the (NO,PM - NO,AM) difference tendsto be higher during negative NAO phase
(air coming from the low latitudes) and lower during positive NAO phase (air
coming from high latitudes). Such consideration isin agreement with the natural
NO, diurnal variation in the regions where stratospheric air comes from, but the
new chemical equilibrium found after the transport has occurred could be not lin-
ear if compared to the transport event (NAO index). This seemsto be confirmed
by the large errorsin linear PM coefficients.

Differential tropospheric NO, retrieval based on simultaneous obser -
vationsin Bologna and Mt. Cimone

For 3 years between 1996 and 1998 a GASCOD spectrometer was operated by
ISAC-CNR in Bologna (46 m adl) for zenith sky scattered solar radiation meas-
urements. Bologna is located in the middle of the Po valley that is one of the re-
gion with highest NO, emission all around theworld. Theideaistotry to retrieve
the NO, column amount in the lowest troposphere by comparing the measure-
ments in Bologna with similar ones performed at Mt. Cimone that is located just
on the border of the Po valley in the northern Apennines (2165 m adl). Spectra ac-
quired at Mt. Cimone do not contain information on the atmospheric composition
below 2165 m while spectra from Bologna do (see Table 6.3.2-89). The atmos-
pheric air up to 2165 m contains for almost 90% of the days of the year all the
PBL where pollutants are confined. So assuming that the stratospheric signal in
the measurements are the same (as it seems reasonable since the horizonta dis-
tance between Bolognaand Mt. Cimoneisabout 50 km) the difference of the slant
column amount taken at the same solar zenith angle gives the slant column
amount of the measured trace gasesin the tropospheric portion between 46 m and
2165 m. All data avail able have been made homogeneous so that no significant
bias due to data processing could come out from the difference. The method has
then been tested using particular days during 1996 with different meteorological
conditions:

* NO, polluted day with PBL extending above Mt. Cimone altitude

(30-10-1996)
* NO, polluted day with PBL confined within 2165 m (12-12-1996)
* NO, pollution free day (02-06-1996)

Slant columns abtained are plotted in Figure 6.3.2-90 aswell astheir difference
(Bologna-MtCimone). For the case a) NO, was transported also at Mt. Cimone
reaching than the free troposphere. Here NO, has alonger lifetime so what we ex-
pected from the column between 46 and 2165 m is no significant changes during
the measurement period. We checked this hypothesis with model calculation.
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Figure 6.3.2-89. Comparison between
the geometry of the GASCOD instruments
installed in Bologna and Mr. Cimone. Sant
column measurement in Bologna contain
information on the NO, in the PBL .

Tropopause

Mt. Cimone, 2165 m asl
Layer contributing to
Bologna measurements

Po Valley

From the measurements at Mt. Cimone weretrieved the NO, vertical profile of
concentration (work performed within the WP 2200). The value at 2.5 km, 4.3 x
10° molec/cm®, was used as aboundary condition to guessaNO, profile extending
down to the ground with an exponentially increasing shape. The reconstructed
profilewas used to calculate, with the RTM AMEFCO, the expected slant column
in the atmaospheric layer within 46 and 2165 m. Results, shown in figure 3.4 (up-
per plot red line) are consistent with aconstant NO, column between Bolognaand
Mt. Cimone. Case b) was useful to estimate the possible rate of change (ANO,/At)
when PBL filling up with NO, is still in progress. A maximum value of the order
of 3x10"™ molec/(cm* x min) was found. Case c) was instead a good test to verify
the presence of any bias due mainly to data processing. The difference between
the slant column was zero (within the experimental error) during the entire meas-
urement period.

This sort of feasibility study has demonstrated that the comparison of measure-
ments performed in different stations can provide further information on the ver-
tical distribution of NO,
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Figure 6.3.2-90. Sample cases of the
comparison between simultaneous NO,
slant column measurements at Bologna
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Comparison withthe3D-CTM SLIM CATat | zafiaand M arambio sta-
tions

The NO, recorded by INTA at |zafia has been compared with the SLIMCAT
198 run (Figure 6.3.2-91). There are unredlistic featuresin autumn of 1997 in the
model and a smaller annual wave, but in general the magnitude and seasonal de-
pendence are well reproduced by the model.

c:\doc\ue\quilt\pr_1\WP3000_NO2_0O3\NO2_dataset_4

MAAAAAAAALA] RAAALAAAA AL RAAAAAALAAA] MAAAALAAALAS LAAAAAAALA L] LAAAAAAAA AL MAAAAAAAAAL] MACAAAAA AL L] MARAAAA LA AL RALLALALL AL

| 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 |

[ AMF at 90°=16.8  I1zafia NDSC station (28°N, 16°W)
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Figure 6.3.2-91. NO, vertical columns measured at | zafia with the RASAS instrument (grey circles), and calculated with the SLIMCAT

model (blue lines)

154

Likewise, the NO, data series of Marambio have been compared with the output
of the SLIMCAT run 198 in multi-annual mode forced by UKMO from 1994 to
2002. Results are presented in Figure 6.3.2-92, in terms of monthly means to re-
duce the day-to-day scattering. Despite the coarse grid used by SLIMCAT, which
might lead to difficulties at the edge of the Antarctic vortex where meridional gra-
dients can be large, the model reproduces well the seasona evolution and the
year-to-year variability during summer. The negative trend in the maximafrom
the summer 1997-1998 is also observed in the SLIMCAT data. Note that this re-
sult is apparently not consistent with the positive trend reported at mid latitude
southern hemisphere by Liley et a. [2001], aswell as by the SAOZ instrument
located in the nearby station of Faraday/Rothera [Roscoe, private communica
tion]. When analysing the differences in more details it can be seen that SLIM-
CAT provides lower values than EVA in autumn (Figure 6.3.2-93). Seasonal
differences from the accumul ated data clearly reflect the autumn disagreement
(Figure 6.3.2-94).
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Figure 6.3.2-92. Monthly means of the
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Trend analysis of 10 yearsof BrO dant column measur ements at
Harestua, Norway

BrO isakey trace speciesinvolved in the destruction of stratospheric ozone.
Following the Montreal Protocol and its subsequent amendments, decisions have
been taken to implement the progressive phase-out of the production of all anthro-
pogenic substances that deplete the ozone layer. Despite complete phase-out pro-
duction of the Halons (the main Br-containing substances released by human
activities) by 1994, total anthropogenic bromine has continued to increase con-
sistently in the atmosphere; likely dueto the large banking of these compoundsin
devel oped countries, and al so to some authorized production and consumption in
devel oping countries.

Since January 1994, measurements of BrO differential slant columns have been
performed by BIRA-IASB at the complementary NDSC station of Harestua, Nor-
way. Owing to the geometry of twilight observations, BrO differential slant col-
umnsareonly weakly sensitive to the troposphere and therefore can be considered
as directly proportional to the total stratospheric BrO content at twilight. As part
of the QUILT project, the complete data set of homogenised BrO measurements
retrieved for the period from 1994 until 2004 has been evaluated for long-term
changes. In order to allow considering for this analysis early measurements
(1994-1997) acquired only during winter-spring periods, thefull dataset hasbeen
first deseasonalised using acyclic function derived from analysis of the well-sam-
pled 1998-2002 time-series. Deseasonalised differential lant columns, represent-
ative of yearly mean values, were subsequently converted to approximate vertical
columns at 80° of solar zenith angle using appropriate air mass factors calcul ated
with proper account of the twilight BrO photochemical variation (see present re-
port, WP 2500).

The resulting deseasonalised stratospheric BrO vertical column data set is rep-
resented in Figure 6.3.2-95. After regression analysis over the period 1994-2004,
asignificant positive rate of change is obtained for the period from 1994 until
2000, while the trend is found to be insignificant for the remaining period (from
2000 until 2004), suggesting a possible stabilisation of the stratospheric bromine
loading over recent years. Accounting for amean delay of about 4 yearsto trans-
port air from the surface to the altitude of the bulk of BrO (20 km), the BrO
change determined in this study can be related to changesin bromine content at
the surface in the period 1990-2000. From surface measurements of the main
Halons during the period from 1980 until 1996 (see EUR 19867) a systematic in-
crease of the atmospheric bromine loading has been reported that is consistent
with our stratospheric observations over the 1994-2000 period. More recently
however, surface observations by Y okouchi et a. (2002) and Montzka et al.
(2003) havelend evidence for a stabilisation and even adecline of surface methyl
bromide contents that started around year 2000. Accounting for the 4 years time
delay to transport air masses from the surface to the stratosphere, such a decline
is expected to show up in our zenith-sky BrO observations from year 2004 on-
ward. Continued monitoring is therefore needed to verify whether observed
changesin the bromine sources at the surface are consi stent with our observations
of the long-term evolution of the stratospheric BrO content.

QUILT - Final Report



6.3 Applied methodology, scientific achievements and main deliverables

Figure 6.3.2-95. Monthly averaged 45 . . : r ;
stratospheric BrO columns retrieved at
Harestua (60°N) from 1994 to 2004. The
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Main deliverables

00 Homogeneous, quality controlled time series of O,, NO,, BrO, OCIO and
colour index measurements at project network ground-based stations

00 Data product quality description (including history) at each ground-based
site

0 Wb based interface for public access to the created ground-based data
set and documentation
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WP 3200: Balloon data set revision

Applied methodology and scientific achievements

Thework in WP 3200 focused on the consolidation of O,, NO,, BrO, OCIO, 10,
and Ol O vertical profilesmainly arising from an existing series of balloon-borne
UV /visible measurements. The data set stems from alarge series of stratospheric
balloon flights conducted by either the SAOZ (Systeme d’ Analyse par Observa
tion Zénithale from partner 4, CNRS-SA) or LPMA/DOAS payloads (Labora-
toire de Physique Moléculaire et Applications Differential Optical Absorption
Spectrometry from partner 5, lUP-Heidelberg). Earlier data from about 100
SAOZ balloon flights and 13 LPMA/DOAS balloon flights were reprocessed in-
cluding the most recent available information on (a) the balloon trajectories, (b)
the spectra retrieval (as recommended by Aliwell et al., 2002 and Bosch et dl.,
2003), (c) absorption cross sections, and (d) the radiative transfer (for detail s see
the section * Data revision studies'). After the data have been reprocessed, they
were carefully inter-compared with simultaneous or quasi-simultaneous measure-
ments obtained from independent sensors (for details seethe section * Dataquality
check and inter-comparison’ below).

Data revision studies

According to the details outlined below, the revision and the improvement of
the balloon data required the consideration of known and only recently identified
sources of errors and uncertainties. In general, it is crucial to consider a state of
the art spectral retrieval (i.e., Aliwell et al., 2002) using recent updates of absorp-
tion cross sections, and accounting for:

» The solar center-to-limb darkening effect for the retrieval of very low sun
measurements (i.e., Bosch et a., 2003).

* Theresidual absorption in the Fraunhofer reference spectrum. It has been
shown (i.e. Dorf et a., 2004) that the most suitable method to infer the
residual absorption in the Fraunhofer reference spectrum comes from a
Langley plot in which the measured absorption is plotted as afunction of
total air mass. The residual absorption isthen given by the intercept of the
regression line to zero total air mass.

» Thepotential T-dependence of the absorption cross-sections (i.e., for NO,,
BrO, and OCIO). Thiseffect was usually taken into account by calculating
an effective temperature for each line of sight measurement. The effective
temperature is given by the actual stratospheric temperature in a certain
atitude range or layer weighted with the slant column amount absorption
in that particular layer.

» There-calculation of the balloon trgjectory filesincluding al available
information taken on the payloads or by remote sensors tracking the pay-
loads

» There-caculation of the ray tracing (for the solar occultation experi-
ments) or RT of the limb measurements by avalidated RT model (i.e. Wei-
dner et a., 2004).

» The most recent profile inversion tools (Rodgers, 2000), including least-
square unconstraint profile inversion technique or the optimal estimation
(maximum a posteriori) solution technique.

Asdemonstrated below, if all theseissues are carefully taken into account, the

results of the various balloon measurements converge into largely consistent data
sets.
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Data quality check and inter-comparison studies

The achieved quality and consistency of the reprocessed balloon data can be
demonstrated by tight inter-comparison studies using observations obtained from
independent sensors flown either on the same payload, or obtained by other
means (i.e., by collocated overpasses of satellite instruments which measure the
same species, or by simultaneous ground-based observations). Examples of such
inter-comparisons are described below. They demonstrate the quality of the bal-
loon UV /visible solar occultation technique, its high potential for very reliable
stratospheric investigations, and finally they open perspectives for new applica-
tions of aeronomical interest (e.g. the mini-DOAS Limb measurementsis partic-
ularly sengitive for trace gas detection in the UT/L Sregion, or for cloud studies).
The conclusions on the findings and still possible improvements are separately
given at the end of each section for each of the considered trace gases.

A. O, profileinter-comparison

Within the present project, the O, profile inter-comparison studies included
studies of measured ozone concentrations from the same payload (Section A.1),
and inter-comparisons of ozone measured from the balloon and collocated satel-
lite observations (Section A.2).

A.1. O, measurements from the same platform

Checks of quality and inter-comparisons of measured ozone can be straightfor-
wardly performed from the LPMA/DOAS payload which in its standard configu-
ration accommodates (1) an UV/Visgrating instrument (Ferlemann et al., 2000),
(2) anear-IR FT-spectrometer (Camy-Peyret et a., 1993), both analyzing the di-
rect sun light in the same light beam, (3), the mini-DOAS instrument which ana-
lyzes scattered skylight (Weidner et a., 2004), and (4) an electrochemical cell
(ECC) ozone sonde which measures the ozone concentration in the vicinity of the
payload. Accordingly, the inter-comparison is organized as follows:

A.1.1. O,absor ption analysed within thesamelineof sight (UV/Visible
versus|R)

Slant column densities of O, (O,-SCD) (measured in the same light beam taken
from the balloon gondolato the sun) as afunction of flight time are regularly re-
trieved from LPMA observations within the 3040.03-3040.85 cm*, 2914.36-
2915.16 cm™, and 1933.89-1940.00 cm™ wavenumber ranges and from UV /vis
DOA S observationswithin the 545 nm — 615 nm wavel ength range. They provide
the primary information on the atmospheric 0zone concentration (see examplein
Figure 6.3.2-96)

Intercomparison exercises allow usto check the quality and consistency of both
independent measurements, and particularly the quality of spectral retrievals and
the consistency of the used absorption cross sections and their T- and p- depend-
enciesin the near IR. Generally agood agreement (within +5 %) isfound for the
inferred O,-SCD with the larger error usually coming from the near-IR O, meas-
urements, due to strong interferences with CO,, H,0, CH,, and NO,,.
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Figure6.3.2-96. Measured slant column
densities of O, (O,-SCD) as a function of
flight time retrieved by LPMA (red) within
the 3040.03 - 3040.85 1/cm, 2914.36 -
2915.16 1/cm and 1933.89 - 1940.00 1/cm
wavenumber ranges and DOAS (black)
within the 545 nm— 615 nm wavelength
range for balloon ascent measurements at
Kiruna on Aug. 21, 2001 (adopted from
Butz et al., 2004).

Figure6.3.2-97. Comparisonofinferred

O, profiles from (&) Limb observations
(filled squares) at an azimuth angle of 90°
and elevation angle of 0.5°, (b) the direct
sunlight DOAS measurements (open cir-
cles), and two ECC ozone sondes (c)
deployed on the same gondola (full line)
and (d) from the stand-alone launched

ECC-sonde for the Kiruna, March 23, 2003

flight.
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Another issue that complicates the direct i nter-comparison resultsfrom thelarg-
er sampling rate of the UV/Vis(several seconds) compared to the near-IR (1 min)
measurement. Ingeneral, thisleadsto amuch better height resolution for the UV/
visvsthe near-IR measurements which finally renders an inter-comparison of in-
ferred O, profiles difficult, if the UV/vis observations are not smoothed to the
same time/height resolution before profile inversion. Inspecting simultaneous O,
measurements from atotal of 13 LPMA/DOAS balloon flights leads us to con-
clude on the following errors for the O,-SCD measurements: 1 — 3% for UV/vis
DOAS, and up to 5 % for near-IR.

A.1.2. O,profile measured by direct-sun versus Limb (UV/Vis) and
LPMA/DOAS payload

Further the O, profiles measured by direct sun UV/vis observations can also be
compared with ozone measured in limb geometry using the novel mini-DOAS in-
strument (Figure 6.3.2-97 adapted from Weidner et a., 2004). Since for these
measurements the same spectral interval (mini-DOAS O, isretrieved in the 490-
520 nm wavelength interval, DOAS O, in the 545-615 nm wavelength range) and
hence absorption cross section is used, the small discrepancies mostly arise from
the different observation geometries (direct sun versus limb observation with a
90° azimuth and an elevation angle of 0.5°) and horizontal inhomogeneitiesin the
probed ozone field.
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Figure6.3.2-98. Comparison of inferred
O, profiles from simultaneous solar occul-
tation observations by (a) UV/vis DOAS
(black line), (b) near-IR LPMA (red line),
and (c) by an ECC-sonde for the Kiruna
flight on August 21, 2001.
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A.2. UV/VisversusECC

Finally, the measured UV /vis ozone profile can also be compared with ozone
measured by an ECC ozone sonde deployed aboard (Figure 6.3.2-98). Again the
measured UV /vis and near-1R ozone profiles compare well, in particular in the
middle and upper stratosphere. In the lowermost stratosphere where ozone lami-
nae do exist, however, the limited vertical resolution of the optical sensors be-
come apparent, with the near-1R ozone measurement having the coarsest vertical
resolution, while the UV /vis observation are able to capture some of the second-
ary o0zone maximum due to its higher sampling rate. Also worth noting isthat, by
applying the recent update of the ECC sonde pump correction, the optical and
chemical 0zone measurements agree to better than 5% above 25 km.
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A.3. O, profileinter-comparison with co-located satellite measure-
mentes (POAM 111, ILASI, SAGE |1, ODIN/OSIRIS, GOME, SCIA-
MACHY)

Finally the quality of the UV /vis balloon measurements (as well as of thein-
volved satellite instruments) has also been checked with space-borne measured
ozone profiles of collocated satellite overpasses (Lumpe et al. 2002; Sioriset al.,
2003; Sugita et al., 2002; Von Savigny et al., 2004, and others). The direct inter-
comparison of the ozone measured from both platforms, however, is hindered by
more or less large spatial and temporal mismatchesin both sets of observations.
Therefore, in the tight inter-comparison studies performed within the present
project, the air mass trgjectory matching technique has been, and needs to be em-
ployed (Lumpe et al., 2002; Butz et al., 2004; Dorf et a., 2004). If thisis done
carefully, then the optical 0zone measurements from the balloons and from the
satellitesare generally seen to agreewell inthe lower stratosphere, but not always
in the lowermost stratosphere mainly due to the limited sensitivity of the satellite
instrumentsthere. An example of such acomparison isshownin Figure 6.3.2-99,
which clearly indicates the reliability of the balloon and satellite measurements
and the involved trajectory modeling.
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Figure 6.3.2-99. Comparison of O,pro-
filesinferred from simultaneous solar
occultation observations by (a) UV/vis
DOAS (black line), (b) near-IR LPMA (red
line), and (c) by an ECC-sonde for the
Kiruna flight on Feb 18, 2000.
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Conclusions

In conclusion, our inter-comparison studies on ozone profiling by balloon-
borne UV /visible spectrometry with ozone measured by other meansindicate that
the optical ozone measurements in the Chappius band very likely provide the
most accurate method (= 3%) to measure the ozone profile throughout the strato-
sphere, however, compared to in-situ measured ozone (from the ECC sonde) it in-
herently suffers from alimited height resolution. It can be concluded therefore
that, the UV/Vis ozone profiling has evolved into a state-of-the-art method.

B. NO, profileinter-comparison

Asit is shown with the ozone measurements, the validation of the NO, measure-
ments involves similar techniques, instruments and tools, except that in some
intercomparisons the photochemical variation of NO, hasto be taken into account.

B.1. NO, measur ements from the same platform

As before, wefirst inspect the slant column densities of NO, (NO,—SCD) meas-
ured in the UV /vis and near-IR respectively, from aboard the LPMA/DOAS pay-
load, then we inspect the NO, simultaneously measured by other means.

B.1.1. NO,absor ption analysed within the sameline of sight (UV/Visi-
bleversus|IR)

Figure 6.3.2-100 shows the NO,-SCD simultaneously measured in the 435-485
nm wavelength range and in two micro-windows of the near IR at 2914.36 -
2915.16 cm*and 2944.72-2945.11 cm™* (Dufour et al., 2004). Similar to the ozone
inter-comparisons above, the mgjor discrepancy is due to the different sampling
rate of both observations, but spectroscopic information (cross section, band
strength and line broadening parameters) going into both retrievals are obviously
consistent within the given error bars.
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Figure 6.3.2-100. Measured slant col-
umn amounts of NO, (NO,-SCD) as a func-
tion of flight time retrieved by LPMA (red)
within the 2914.36 - 2915.16 cm*, and
2944.72 - 2945.11 cm*wavenumber ranges
and DOAS (black) within the 435 - 485 nm
wavelength range for the balloon ascent
measurements at Kiruna, on Aug. 21, 2001
(adopted from Butz et al., 2004).

Figure 6.3.2-101. Comparison of
inferred NO, profiles from (a) Limb obser-
vations (filled squares) for an azimuth
angle of 90° and elevation angle of 0.5°,
and (b) fromdirect sunlight DOAS meas-
urements (open circles) during balloon
ascent at Kiruna on March 23, 2003
(adopted from Weidner et al. 2004).
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B.1.2. NO, profile measured by direct-sun versusLimb (UV/Vis) and
LPMA/DOAS payload

Figure 6.3.2-101 inter-compares the NO, measured by direct sun spectroscopy
and Limb (at an azimuth angle of 90° and elevation angle of 0.5°during the ascent
of the LPMA/DOAS payload at Kirunaon March 23, 2003 (Weidner et al.,
2004)). Clearly the seen consistency of both measurements demonstrates the reli-
ability of the employed methods, which is particularly promising with respect to
the current debate on the amount of NO, presentin the lowermost stratosphere
during polar winter, which is most likely due to artifacts in the employed meth-
ods.
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Figure 6.3.2-102. Comparison of meas-
ured NO, profiles from (a) POAM 11 (red
line), and (b) from direct sunlight DOAS
measurements during balloon ascent
(green line) and solar occultation (blue
line) over Kiruna on Feb. 18, 2000
(adopted from Randall et al., 2002).

B.2. NO, profileinter-comparison with collocated satellite measur e-
mentes(POAM |11, ILASI, SAGE 111, ODIN/OSIRIS, GOME, SCIA-
MACHY)

As with ozone, the balloon-borne measured NO, profiles were also inter-com-
pared with overpasses of corresponding satellites (i.e., Randall et al. 2002; Sioris
etal., 2003; Von Savigny et al., 2004, and others). Here the most direct inter-com-
parison is between the balloon-borne measurements and the POAM 111 observa-
tions since both sensors measure in the same observation geometry (solar
occultation), which avoids the need of photo-chemically correcting the measure-
ments (Randall et al., 2004). Figure 6.3.2-102 clearly demonstrates the consisten-
cy of both the balloon and satellite measurements for the observation over Kiruna
on Feb. 18, 2000, which for that particular date shows an unusual secondary NO,
maximum around 25 km. Corresponding to this maximum extremely low N,O
valueswere measured from aboard LPMA/DOAS, afinding which clearly points
to ahighin NO, intrusion from the mesosphere. Asfor ozone, the inter-compar-
ison a so demonstrates that, the satelliteislargely insensitiveto NO, in the lower-
most stratosphere.
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B.3. Comparison with NO, profiles from ground-based instrumenta-
tion

Within the present project, the balloon-borne NO, profile measurements have
also been compared with NO, profilesinferred by ground-based measurementsin
reasonable vicinity of the balloon measurements (Hendrick et a., 2004). Details
of this comparison are given in the studies performed within WP 2200.

Conclusions

The studies within the present project clearly demonstrate that throughout the
whole stratosphere NO, can be measured on a better than +10 % level, however
only if the optical measurements are performed with well defined light path (solar
occultation) or accurate RT modeling (SAOZ and limb-DOAS), which excludes
uncertainties due to the radiative transfer corrected for T-dependence of the NO,
absorption cross section photo-chemically corrected for SZA > 88° and for the di-
urnal variation of stratospheric NO,. If all these issues are carefully considered,
then the UV/vis balloon instruments are able to measure NO, profilesona<+5
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Figure 6.3.2-103. Comparison of

inferred BrO profiles from (a) Limb obser-

vations (filled squares) for an azimuth
angle of 90° and elevation angle of -1.5°,
and (b) fromdirect sunlight DOAS meas-
urements (open circles) during balloon
ascent at Kiruna on March 24, 2004
(adopted from Weidner et al. 2004).
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% precision level, and including uncertainties of the NO, absorption cross section,
an accuracy of <+ 7 % can be obtained.

C. BrO profileinter-comparison

C.1. BrO measurements from the same platform

Asfor O, and NO,the quality of the optical BrO measurements can best be
checked by two independent measurements from aboard the same payload. With-
in the present project, the optical BrO measurements using the solar occultation
technique were validated against Limb BrO measurements performed on the
LPMA/DOAS payload.

C.1.1BrO profilesmeasured by direct-sun versusLimb (UV/Vis) and
LPMA/DOAS payload

Figure 6.3.2-103 shows one exampl e of such asimultaneous BrO measurement
from two independent sensors (solar occultation vs. Limb) conducted over Kiruna
on March 24, 2004 (Weidner et a., 2004). Both measurements agree within the
given error bars of each of the measurements, indicating the reliability of both
methods.
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C.2 BrO profileinter-comparison with co-located ENVISAT/
SCIAMACHY measurements

Within the framework of the project, an inter-comparison study of BrO profile
measurements from three different balloon borne sensors (by optical means with
the LPMA/DOAS and SAOZ payloads, and by the resonance fluorescence from
TRIPLE) with Limb BrO measured by the recently launched ENVISAT/SCIA-
MACHY satellite has also been started (Dorf et a., 2004). Overall the inter-com-
parison is promising, in particular above 20 km, but some problems still exist
concerning the sensitivity of the SCIAMACHY measurements in the lowermost
stratosphere.

Conclusions

According to the discussion above, stratospheric BrO profile measurements by
optical means have evolved into a standard state-of-the-art technique within the
present project. Recent improvements of the optical method (Aliwell et a., 2002;
Harder et a 2000; Weidner et al., 2004) provide compelling confidence that
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Figure 6.3.2-104. Compendium of inde-
pendent BrO cross section measurements
in the UV, and the corresponding T-
dependence.

166

throughout the whole stratosphere BrO can be measured on £10 % precision lev-
el, however only if the optical measurements are performed with well defined
light path (solar occultation) or accurate RT modeling (SAOZ and limb-DOAYS),
which excludes uncertainties due to the radiative transfer corrected for T-depend-
ence of BrO absorption cross section photo-chemically corrected for SZA > 88°
for the diurnal variation of stratospheric BrO.

It isworth noting that for the time being, the major uncertaintiesin optical BrO
measurements come from the uncertainty in the absorption cross section (10 %),
asindicated in Figure 6.3.2-104. Therefore, significant improvement in the accu-
racy in atmospheric BrO measurements will require a more accurate BrO cross
section than presently existing.
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D. 0 and Ol O measurements

The UV /vis balloon measurements of LPMA/DOAS were also inspected for
any signs of absorbing 10 and OIO. Both gases could not be detected during the
inspected solar occultation data gained from 10 balloon flights, which covered
mid- and high latitudes during all season. The Bdsch et al., (2003) study leads to
the following conclusions, which are widely consistent, but tighter than earlier re-
sults (Wennberg et al., 1997, Pundt et a., 1998) on stratospheric iodine, except
for the contracting results of the Wittrock et a., (2000) study. The abstract of the
Bdsch et al. (2003) paper reads as follows:

We report upper limits of lower stratospheric 10 (inferred lowest values: 0.10
ppt, 0.07 ppt, and 0.06 ppt at 20, 15, and 12.5 km, respectively) and OIO (inferred
lowest values: 0.10 ppt, 0.06 ppt, and 0.04 ppt at 20, 15, and 12.5 km, respective-
ly) inferred from balloon-borne solar occultation UV/visible spectroscopy. The
spectrawere recorded during a series of Laboratoire de Physique Moléculaire et
Applications/Differential Optical Absorption Spectroscopy (LPMA/DOAS) bal-
loon flights that were conducted at different geophysical conditions, i.e., inside
the Arctic winter vortex, at mid-latitudes, and at high latitudesin spring, summer,
and fall. Photochemical modeling that accountsfor the iodine partitioning during
the observationsallowsusto infer upper limitsof total inorganic gas-phaseiodine
(1,),1.e,1, (<20 km) of <0.10+ 0.02 ppt and <0.07 + 0.01 ppt, taking into account
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and neglecting Ol O photolysis, respectively. For the middle stratosphere, the in-
ferred upper limitsof total | arelarger because of the smaller detection sensitivity
there. These observations suggest that either much lessiodine enters the strato-
sphere than the amount expected from the stratospheric entry level iodine concen-
trations (primarily the tropical upper troposphere) or it residesin other minor
gaseous species or, eventualy, in anongaseous, i.e., particulate, form in the strat-
osphere. Theimplications of our iodine measurementsfor stratospheric ozoneare
also briefly assessed using atwo-dimensional model. For the assumed |oading of
0.1 ppt I, the modeled ozone reduction was small compared to a model run with-
out iodine, with a maximum decrease of around 1% in mid-latitudes to high lati-
tudes when OI O photolysisisincluded.

Conclusions

In conclusion, the spectral retrieval exercises conducted within the Bosch et al.
PhD thesisclearly indicated that for the setting sun observation from balloon plat-
forms the center-to limb darkening of the solar photosphere needsto be consid-
ered in order to minimize theresidual structuresin the spectral retrieval while the
other parameters (i.e. Ring effect, inferred | O) attain reasonable values. If such
corrections are not undertaken, fake | O of the order of 1 ppt would have been de-
tected by the LPMA/DOAS payload in the stratosphere.

Balloon data dissimination

Revised balloon profiles of O,, NO,, BrO, and OCIO from partners4 and 5 are
being made availabl e to scientific community through the www pages of the par-
ticipating individual groups (http://www.aerov.jussieu.fr/~fgoutail/Flight-
List.html andhttp://www.iup.uni-heidel berg.de/institut/forschung/groups/
atmosphere/stratosphere/) and from www.ZARDOZ/Nilu.no. CNRS has re-ana-
lysed the datafrom more than 70 SAOZ balloon flights out of 120 over the period
1992-2004.

Main deliverables

0 Quality controlled balloon profile measurements of O,, NO,, BrO, OCIO
and 10

00 Documentation of balloon data evaluation procedure, data quality and
error estimates for the final data set

0 Wb based interface for public access to the created balloon data set and
documentation
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Table 6.3.2-15. Scientific and
operational GOME data products
available for the QUILT project. Notes
on the notations used in table: All:
available over complete life-time of
GOME (1995-2004);Web: distributed
on the web; Trop: tropospheric product
available;NRT: near-real-time
product.
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WP 3300: GOME data revision

Within WP 3300, consolidated data sets of O,, NO,, BrO and OCIO column
measurements by the Global Ozone Monitoring Experiment (GOME), onboard
the ERS-2 satellite since July 1995) have been established and provided for com-
parison with model predictions (see WP 5000). It isanticipated that the optimised
retrieval methods devel oped/validated for GOME in QUILT will form abasisfor
application in the next generation of UV -visible space-based sensors (in particu-
lar SCIAMACHY onthe ENVISAT platform). The GOME dataanalysisis
shared by partners 2, 3 and 5. The status of the relevant QUILT products devel-
oped and operationally processed in each institute or available from the GOME
Operational Data Processor (GDP) isgiven in .Figure 6.3.2-15

Inditute | IUPHeiddberg | IUPBramen BIRA-IASB DLRESA
Traceges (GDP)
NG, All, Web, trop All, NRT, trop All
ocdo All, Web All, NRT
BrO All, Web All, NRT All, Web
O; All

Instrument and data product consolidation

GOME is one of several instruments aboard the European research satellite
ERS-2 (Burrowset al., 1999). It consists of aset of four spectrometersthat simul-
taneously measure sunlight reflected from the earth’s atmosphere and surface in
four spectral windows covering the wavel ength range between 240 nm and 790
nm with moderate spectral resolution (0.2 - 0.4 nm). The satellite operatesin a
nearly polar, sun-synchronous orbit at an altitude of 780 km with alocal equator
crossing time at approximately 10:30 local time. While the satellite orbitsin an
amost north-south direction the GOME instrument sweeps in the perpendicular
east west direction. During one sweep, three individua spectral scans are per-
formed. The corresponding three ground pixels covering an area of 320 km (east-
west) by 40 km (north-south) lie side by side (awestern, a center and an eastern
pixel). The Earth’ s surface is totally covered within three days, and polewards
from about 70° latitude within one day.

From the raw spectra measured by GOME, the slant column density (SCD) is
determined using the Differential Optical Absorption Spectroscopy (DOAS)
technique [Platt, 1994]. From the inferred differential absorption and knowledge
of the absorption cross sections, the SCD of the QUIL T-relevant trace species (O,,
NO,, BrO and OCIO) can be determined.

Work on historical satellite data at University of Bremen, University of Heidel-
berg and BIRA-IASB focused on the homogenisation of the GOME NO,, OCIO
and BrO time series.

GOME NO, data set consolidation

While instrumental drift isaminor problem for GOME NO, retrieval if daily
solar measurements are used, the angle dependency of the diffuser plate used for
irradiance measurements has a substantial impact on the measurement resullts.

One possible solution to this problem is to use a fixed solar background spec-
trum for the complete time series and to apply an offset correction on the slant col-
umnsfor every day. The approach followed hereisto assumethat thevertical NO,
column over an areain the remote Pacific is constant over season and from year
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to year, and to derive the offset necessary to force the daily NO, columnsin this
region to the expected value (2.10" molec cm). This offset is then subtracted
fromall GOME NO, slant columns of the day (Richter and Wagner, 2001; Richter
and Burrows, 2002).

When thiscorrection isapplied, theinternal consistency of the GOME NO, time
series is much improved, and comparison with ground-based measurements per-
formed at the stations which are part of QUILT indicatesimproved accuracy. An
example of atypical comparison using QUILT measurements at the Sodankyla
station is shown in Figure . The assumption underlying the correction applied
however introduces some uncertainties in the GOME NO, columns. In particular
at high sun, the error can be significant, and first comparisons with ground-based
measurements during Antarctic summer indicate that there might be an impact
from EI-Nino/ La-Ninaevents. If this provesto be right, more sophisticated esti-
mates such as from high-quality ground-based measurements or model simula-
tions could be used as reference over the Pacific to further improve the accuracy
of the GOME NO, time series.

Sodankyla (67.37, 26.67) - UVVIS
T T T

10 T T

NO, VCD [10'" mol.em™]
o5,

| | | . *
1996 1997 1998 1999 2000 2001 2002 2003

Figure6.3.2-105. Comparison between NO, total columns derived from GOME and from ground-based DOAS measurements at Sodankyla,
Finland, from 1995 until late 2003. Accounting for the NO, photochemical variation between mid-morning (GOME) and twilight (ground-
based) conditions, excellent agreement is found between satellite and ground-based data sets.

GOME OCIO data set consolidation and model comparison

The main anaysisimprovement regarding GOME OCIO retrieval concernsthe
treatment of the Ring effect. Because the fitting to OCIO differential structures
has to be performed using arelatively large wavelength range, it was found that
significant errors can be caused due to the wavel ength dependence of the Ring ef-
fect, if this effect is not properly considered.

One way to account for the wavelength dependence of the Ring spectrum isto
include more than one Ring spectruminthe DOAS analysis (Wagner et al., 2002).
One Ring spectrum is calculated under the assumption that only Rayleigh-scatter-
ing contributes to the elastically scattered light. A second Ring spectrum is calcu-
lated assuming that the elastic scattered (or reflected) light originates from
scattering on cloud tops or reflection on the (grey) surface of the earth (see Fig.
20). Including both Ring spectrain the DOAS fitting algorithm the portion for
which each spectrum contributes for the correction of the Ring effect depends on
the specific properties of a GOME observation (especially on the ground albedo
and cloud cover). Especialy for the GOME OCIO analysis, which isapplied to a
relatively widewavelength region (364-392 nm) inthe UV, thisimproved method
leads to significantly smaller (up to 35%) residual structures and thus smaller fit-
ting errors compared to the standard eval uation.

QUILT - Final Report




Section 6: Detailed report related to the overall project duration

170

In several studies the potential of GOME OCIO observations for the character-
isation of the evolution of stratospheric chlorine activation was demonstrated
(e.g. Wagner et a., 2001). Dueto itsinstrument stability and the global coverage
itisin particular possible to investigate the onset and ending of the conversion of
stratospheric chlorine to active species. During these periods it isinteresting to
compare the GOME OCIO observations to model resultsin order to test the mod-
els ability to correctly describe the respective atmospheric processes.

A comparison between GOME and SLIMCAT OCIO datais complicated by
several aspects:

* GOME observations are sensitive to extended atmospheric volumes; thus
different model va ues have to be considered for the comparison to asin-
gle GOME observation. Thisisin particular important for achemically
active species like OCIO.

» Dueto the strong dependence of the OCIO photolysis on the solar zenith
angle even small temporal differences between the measurements and
model results can cause large deviations

» Since OCIO observations can only be made at large SZA the latitudinal
gradient for GOM E observations can become very large and non-linear

All the above described aspects have to be taken into account for a detailed
comparison. In afirst attempt, OCIO data from GOME were compared to SLIM-
CAT on adaily basis averaged over extended areas (zonal means between 64.5°
and 69.5° latitude, see Figure 6.3.2-106). The temporal difference between the
GOME observations and the model datais up to about 10 minutes (at 67° N
GOME measures at 10:10 local time and is later than SLIMCAT). This should
cause systematic smaller values of GOME compared to SLIMCAT.

Despite these limitations the resulting comparison shows a good qualitative
agreement with respect to the general temporal evolution (at least for the winter
1999/2000). The onset and ending of the chlorine activation is nearly synchro-
nousin both data sets; also the maximaappear during the same period. In genera
the GOME data are significantly lower compared to the SLIMCAT data (note the
different scales). This can be largely attributed to the points discussed above. Es-
pecially during polar night the GOME observations were only possible (SZA <
92°) for the latitudes at the southern edge of the selected area. Thiswill lead to an
additional underestimation of the GOME OCIO observations since thisfirst com-
parison exercise aso includes SLIMCAT datafor SZA > 92°.
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Figure 6.3.2-106. Comparison of
GOME and SLIMCAT OCIO VCDs. The
general evolution iswell described by both
data sets; the difference in absolute values
(different scales) can be attributed to vari-
ous shortcomings of this first comparison
exercise (see text).
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GOME BrO data set consolidation

Asfor the NO, case, the main problem affecting the accuracy of GOME BrO
retrieval isthe spectral and angular dependency of the diffuser plate used for irra-
diance measurements. The impact of thisinstrumental deficiency is to introduce
offsetsin the retrieved BrO columns, the size of which depend on the solar spec-
trum used areference in the analysis.

Since instrument degradation prevents the use of afixed solar spectrum for
analysisof long time seriesin the BrO spectral range, the solution adopted to min-
imise theimpact of the diffuser problem isto use an equatorial earthshine spec-
trum as reference for BrO analyses, assuming that the small stratospheric BrO
content above equatorial regionsis approximately constant (5613 molec/cm?) and
therefore can be added as a simple offset correction to the measured differential
slant columns. As for NO,, the internal consistency of the GOME BrO measure-
ments is significantly improved after application of the equatorial offset correc-
tion. Comparisons with ground-based measurements (Van Roozendael et al.,
2002) especially at the Harestua station (Figure 3.21) also support the reliability
of the GOME BrO column evaluations.

Aspart of the QUILT project, the complete time-series of GOME BrO total col-
umns has been reprocessed at BIRA-IASB using optimal settings, including the
addition of acorrection for formal dehyde absorption, which was found to be nec-
essary over regions affected by bio-mass burning.

The resulting GOME BrO column data product has been compared to ground-
based BrO VCD measurements performed at the Harestua stations in the period
from August 2002 until June 2003 (Van Roozendael et a., 2004). To alow ade-
guate matching of satellite and ground-based data, the ground-based BrO col-
umns have been evaluated at noon time using afixed reference spectrum and
airmass factors have been calculated for both nadir and zenith geometries using
the same assumptions on the BrO vertical distribution. As can be seenin Figure
3.21, both seasona and day-to-day variations of the BrO column are captured in
the sameway by GOM E and the ground-based measurements. Preliminary SCIA-
MACHY results, although more scattered and suffering from alack of time cov-
erage due to problems with the data distribution are also encouraging.
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Figure 6.3.2-107. Comparison of BrO
vertical columns derived at Harestua
(60°N, 8°E) from GOME, SCIAMACHY
and ground-based zenith-sky measure-
ments.
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Satellite data dissimination

The consolidated GOME BrO data produced at BIRA-IASB - at global scale
and extracted for the QUILT stations (200 km radius overpasses) - can be down-
loaded in ASCII format from http://www.oma.be/BIRA-IA SB/Molecules/BrO/
index.html. Consolidated NO,, BrO and OCIO dataretrieved using scientific al-
gorithms from the University of Bremen and the University of Heidelberg can be
obtained on the foll owing web-sites: http://www.iup.physik.uni-bremen.de/gome/
; and http://satellite.iup.uni-heidelberg.de/. In addition, GOME NO, data extract-
ed at the University of Bremen for all QUILT stations can be downloaded in AS-
ClII format fromhttp//www.doas-bremen.de/gome _no2_data_quilt.htm.

Main deliverables

00 Homogeneous, quality controlled time series of GOME columns of O,
NO,, BrO, and OCIO for WP 4000 and WP 5000

00 Documentation on GOME data evaluation procedures, data quality and
error estimates for the final data set

00 Web based interface for public access to the created GOME data set and
documentation

Socio-economic relevance and policy implication

European countries and the European Union have responsibilities under the
Montreal protocol of the Vienna Convention, itsamendments and the Framework
Convention on Climate Change. Knowledge about the state and evolution of the
ozone layer constitutes the basis for negotiations and decisions on the political
level concerning the phase-out of ozone depleting substances. L ong-term moni-
toring of chemical indicators of the status of the ozone layer is essentia to verify
thetimely impact of regulations. Thisis especially important since, in addition to
non-compliance, it is now established that there are others threats to the ozone
layer: Theincreasing concentrations of greenhouse gases leadsto a cooling of the
stratosphere, which progressively will increase the probability for PSC formation
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and hence halogen activation. For these reasons, it is essential that thereisa
strong, independent European scientific effort in stratospheric research. The re-
search carried out within the QUILT WP 3000 contributes to improving the exist-
ing capabilitiesfor long-term monitoring from the ground, ball oon and satellite of
severa key-trace speciesthat control the chemical budget of stratospheric ozone.
The results of WP 3000 provide observational data sets suitable to assess current
3D modelsintheir ability to reproduce these observations (as demonstrated in WP
5000). Thisleadsto abetter understanding of the mechanismsinvolved in ozone
destruction in mid- to high latitude regions, thereby contributing to the knowledge
which is necessary to formulate a sound environmental policy that aims at pro-
tecting the environment by quantifying chemically-induced ozonelossin the Arc-
tic and at mid-latitudes.

Conclusion

Thisworkpackage has been concerned with the data revision and homogeneisa-
tion of UV-visible trace gases measurements carried out by QUILT partnersfrom
ground-based stations, balloon-borne instruments aswell as scientific data evalu-
ations based on the GOME instrument on board of the ESA ERS-2 satellite plat-
form.

At the end of the QUILT project, the network of ground-based spectrometers
countsin total 31 stations all equipped with total ozone and NO, measuring ze-
nith-sky spectrometers. Among these stations, 16 also offer capabilities to moni-
tor BrO and (in polar regions) OCIO dant columns. In agrowing number of sites,
additional instruments have been a so set up for low elevation bright-sky viewing
measurements (MAX-DOAS technique), which enabl e the simultaneous determi-
nation of stratospheric and tropospheric trace gases. In all cases, efforts have been
made to produce final consolidated time series of column measurements of O,,
NO,, BrO and OCIO at the various stations based on most recent recommenda-
tions for data processing issued after the NDSC Andgya Campaign.

The ballooning groups have conducted similar consolidation and data homoge-
nisation work. Intercomparison exercises aready started previously have been
continued to verify the overall consistency of the stratospheric trace gases profile
measurements obtained with the different balloon instruments (SAOZ, LPMA-
FTIR and Heidelberg-DOAS), in both UV-Visibleand infrared regions. Resulting
consolidated data sets have been made available on the local web-sites which
have been linked to the central QUILT web-site.

Within WP 3300, consolidated GOME NO,, BrO and OCIO data sets have been
produced over the full lifetime of GOME (1996-2004), and made available re-
spectively on the Bremen, Heidelberg and BIRA-IASB web-sites. In order to as-
sess the reliability of the consolidated data sets, comparisons of the GOME NO,
and BrO columns with ground-based measurements have been performed by the
Bremen University and BIRA-IASB for several stations of the QUILT network.

Examples of scientific studies based on the QUILT consolidated data sets have
been given, which complement other more specific investigations presented in
other parts of thisfinal report.
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6.3.3 WP 4000: Modelling Case Studies

This WP focused on specific, short-term modelling studies aimed at obtaining
abetter understanding of key processesthat control stratospheric ozone. The'case
studies' investigated here complemented and supported the longer term ‘trend’
studies of WP 5000.

WP 4100: NO,, IO short term modelling studies

U-Heidelberg analysed results from their balloon flights and derived new upper
limits for the abundance of 10 and OIO [Boesch et al., 2002]. As the total strat-
osphericinorganic iodineloading (ly) isunknown, and therefore afree parameter
in models, these observations can be compared with models to derive avalue of
ly. This has been done and the results suggest that the Iy loading of the strato-
sphere may only be around 0.1 pptv. Furthermore, recent laboratory work hasin-
dicated that the species OlO may not photolyse. Thereisstill alack of certainty
in the observational and kinetic database for iodine. Nonethel ess, these balloon
results have been used by UNIVLEEDSto compare with model calculations, and
to constrain long-term simulations of the stratosphere.

UNIVLEEDS added a description of stratospheric iodine chemistry to the
chemistry module of the SLIMCAT 3D CTM. Thismodel containsthe ly species
[, 10, OIO, HI, HOI, IONO,, and IBr. The model also contains CH,| asthe ly
sourcegas. Thisscheme permitsfull 3D simulations of stratosphericiodine. How-
ever, given the large uncertainty in the chemistry of stratospheric iodine, which
meansit is necessary to perform many sensitivity tests, and the likely importance
of iodinein the mid-latitude lower stratosphere, which requireslong simulations,
it was decided the best approach was initially to run the SLIMCAT CTM as a 2-
D latitude-height model. Todothisthe SLIMCAT chemistry modulewas coupled
to the isentropic 2D dynamical-radiative model of Kinnersley [1996]. This pro-
duced an efficient tool for performing alarge number of sensitivity tests of this
new chemical scheme.

The 2D model wasintegrated from 1970 until 2000. Time-dependent scenarios
for halogen-containing source gases and other species (i.e. CH,, N,O, CO,) were
specified from scenario A3 of WMO [1999]. Theloading of stratospheric aerosol
was also taken from adataset prepared for WM O [1999]. Asthe model calculates
its own circulation using heating rates based on the model trace gasfields, small
changesin e.g. O, can cause dynamical feedbacks which complicate the interpre-
tation of the model results. Therefore, to allow usto diagnose the chemical effects
of iodine cleanly, three 2D model runs were done over the last 6 years of the 30-
year runswith fixed trace gasfiel dsin the radiation scheme. One of theserunsdid
not contain iodine. Two runswere performed with ly=0.1 pptv - with and without
OIO photolysis.

Theeffect of iodine on the calculated zonal mean distribution of ozoneisshown
in Figure 6.3.3-106. The changes are confined to the lower stratosphere below
about 50 hPa; above this altitude the effect of iodineis minor and in the tropo-
sphereall of themodel iodineisassumed to beintheform CH,I. Asly isreleased
from its assumed source (CH.I) rapidly it is relatively more important in the low-
ermost stratosphere. Overall, the impact on O, of including 0.1 pptv of ly in the
model issmall. For the run which includes photolysis of OIO, the largest O, de-
creases of around -1% occur in the mid-high latitude spring near 300 hPa. The
corresponding decrease in autum is around 0.6%. Aswell as these mid-high lati-
tude changes, the model a so predicts adecreasein O, of around 0.8% in the trop-
ics just above the tropopause. When the photolysis of OlO is switched off the
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calculated O, decreases are smaller everywhere and the maximum lossin the high
latitude spring is 0.8%. These results are published in Boesch et al. [2002].

Figure 6.3.3-106. Differencesin zonal na i (%)
mean lower stratospheric O, for 1999 con- I
ditions between 2D model runs which
included 0.1 pptv |y compared to runs with
no iodine for (a) June (including J,,), (b)
September (including J,,.), (€) June
(including J,,), and (d) September
(including J,,). The solid lineindicates the
location of the tropopause assumed in the
2D model.
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Next, the constant loading of 1 pptv |y wasincluded inlong 3D model runswith
observed trendsin chlorine and bromine source gases. Weinvestigated theimpact
of the ly on the calculated column O, trend due to the other halogens and found
the effect to be very small in the middle-latitudes (Figures 6.3.3-107 and 6.3.3-
108).
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Figure 6.3.3-107. Differencesin zonal UNICAT  2/11/1999 Time: 0.00
mean O, for 2/11/1999 between 3D model o ' ' ' '
runwhichincluded 1 pptv ly compared toa
run with no iodine.
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To study the relative efficiency of iodine for polar O, depletion a series of box
model runs were done. This box model used the same chemistry scheme as the
SLIMCAT 3D CTM and the final O, valuesfor arange of simulations are shown
in Table 6.3.3-16. These values can be used to work out the relative efficiency
factors of bromine and iodine relative to chlorine. For Bry the efficiency (alocal
alphafactor) is~89 whilefor iodineitis 178. Thisillustrates the potential impor-
tance of 1y for O, loss on a molecule-for-molecule basis.

Table 6.3.3-16.  Final values of O,

. . ly=0 ly=1 ly=2
(pprmw) for aseviesof Arcticboxmodel g 5 e T Ta e By [26 |31 |36 |Bry |26 |31 |36
runs at 50 hPa from November to
/Cly /Cly /Cly

March. Theinitial O, value was 2.5
ppmv. Thefinal O, values are given as
afunction of ly (pptv), Cly (ppbv) and

Bry (ppytv).

10 |161]146|133[10 |156|142|128|10 |152|137|124
15 14813312015 [143|129|115|15 138 |124|111
20 113612110820 |131]116(103|20 |126]112| 098

Comparison of GOME NO, with SLIMCAT 3D CTM

UNIVLEEDS collaborated with UHB and UHEID to compare results from the
SLIMCAT 3D CTM with GOME observations of NO,, BrO and OCIO in aquan-
titative way. Code was added to the SLIMCAT model to provide daily output of
these species and the points of local GOME observations. The model was run
from 1995 until 2003.

The GOME instrument on-board the ERS-2 satellite isin a sun synchronous or-
bit. GOME thus measures at a constant local time, which needs to be taken into
account when GOM E measurements of species with a significant diurnal cycle
(e.g.,NO,, BrO, OCIO) are compared with models. In order to allow adirect com-
parison between GOM E measurements and calculationsfrom the SLIMCAT 3-D
chemical transport model (CTM), the SLIMCAT model was modified to produce
output of selected trace gases at the appropriate GOME local time. Figure 6.3.3-
109 shows the local time of the model output as afunction of |atitude, according
f to the local time of GOME measurements.

w

ra

w

GOME local time output was generated from two SLIMCAT model runs from
October 1996 until February 1998. The difference between the two model runsis
the treatment of the sulfate aerosol surface area, which has an important impact
3 e 9 onthe partitioning of reactive nitrogen compounds and thus on stratospheric

chemistry in general. One of the model runs uses sulfuric acid mixing ratios, as
Figure6.3.3-109. Local timeofthe  cglculated from a two-dimensional model (*standard run’). The other model run
mode! output as a function of latitude, cor- ges sl furic acid mixing ratios that were reduced by afactor of 3 compared to the
responding to the local time of the GOME gtandard run, which isin better agreement with observed aerosol surface areasfor

easurements. (The temporal resolution of v | 516 19908, Both model runswere performed with ahorizontal resolution of 5°
half an hour corresponds to the longitudi- |atitude by 7.5° longitude

nal resolution of the model of 7.5°.)

For result of these model calculations, Figures 6.3.3-109 and 6.3.3-110 show a
comparison of NO, vertical calculated by the model and observed by GOME for
thetwo sites of Bremen (53°N) and Ny-Alesund (79°N). The most striking feature
of this comparison is the presence of an offset of about 1-2 x 10™ molecules/cny
between the observed and modelled NO, column for Bremen, which islargely ab-
sent for Ny-Aalesund. Thisismost likely due to tropospheric NO, at Bremen and
much smaller amounts of tropospheric NO, at Ny-Alesund. However, theanalysis
of the model calculationsisstill ongoing.

GOME Local Time [hours]
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o
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Figure 6.3.3-109. A comparison of NO,
vertical column densities from GOME
measurements (blue) and the SLIMCAT
model (red) at the location of Bremen. The
model run isthe “standard run' (see text)
with model output at the corresponding
local times of the observations. An offset
between observations and model calcula-
tionsis evident, which can be attributed to
tropospheric NO,.

Figure 6.3.3-110. Same as 6.3.3-109,
but for Ny-Alesund. The offset between
observations and model is largely absent,
indicating only very low amounts of tropo-
spheric NO,,.
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Summary

We have studied theimpact of iodine species on stratospheric ozone at both mid
and high latitudes. Although on a molecule-for-molecule basis Iy species are ef-
ficient at destroying ozone, studies with areasonable ly loading of 0.1 pptv so
only avery small effect on ozone, although the effect islargest in the very low-
stratosphere. Overall it seemsas |y is not important for ozone depl etion.Compar-
isons of model and observed NO, columns shows that the model peformswell in
reproducing the diurnal cycle, in agreement with many previous studies.

Main deliverables

00 Comparison of the observed and seasonal diurnal variationsin NO, with a
3D model.

0 Comparison of observed and modelled abundances of 10.

0 Updated assessment of the role of iodine in the chemistry of the lower strato-
sphere and O, depletion.
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de Bilt, 19 July 1996
ARARLLE RARALLARLE RARLARLLE] RLLALELAE] RELELLLLL

50 ™
40 F N

30F

z [km]

20¢

T
... sONdeE

—— smoothed sonde
GOME

Figure 6.3.3-111. Comparison of a
retrieved ozone profile (orange line)
from a GOME measurement from July,
19, 1996, with a coincident sonde profile
over De Bilt, the Netherlands. The solid
purple line indicates the sonde profile
smoothed to the vertical resolution of the
retrieval, whereas the dotted line indi-
cates the sonde profile on the vertical

model arid.
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WP 4200: Ozone Loss Studies

Work package 4200 was modified to focus on a comparison of one CTM (TM5)
with GOME retrievals. The assessments of Arctic O, chemical |ossand impact on
lower latitudes was performed in WP 5300.

Validation of GOME O, profiles

Inthefirst phase of thiswork package, SRON validated theimproved model of
Hasekamp and Landgraf [Hasekamp and Landgraf, 2001, 2002; Landgraf et al.,
2001; Hasekamp et al., 2004] for ozone profile retrieval from GOME measure-
ments with more then 750 ozone sonde measurements at different geo-locations.
Table 6.3.3-17 gives an overview of the sonde stations used for the validation in
the period 1996-1998.

For the validation it is essential to keep in mind that for an ill-posed problem
like ozone profile retrieval from UV backscattered sunlight, it isin principle not
possible to retrieve the complete ozone distribution in the probed atmosphere.
Only that part of the profile can be retrieved about which information is present
in the measurement. This means that we can only obtain smoothed profiles from
GOME radiance measurements. Figure 6.3.3-111 shows atypical retrieval result.
Besidesaretrieved profile from a GOM E observation, the figure a so shows acol-
located sonde measurement smoothed to the same vertical resolution as the re-
trieved profile. To illustrate the smoothing effect of the retrieval the non-
smoothed sonde profileis also depicted. From thefigureit appearsthat GOME is
well capable to provide information about ozone in the lower stratosphere and
troposphere. However, fine scale structures are clearly filtered out.

In Figure 6.3.3-112 the retrieved ozone concentration at 15 km altitude is com-
pared in atime series with corresponding sonde profiles at Hohenpeissenberg,
Germany, from spring 1996 to spring 1999. The daily and seasonal variability of
the sonde profiles can be clearly seen in the smoothed sonde profiles as well, al-
though the smoothing of theretrieval dampsthem. Thisindicatesthe utility of this
kind of measurement for long-term trend studies of stratospheric ozone.
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Figure 6.3.3-112. Upper panel: Time [ex]
series comparison of GOME profiles with

sonde profiles over Hohenpei ssenberg,

Germany at 7, 15 and 23 km altitude. The i
purple squares represent the smoothed
sondes. For validation this line should be
compared with the red line indicating the
retrieved ozone concentration. Lower pan-
els: differences between the smoothed
sonde and the retrieval concentration.
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The major conclusions from the comparison of the retrieved profilesfor all sta-
tionsaslisted in Table 4.2 lead to the following results. An excellent agreement
between GOM E and sonde measurementswas found at middle and high latitudes,
both for the measured profile shape and variability. Within the tropics there exist
small biasesin the GOME O, profiles: tropospheric O, is slightly underestimated
and stratospheric O, is overestimated, both by about 5-10 %. This bias does not
affect the measured O, variability. These differences are an indication for poten-
tial biasesin the forward model of the retrieval algorithm, although clouds, re-
duced sensitivity of the spectral measurements to the lower atmosphere and sub-
pixel variability also play arole. Nevertheless, it was established that the achieved
accuracy is sufficient to validate a chemical transport model.
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Table 6.3.3-17. Sonde stations used
for the validation of the GOME ozone
profile including the number of
collocations found with sonde
measurements as well as the total
number of measurements for the
period spring 1996 to the end of 1998.

Station (longitude,latitude) Sonde-TM5
Sondankyla (26.1°E, 67.3°N) 6-177
Sapporo (141.3°E, 43.1°N) 40-426
Lerwick (1.2°W, 60.1°N) 9-89
Wallops Island (75.5°W, 37.9°N) 57-398
Churchill (94.1°W, 58.8°N) 26-286
Tateno (140.1°E, 36.1°N) 58-411
Edmonton (114.1°W, 53.6°N) 55-439
Kagoshima (130.6°E, 31.6°N) 35-371
Goose Bay (60.34°W, 53.5°N) 37-316
Naha (127.7°E, 26.2°N) 28-305
L egionowo (21.0°W, 52.4°N) 64-491
Nairobi (36.8°E, 1.3°9) 17-298
Lindenberg (14.1°E, 52.2°N) 58-461
Ascension (14.4°W, 7.9°S) 26-299
DeBilt (5.2°E, 52.1°N) 64-493
Samoa (170.6°W, 14.3°9) 29-243
Praha (14.5°E, 50.0°N) 61-498
Laverton (144.8°E, 37.9°S) 28-265
Hohenpeissenb. | (11.0°E, 47.1°N) 154-477
Macquarie ldl. (159.0°E, 54.5°S) 17-409
Payerne (6.6°E, 46.5°N) 197-432

Comparison of GOME and TM5 model results

In the second phase of the work package a comparison of TM5 model results
with the GOM E measurementswas made. The TM5 model isachemical transport
model (CTM), i.e. windfieldsthat are obtained from adifferent source (ECMWF)
are used to calculate transport of chemical species. Thisversion of TM5 used a
single O, tracer version based on the Cariolle scheme [Cariolle and Degue, 1986;
McLinden et al., 2000]. It calcul ates O, variations as afunction of temperature, in
situ O, concentrations and O, columns above the model location. The O, depend-
ence on these parameters was derived from afull-chemistry 2-D stratospheric
chemistry model. The single tracer model is capable of smulating large-scale
stratospheric O, chemistry. It isnot suited to simulate tropospheric chemistry very
well, especially closeto the surface. The TM5 model was run with 33 vertical lev-
elsupto 60 km atitude. The period that was simulated was 1996-1998 on aglobal
20x3° resol ution.

Figure 6.3.3-9 shows the modelled and measured O, concentrations at 15 km al-
titude for Payerne, Switzerland. Note that the model bias for the lower strato-
sphere has been removed. Thereis an excellent agreement between modelled and
measured variability, indicating that the model iswell suited to simulate extra-
tropical lower stratospheric O, variability. This agreement between modelled and
measured variability was also found for other middle and high latitudes stations
(also in the Southern Hemisphere). In addition, it was also found that the model
bias was considerably smaller for the tropical stratosphere. Considering that the
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Figure 6.3.3-9. GOME O, concentra-
tions at 15 km altitude for Payerne, Swit-
zerland (red line) and the corresponding
(smoothed) TM5 O, concentrations at the
GOME pixel (blueline) and sonde concen-
trations (black diamonds). Indicated are
also the differences between GOME and
sonde measurements (blue diamonds). For
convenience the TM5 simulation results
have been scaled such that the mean of the
GOME concentrations equal s the mean of
the TM5 concentrations.
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tropical and mid-latitude stratosphere re coupled by the Brewer-Dobson circula-
tion this provides an important clue for the explanation of the model bias.
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The GOME sub-pixel variability was also studied with the TM5 model, which
had been identified as a possible explanation for the differences between GOME
and sonde measurements. Dueto the large pixel size (960x80 km) it was expected
that there might be a considerable amount of O, variability within this pixel and
which complicates the validation of the GOM E measurements with the sondes.
The model results showed asignificant amount of O, variability in the lower strat-
osphere and troposphere (up to 50% of the differencesin between GOME and the
sondes). It can be expected that there is even more variability than what was de-
termined from the model results due to the inability of the model to simulate trop-
ospheric O, chemistry. Although the GOME-TM5 comparison improved by
taking the sub-pixel variability into account, the differences between GOME and
TM5 only reduced by up to 20%, which is much less than the actual measured dif-
ferences. There may be two explanations: clouds and tropospheric O,, which is
not accurately represented by TM5, but it is currently unclear how much each
process may explain the existing differences.

Thelast part of the GOME-TM5 comparison was made for alatitude cross-sec-
tion from North to South pole along 170°W (April-December 1996). The results
provided amore consistent picture on the model biases, especialy the lower strat-
ospheric one. There was a clear latitudinal dependence of the bias with more O,
inthelower stratosphere at middle latitudes and less O, in the tropical lower strat-
osphere. It was a so established that the bias was confined tot the stratosphere be-
low 30 km. It was therefore concluded that this bias was related to atoo fast
meridional stratospheric transport: O, production predominantly occursin the
tropical stratosphere, and is being transported towards higher latitudes by the
Brewer-Dobson circulation. Thus, when transport istoo fast, there is not enough
accumulation of O, in the tropical stratosphere and too much accumulation of O,
in the mid-latitude stratosphere. Thisis aknown problem of chemistry-transport
models and thus also significantly affects modeled stratospheric O, concentra-
tions.
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The results of the GOME-TM5 comparison have been written up in an article
which isto going to be submitted [de Laat et al., 2004].

Summary

An O, profileretrieval algorithm for GOME measurements was validated
against O, sonde measurements. The GOME O, profile measurements were in
agreement with the O, sonde measurements. A comparison with CTM (TM5)
model simulated revealed several biases, the most significant one being a strat-
ospheric O, bias due to too fast stratospheric transport in the model.

Main deliverables
00 Comparison of a CTM (TM5) with GOME retrievals
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6.3.4 WP 5000: Model and data interpretation

Thiswork package uses a combination of models and observationsto study the
long-timescale (i.e. multiannual) variability and trends of the key speciesNO,,
BrO and OCIO. These long-term studies build on the shorter-term case studies of
WP 4000 (especialy WP 4100).

WP 5100: NO,, BrO, OCIO variability

Applied methodology and scientific achievements

A major aim of QUILT wasto establish new, validated time series of ground-
based observations of column NO, BrO and OCIO (see WP 3000). Another aim
was the improvement of 3D chemical modelsin response to studies performed in
e.g. WP4000. Given theseimprovements in the observations and models we then
compared the new observations with up-to-date simulations. The results for col-
umn NO,, BrO and OCIO are shown in Figure 6.3.4-114 - Figure 6.3.4-116 re-
spectively

For NO, (see Figure 6.3.4-114) the model overestimates the column at high
northern latitudes (e.g. Ny Alesund and Harestua). Thisislikely dueto too large
NO, through strong descent in thelowermost stratospherein the ERA-40 analyses
used to force this new run. In genera the agreement at middle latitudes is reason-
able. However, using themodel asa’transfer standard’ it ispossibleto shown that
the column NO, observations at nearby stations are quite different. For example,
around 1995 the observationsat Mt Cimone are much larger than the model while
for Jungfraujoch they agree. This may indicate tropospheric pollution in the Mt
Cimone data, which isignored in the model.

Comparisons of the differential slant column density (DSCD) for BrO are
shown in Figure 6.3.4-115. The model, which is constrained by source gas load-
ingswhich yield about 21 pptv of Bry in the late 1990s, generally reproduces the
magnitude of the observations well, although there are quite large differences at
Tenerife where the observations show large variationsthan the model. Theselarg-
er variations are similar to the model fields at high latitudes. It appears that the
model tracer gradients in the subtropics might be too weak (due to excess trans-
port in the analysed winds or low resolution) and this translatesinto low variabil-
ity).

Observationsof OCIO arelimited and Figure 6.3.4-116 just shows comparisons
for Harestuaand Neumayer. Itisstill difficult to draw quantitative conclusionsfor
this species, but the model tends to capture the magnitude of the Arctic observa-
tions but overestimate the dightly large Antarctic observations.
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Figure6.3.4-114. Comparison of groundbased vertical column observations of NO, at 8 stations with calculations from the UNIVLEEDS

S IMCAT 3D CTM. The observations are shown for 90° am (red) and pm (blue). The model results are the lines for same times (am solid, pm

dashed)
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Figure 6.3.4-115. Comparison of groundbased differential column observations of OCIO at 5 stations with calculations from the UNIV-
LEEDS SLIMCAT 3D CTM. The observations are shown for 90°-80° am (red) and pm (blue). The model results are the lines for same times
(am solid, pm dashed). The model is converted to a slant column using the AMFs of: 5.3 at 80°, 22 at 90° in mid lats and polar summer, and
15.3 at 90° in polar winter.
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Figure 6.3.4-116. Comparison of groundbased slant column OCIO at 2 stations with calculations from the UNIVLEEDS SLIMCAT 3D
CTM. The observations are shown for 900 am (red) and pm (blue). The model results are the lines for same times (am solid, pm dashed).
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Summary

The new QUILT validated time series of ground-based data (WP3000) have
been compared with 3D CTM results. Themodel output actsasatransfer standard
and shows large differences in column NO, measured at nearby stations - proba-
bly indicating tropospheric pollution at one site. At high | atitudes the model over-
estimates column NO, due to strong transport in the ECMWF analyses. The BrO
comparisonsare consistent with acurrent stratospheric loading of around 21 pptv,
although the model does not reproduce the sub tropical observations well. There
isaninconsistency in the OCIO comparisons. The model captures the magintude
of the Arctic observations but overestimates the Antarctic ones.

WP 5200: NO, and BrO trends

Recent work at Lauder, New Zealand hasindicated that thereisasignificant in-
creasing trend in stratospheric NO, of around 6%/decade, which exceeds that ex-
pected from theincrease in the source gas N,O. It isimportant to confirm that this
Lauder trend is representative of other locations and to understand the causes of
this trend.

BAShaveafairly long record (since 1991, just before the large decrease due to
Mt Pinatubo eruption) of Antarctic NO, observations from two site sites closely
located (Faraday and Rotherd). Figure 6.3.4-117 showstherecent retrievals of the
am/pm NO, vertical column from this site. A trend has been applied to the sum-
mer data (when the NO, column is largest and the variability issmall). Thisis
shownin Figure 6.3.4-118 and indicates a positive trend of around 7.6%/decade,
i.e. similar to Lauder, but based over a shorter time record. First comparisons of
this dataset have been performed with UNIVLEEDS simulations ( Figure 6.3.4-
119). The basic model captures the observed annual cycle and some interannual
variability. However, careful analysisisneeded to verify the model variationsare
robust (e.g. the change in 1999 may be linked to changesin the UKMO assimila-
tion system) before we can make conclusive statements on the trend.
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Figure6.3.4-117. Observed timesseries
of column NO, from the BAS station at Far-
aday/Rothera (655679).

Figure 6.3.4-118. NO, vertical column
densitiesin summer at Faraday/Rothera.
Also indicated is the result of a fitted trend
of 0.76%/year (black circles).

Figure 6.3.4-119. Comparison of BAS
NO, column observations at Faraday/
Rothera with results from the UNIVLEEDS
SLIMCAT 3D CTM for 1996 to 2002.
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SAOZ NO2 at Faraday/Rothera: WinDOAS analysis (fitted slit, spline interp), Dec02 (11 d smooth)
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Figure 6.3.4-120. Comparison of
observed (NIWA) and modelled (SLIM-
CAT) column NO, at Lauder, New Zealand.

UNIVLEEDS have performed a number of runs with the SLIMCAT 3D CTM
to study the cause of these observed trends. A basic model run (Run 311) was per-
formed from 1989-2002 forced by ECMWF analysed (ERA40 until 1999 and
then operational). The model had afull chemistry scheme. Boundary conditions
for sourcegases(e.g. N,O, CH,, CFCs) weretaken from WMO [2003] . The source
of stratospheric NOy isN,O which isincreasing at around 3%/decade. Therefore,
asimilar model run (run 313) was done but with constant (1989 conditions) trop-
ospheric N,O.

Figure 6.3.4-120 compares the modelled NO, column at Lauder from runs 311
and 313 with ground-based observations. In general, the 3D model does an excel-
lent job in reproducing the observed diurnal (am/pm) and seasonal variations (see
WP 4100). Furthermore, the difference in column NO, between the two runsis
relatively small compared to the increase in NO, from 1992 due to the decay of
Pinatubo aerosols.

1990 1992 1994 1996 1998 2000 2002 2004
10 T | T | T | T | T | T | T 3

observations (slant column)

15
AMF of 16.5 90° am

10

Modeled NO, vertical column (101 molec./cm?)
s
(zw9/723]0 W o;0T) UWN]OI JUBIS ON P3INSLaN

SLIMCAT model results (run 313)
0 | | | | | | | | |

1990 1992 1994 1996 1998 2000 2002 2004
Year

TheNO, trend from the two model runs, and the comparison with observations,
have been quantified by applying the NIWA trend model (i.e. same model used
for past analysis of observed time series). Thetrend model includesalinear term,
QBO, solar cycle, El Nino term and offset annual cycle. For this work the trend
model was also applied to the observations over the same modelled period (1/7/
1990-30/9/2003). Theresultsare shownin Table 6.3.4-18. For the model thetrend
model was also applied to column N,O and NO,.
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Table 6.3.4-18. Calculated trends
(%/decade) in NO2, NOy and N20
from two SLIMCAT model runsfor
morning (am) and evening (pm)
twilight observations. Also include are
the estimated trends from Lauder
observations..

6.3 Applied methodology, scientific achievements and main deliverables

Observed Mode Modd

(with N,Otrend —311) | (without N,O trend — 313)
AM PM AM PM AM PM
NO, |89+04 |78+04 |123+33 | 99+26 | 97+33 | 7.5+26

NOy -50+23 -52+22 |-75+23 |-76+22

N.O 35+03 35+03 | 04+03 04+03

For N,O the difference between the model trend from run 311 and 313 equals
3%/decade - i.e. the imposed N,O trend in the surface mixing ratio. The fact that
the N,O trend in run 313 is not zero is ameasure of the contribution of other fac-
tors (e.g. change in tropopause height) to this trend. The differencein NOy trend
between runs 311 and 313 is around 2.5/%. Thisis less than the imposed N,O
trend indicating a feedback which reduces the impact of increased N,O on NOy.
In the absence of aforced N,O trend the modelled NOy trend is around -7.5%/
decade (with only a small am/pm difference as expected). This decrease in the
NOy column could be due to an increase in tropopause height which also leadsto
the N,O increase. The differencein NO, trend between run 311 and 313 isaround
2.5%/decade - i.e. similar to the NOy trend difference. Thisvalue, the model's es-
timate of the direct effect of the N,O trend on NO,, is small compared to the over-
all modelled trend of 9.9/12.3 %/decade in run 311 and the observations of 8.9/
7.8%/decade. This suggests the observed NO, trend is larger than can be ex-
plained directly by N,O alone. However, the full model, with e.g. halogen, O,, T
trends, does capture the magnitude of the observed trend.

Summary

3D model runs have been performed to look at the observed long-term trend in
groundbased NO, at sites such as Lauder, NZ. Over the period 1990-2003 the ba-
sic model does produce atrend similar in magnitude to the the observations of
around 8%/decade over thistime. The observed trend is clearly larger than the ob-
served trend of 3%/decade in the NOy source gas, N,O. Thereisalarge contribu-
tion of decreasing aerosol loading during this period. However, the model
agreement with the observed trend is also due to a'dynamical’ trend in the model
NOy column (i.e. atrend which is present even in arun with constant NOy) and
related to a change in the altitude of the NOy profile (e.g. change in tropopause
height).

WP 5300: Ozone Loss Variability

The objective of thiswork-packageisabetter understanding of the stratospheric
ozone depletion and an evaluation of its inter-annual variability.

Asalready done during previouswinters[Goutail et al, 1999, 2004], CNRS-SA
guantified the total ozone reduction inside the vortex during the winter of 2001/
2002, 2002/2003 and 2003/2004. The analysis was based on the total 0zone meas-
urements of the Arctic SAOZ network from which the contribution of transport
has been removed using the 3D CTM REPROBUS model.

CNRS-SA aso compared experimental results since 1993/1994 to 3D CTM
multi-annual simulationsin order to verify the ability of modelsto reproduce the
ozonelossin avariety of meteorological conditions (cold vortex early in the sea-
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Table 6.3.4-19.
Arctic stations.

Figure 6.3.4-121. ECMWF minimum
temperature in the Arctic at 475 K during

the 2001/02 winter.

194

son with little sunlight or at the opposite, cold and persistent vortex until April,
etc.) and chlorine loading.

Location of the instruments:

The data of the eight SAOZ UV -visible spectrometers located north of 60°N
were used for this study. The location of the instrumentsis shownin Table 6.3.4-
19

Location of SAOZ

L ocation Country L ocation Property
Ny-Alesund Spitzbergen 79N,12 E NILU
Thule Greenland 77 N, 68 W DMI
ScoresbySund Greenland 70N, 2 W CNRS/DMI
Zhigansk East Siberia 67 N, 123 E CNRS/CAO
Sodankyla Finland 67 N, 27 E CNRS/FM I
Salekhard W est Siberia 67 N, 67 E CNRS/ICAO
Harestua N orw ay 60 N, 10 E BIRA

Experimental and Model results
Winter 2001/2002:

M eteor ological conditions:

Thetemperature at 475 K wasbelow T, ,, from mid-December to early January
(Fig. Figure 6.3.4-121). Otherwise, the temperature was warm. There was only
few possihilities for PSC occurrences, during two periods as indicated on Figure
Figure 6.3.4-123 (top), one in mid-December and one around January 10. That
winter was arather "warm™ winter. The final warming occurred in early March.

220 ——

01/02

200 —

Tempeature (K)

180 1 L 1 L 1 L X 1 1 L 1 L 1 1 L L
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The vortex formed in December 2001 and persisted until early April (Figure
6.3.4-122). At that date, two lobes of the vortex were well separated (Figure 6.3.4-
122, right).

Figure 6.3.4-122. Mimosa (Contour advection model) potential vorticity map at the 475K isentropic level. Red: low PV (outside vortex),
yellow: high PV (inside vortex). Left:Dec 24, 2001; Right: April 8, 2002

Figure 6.3.4-123. Bottom: Cumulative
total ozone loss during winter 2001/02
from SAOZ network. Top: possible surface
area of PSC at 475K

Experimental results:

Two periods of O, reduction are observed (Figure 6.3.4-123), one around mid-
December and onein mid-February/early March. During that period the losswas
at arate of 0.25% per day. The cumulative loss at the end of the winter is 10 %
which correspondsto ~ 46 DU.
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M odel results:

The ozone loss simulated by two 3D CTM — Reprobus and SLIMCAT - has
been studied. The ozone loss from the model is obtained using the difference be-
tween two consecutive run, one with ozone considered as a passive tracer and one
with full photochemical reactions.

Reprobus:

During that "warm™ winter Reprobus simulates a cumulative ozone loss of 8%,
quitesimilar to the experimental results (Figure 6.3.4-124). Ozone decreasesvery
slowly from December to end of February and ailmost half of the loss occurred in
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March. In addition, Reprobus simulates more 0zone loss above Zhigansk (Eastern
Siberia) than above al the other stations. Thisis more difficult to seein the ex-
perimental data due to the larger dispersion.

Figure 6.3.4-124. Reprobus cumulative F—T—T—T T T T ‘ _
total ozone loss during winter 2001/02 ' ! ' I \ \
above SAOZ stations. 0
3 i
=} 0/
= .10 ° 896
b
S O Zhigsnsk
o 201 O Sodanigla
= 1M Salekhard
E‘] 4 Seoreshyund
O =30+ v Tk
< Ny Alesund
E Harestua
40
| | | | \ \
DEC JAN FEB MAR APR
Slimcat:

During that "warm" winter Slimcat also simulates a small cumulative ozone
loss of 6 %, quite similar to the experimental result obtained at the end of Febru-
ary (Figure 6.3.4-125). Ozone is decreases slowly from December to end of Feb-
ruary. In accordance with the Reprobus results, Slimcat also simulates more
ozone loss above Zhigansk (Eastern Siberia) than above all the other stations.

Figure 6.3.4-125. .Qimcat cumulative

total ozone loss during winter 2001/02 10 A A frotet o
above SAOZ stations.
9 7
s 6%
o
0
L
v =20 O Zhigmsk
= O Sodankyla
N M Salekhard
O 30| & ScoreshySund
7 Thule
< Ny Alesund
_ 40 Z Hatestua
\ | | | | |
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The inhomogeneity in the ozone lossis probably related to the vortex tempera-
tureinhomogeneity asit can be noticed on Figure 6.3.4-126. The temperature was
warmer (red and orange) above Zhigansk (white star) than above Salekhard (red
star) and Sodankyla (blue star) on the same day.

Figure 6.3.4-126. Temperature and potential vorticity at 475 K on the February 10, 2002. Left: ECMWF temperature. Right: Mimosa PV

Plot. The location of Zhigansk is indicated

Figure 6.3.4-127. ECMWF minimum
temperatureinthe Arctic at 3 levels, 550 K,
475 K and 435 K during the 2002/03 win-
ter.

by a white star, Salekhard by ared star and Sodankyla by a blue star.

Winter 2002/2003:

M eteor ological conditions:

The temperature was below T, ,; at al levels from end of November to January
15, and thetemperature was very cold, around T, at the beginning of December.
Thefina warming occurred after March 22. The vortex was persisting until early
April.
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Figure 6.3.4-128. Bottom: Cumulative
total ozone loss during winter 2002/03
from SAOZ network.

Figure 6.3.4-129. Reprobus cumulative
total ozone loss during winter 2002/03
above SAOZ stations.

Experimental results:

Three periods of O, reduction are observed, one in December and one in Janu-
ary at arate of 0.4% per day and onein end of February at arate of 0.5 % per day.
The cumulative loss at the end of the winter is 23 % which corresponds to ~90
DU.
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M odel results:

Reprobus:

The REPROBUS simulations are shown in Figure 6.3.3.16. REPROBUS cap-
turesalossat arate of 0.3 % per day in December, then aplateau of about 20 days
and again aloss at arate of 0.2 % per day from January 20 until March 20. Its cu-
mulative loss at the end of the winter is 20 % (or 80 DU). The timing and the am-
plitude of the loss are comparable to the observations. The current REPROBUS
version correctly captures the December ozone destruction.

10 F 1 1 | I +H

o

-10

Zlugansk
Sodankyla
Salekhard
Scoresby Sund
Thule

Ny Alesuryd
Harestua

1 1 ] 1 I 1

20

2
=
=
=
|

Ozone loss (%o)

-40

ol
T
ModDX00O

DEC JAN FEB MAR APR

198 QUILT - Final Report



Figure 6.3.4-130. .Qimcat cumulative
total ozone loss during winter 2002/03
above SAOZ stations.

Figure 6.3.4-131. ECMWF minimum
temperatureinthe Arctic at 3 levels, 550 K,
475 K and 435 K during the 2003/04 win-
ter.

6.3 Applied methodology, scientific achievements and main deliverables

Slimcat:

Theresults of SLIMCAT simulations are shown in Figure 6.3.3.17. The early
depletionisalso captured at arate of 0.3 % per day in December and January fol-
lowed by aplateau of about 10 daysin February and then by alossagain at arate
of 0.3 % per day from February 10 until March 10. At the end of the winter, the
cumulativelossis19 % (or 76 DU). Thetiming and the amplitude of the depletion
are similar to that of REPROBUS.
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In summary, the 2002/03 REPROBUS and SLIMCAT simulations arein close
agreement with each other, as well as with the SAOZ observations. In their cur-
rent versions, both models appear to capture the early winter ozone depletion

Winter 2003/2004:

M eteor ological conditions:

During the winter of 2003/2004, in early December, the vortex was compact
and in coincidence with the cold temperature areas (Figure 6.3.4-131). On De-
cember 24, the vortex was elongated, extending down to Southern France, that is
to sun-illuminated regions (Figure 6.3.4-132). The situation was very similar dur-
ing the whole month of January. On January 30, the vortex was split in two lobes
which recombined by mid-February. During the second part of February, the vor-
tex was small, the temperature was increasing and cold surface area were vanish-
ing. In March, the small remaining lobe of vortex is compact and centred on the
pole. In April, the temperature was above 203 K at all levels.
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Figure 6.3.4-132. Temperature and potential vorticity at 475 K on the December 24, 2003. Left: ECMWF temperature. Right: Mimosa PV
Plot.

Experimental results:

During the month of December, no |oss was observed. A reduction at arate of
0.3% /day was observed during the first 20 days of January, then the lossrate in-
creased up to 0.5% /day between January 20 and February 10. No loss was ob-
served after that date. The cumulative ozone loss during the winter is 18%

corresponding to 90 DU.
Figure 6.3.4-133. Bottom: Cumulative _ T — — Y S
total ozone loss during winter 2003/04 10 FR-u e _ _ k [ | | +H
from SAOZ network. ' J ' : 3 b
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M odel results:

Reprobus:

Reprobus simulates an ozone | oss starting Mid- December 2003 and persisting
during the whole period until end of March 2004 at aregular rate of 0.17% /day.
The Reprobus cumulative lossis consistent with the experimental datawithin the
error bars: -17% that is 85 DU.

Figure 6.3.4-134. Reprobus cumulative

total ozone loss during winter 2003/04 L ) R S i = A
above SAOZ stations. ol
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Slimcat is also simulating a significant ozone loss, but with a smaller cumula-
tive amount of 10%. In addition, Slimcat is simulating alarger scatter inside vor-
tex, which is not present in the experimental data.

Figure 6.3.4-135. Simcat cumulative

total ozone loss during winter 2003/04 10! et e e P ] B P e T
above SAOZ stations.
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Comparison to previouswinters

The winter loss observed during these three wintersis smaller than the record
ones — around 30% - reported in 1995 and 1996 and larger than the 5% reported
in 1999. The observed cumulative loss for the eleven consecutive winters since
1993/94, the main period of ozone reduction during the season and the date at

which 10 % loss was reached are displayed in Table 6.3.4-20.

W inter Loss (%) Loss (DU) Period of loss 10% loss
reached
1993/94 17 75 Dec 20 - Mar 20 Jan 20
1994/95 31 140 Dec 20 - Mar 20 Jan 20
1995/96 30 125 Dec 20 - Mar 10 Jan 20
1996/97 22 95 Jan 30 - Mar 30 Feb 20
1997/98 17 80 Dec 10 - Mar 1 Feb 10
1998/99 5 25 Jan 1 - Feb 20
1999/00 23 105 Jan1-Mar 10 Feb 10
2000/01 10 52 Jan 10 - Mar 1 Mar 10
2001/02 10 46 Dec 10 - Mar 30 Mar 30
2002/03 23 90 Dec1-Mar 10 Dec 30
2003/04 18 90 Jan1l- Mar 1 Jan 30

Table 6.3.4-20. SAOZ Ozone loss.

Figure 6.3.4-136. Top: Time series of

OCIO Differential Sant Columns (91°-80°
SZA) at Harestua, southern Norway, from

December 1, 2002 until April 30, 2003.
Bottom: Potential vorticity at 475 K and

limit of the vortex.

In most cases, the ozone reduction is starting during the second half of Decem-
ber and 10 % lossisreached only on or after January 20. The winter 2002/03 with
its 10 % loss at the end of December isan extreme case. For thefirst timein eleven
years, asignificant ozone loss has been observed very early in the winter, at low
sun. The early activation is confirmed by the presence of high OCIO levels ob-
served in December by the UV -Visible spectrometer at Harestuain Southern Nor-
way (Figure Figure 6.3.4-136) when the vortex was present above the station
(bottom panel). The early ozone loss observed by the SAOZ in December 2002 is
thus consistent with the cold ECMWF stratospheric temperatures and the high
OCIO over Harestua.
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Figure 6.3.4-137. Right: Total ozone reduction derived from the measurements of SAOZ network (hatched area) and modelled (full line:
Reprobus, dotted line : Simcat) on the left panel. Left: minimum temperature at 475 K north of 30°N and limit for NAT and ice PSC formation.

QUILT - Final Report




Section 6: Detailed report related to the overall project duration

204

Conclusions

The total ozone reduction inside the vortex has been quantified during the win-
ter of 2001/2002, 2002/2003 and 2003/2004. The experimental results have been
compared to 3D CTM REPROBUS and SLIMCAT. In their most updated ver-
sion, both model are correctly reproducing the observed ozone loss.
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A study of the stratospheric chemistry of the Antarctic winter
2002 based on GOME observations and 3D-CTM calculations
by the BASCOE FMR model (IASB-BIRA)

I ntroduction

Inthe middle of September 2002, the Antarctic vortex weakened into two parts
and disappeared within afew weeks. This unique event prevented, at least partly,
ozone depletion. The Antarctic winter 2002 presented aspects typical both of the
Southern Hemisphere (single vortex) and of the Northern Hemisphere (weaker,
episodic vortices with lower ozone depletion). This event was observed by the
GOME instrument, which provided vertical column densities (VCD) of ozone
and NO,, but also d ant column densities (SCD) of BrO and OCIO. Although more
difficult to interpret, these two species are rarely measured and give important
clues about the processes |eading to ozone depletion. In this contribution
[Chabrillat et al., 2004] we focus on polar chemistry and stratospheric clouds.
GOME observations are compared with co-located output from the BIRA-1ASB
3D-model with the aim to:

1. Allow scientific exploitation of the GOME products of direct relevanceto
the QUILT project (BrO and OCIO SCDs).

2. Validate our 3D-PSC-CTM model and assess the limits of such theoretical
models.

3. Test our understanding of PSC microphysics and its effect on polar chem-
istry.

4. Evauate the extent of winter chlorine activation and spring ozone deple-
tion in 2002

BASCOE FMR: a 3D-PSC-Chemistry Transport Model

BASCOE isa4D-VAR assimilation system of stratospheric chemistry devel-
oped at BIRA-IASB [Erreraet al., 2001]. It is based on a 3D chemistry-transport
model where Polar Stratospheric Clouds (PSC) microphysics and composition
(SAT, STS, NAT and ICE particles) are explicitly treated. It isinteractively cou-
pled with chemistry and transport modules with atime step of 30 minutes. The
model has a horizontal resolution of 3.75° x 5° and 37 (hybrid) pressure levels
from the surface up to 0.1 hPa (subset of ECMWEF vertical grid). It uses the tem-
perature and wind fields from the 6-hourly ECMWF analyses.

Inthis study, it isused in a Free Model Run (FMR) mode, i.e. not constrained
by observations. Simulations are started in January 2002 from initial conditions
provided by the SLIMCAT 3D-CTM [Chipperfield et a., 2002]. The model state
isinterpolated by means of observation operatorsto the precise space and time of
the GOME observations. A unique feature of the study isthat the GOME obser-
vation operator computes the modeled BrO and OCIO SCDs at GOME locations
using altitude-dependent chemical air massfactors (AMFS). Inthisway, the quick
variation of the species aong the GOME viewing geometry istaken into account
(see QUILT WP 2500 for avalidation of the chemical AMFs). Results discussed
in the present contribution are vortex averages, where the vortex edge is conven-
tionally defined by the 65°S equivalent latitude onthe 475K potential temperature
level [Nash et al., 1996].
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Figure 6.3.4-138. ECMWF minimum
temperature at the pressure level of 44.3
hPa, for equivalent latitudes lower than —
65°.

Effects of PSC microphysics

According to ECMWF analyses (Table 6.3.4-138), minimum temperatures al-
lowed NAT condensation during May 2002, but ICE particles appeared only in
June. From the same ECMWF analyses, one also concludesthat the | CE particles
melted away in mid-August during an early warm-up of the vortex, while NAT
particles disappeared briefly at the beginning of September, and definitely with
the vortex split (Sept 21, 2002). The BASCOE FMR modeled distribution of wa-
ter vapor was checked by comparison with measurementsfrom the MIPASinstru-
ment (ENVISAT) in July and September showing good agreement in the lower
stratosphere and some underestimation in the middle stratosphere. This disagree-
ment persists after the vortex split and could be due to a misrepresentation of ver-
tical transport in themodel, however it isalso known that MIPAS observations of
H,O must be treated with caution in the presence of PSCs.
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NO,, BrO and OCIO at the terminator

Since these species have large diurnal variations and possibly non-negligible
tropospheric abundances, the comparison has been limited to GOME pixels
around the terminator where the sensitivity of GOME to lowest atmospheric lay-
ersisminimized. BASCOE FMR and GOME observations of NO, VCD agreere-
markably well (see Table 6.3.4-139), which suggests that the model correctly
predicts denoxification processes. Starting in mid-August, the model slightly
overestimates NO,, probably because of exaggerated mixing (see mid-October
drop).

Inlinewith previous studies (see e.g. Final Report of the EU Stratospheric BrO
project), the comparison of modeled BrO with GOME V CD observationsreveal s
a systematic underestimation by the model (here approx. 35%), however the an-
nual variation matches ailmost perfectly the GOME observations - except for a
dlight downward trend in the modeled BrO SCD during July, August and Septem-
ber. Since OCIO at SZA=90° depends mainly on CIO abundance, it isagood in-
dicator of chlorine activation [Wagner et a., 2001]. Modeled OCIO SCDs first
match GOME observations but decrease from mid-August (when | CE PSC disap-
pear), while GOME shows that it remains constant until the vortex splits (Table
6.3.4-139b). Thisis a strong sign that some PSC-related processis not well un-
derstood.

Extent of ozone depletion

While the modeled ozone VCD is systematically overestimated by ~40 DU
(cause currently under investigation), itsspatial distribution captures perfectly the
GOME maps as can be seen in Table 6.3.4-140.
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Figure6.3.4-139. Model values are
interpolated to the precise space and time
of the observations, accounting explicitly GOME observations Averages for 89° < SZA < 91° and Eq.Lat. < -65°
for the GOME nadir twilight geometry, by |~ BASCOE FMR at GOME
means of the BASCOE observation opera-
tors (see text).
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Figure 6.3.4-140. Total ozone distribu-
BASCOE FMR on 16 and 23 September
2002. A black line denotes the boundary of 450 y
the polar vortex. I GOME
o}
Q 350 [
(m]
o |y
> 250
(o]
150
BASCOE FMR at GOM
500 N & '
5 \
F_i, 400
(m]
O
> 300
(o]
200

This proves the quality of the advection module and observation operator, also
shown by the good correl ation between the modeled and observed time series (Ta-
ble 6.3.4-141). Note that the downward trend from mid-July to mid-September is
amost entirely due to a geometric effect. However aweak ozone depletion, not
reproduced by the model, probably occurred during the first half of September.
At that time indeed the disagreement between GOME and BASCOE FMR in-
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Figure 6.3.4-141. Time series of calcu-
lated (green lines) and measured (red
lines) 0zone vertical columns, averaged
around 90° SZA at the limit of the Antarctic
terminator.

creases significantly. Sensitivity tests currently under progress suggest that an ex-
cess of mixing occursin the model due to the inadequate resolution of the
BASCOE grid to account for fine polar structures. The limited resolution of the
model could therefore be at the origin of an early disappearance of active chlorine
inthe simulations, resulting in amissing ozoneloss. Other possibilitiesto explain
the disagreement between model and observations are the following:

1. IcePSC’'s could occur more frequently and at higher temperatures than
currently predicted by theoretical models of PSC microphysics. Several
other studies point to this possibility. This hypothesis should be checked
against global observations of PSC’'s—if such observations exist.

2. Theeffect of denitrification, which delays the de-activation of active chlo-
rine, could be more important in reality than computed by the model. Itis
quite difficult to check this hypothesis, asit depends on the history of the
PSCs evolution during the months preceding the vortex split. The under-
estimation of denitrification is explained most easily by an underestima-
tion of particle sedimentation rates.
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Conclusions

Thisstudy providesthreeimportant advancesin the expl oitation of space-based
observations of atmospheric chemistry and the understanding of the processes re-
lated to ozone depletion:

1. It allowed usto prepare efficiently the assimilation system BASCOE, val-
idating the 3D-CTM and the observation operators, which are the basis of
this system.

2. For thefirst time, space-based simultaneous observations of BrO, OCIO,
NO, and ozone have been compared quantitatively with model output.

3. Thisexercise also provides aclear illustration of the extent and the limits
of our understanding of polar ozone depletion, providing a well-defined
framework to test any future model of PSCs and stratospheric chemistry.
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Total and tropospheric BrO columns based on the combined
use of GOME observations and SLIMCAT model simulations

I ntroduction

Space nadir observations provide BrO columnswith global coverage and might
help to resolve ongoing science issues like:

1. theestimation of the stratospheric BrO trend to evaluate the impact of
Montreal protocol regulations on bromine emissions.

2. thequantification of the polar BrO emissionsand their impact on ozone at
the regional scale.

3. the quantification of free-tropospheric BrO amounts including their latitu-
dinal and seasonal variations and their impact on ozone at the global scale.

In order to reach these goals, total BrO columns must be resolved into their
stratospheric and tropospheric contributions. As part of the QUILT project, at-
tempts have been made at BIRA-IASB to extract total and tropospheric BrO col-
umns based on a combination of GOME observations and cal culations from the
3D-CTM SLIMCAT.

GOME — SLIMCAT tropospheric BrO residual approach

BrO dant columns have been retrieved from GOME in a quasi-operational
mode as described in WP 3000, using settings given in Van Roozendael et .,
1999. The approach followed to infer tropospheric BrO columnsis based on are-
sidual technique, which consists in subtracting an estimation of the stratospheric
column from measured total columns, accounting in a consistent way for the dif-
ferent air mass factors (AMFsS) at stratospheric and tropospheric altitudes [ Theys
et al., 2004]. In contrast to the NO, case [see e.g. Richter et a., 2002], an estima-
tion of the stratospheric BrO background cannot be easily obtained from GOME
data aone because of the difficulty to find areference sector free of tropospheric
contamination. Instead the ideain the present contribution isto try and make use
the 3D-CTM SLIMCAT model as astratospheric BrO reference. The SLIMCAT
model contains a detailed chemical scheme and simulates the distribution of all
species involved in stratospheric ozone depletion. It has been optimized for bro-
mine chemistry and to some extend validated by comparison with ground —based
measurement [Sinnhuber et al., 2002]. A dedicated SLIMCAT output generated
on purpose at the GOME overpass time has been provided to QUILT partners by
M. Chipperfield. An illustration of the resulting residual tropospheric BrO prod-
uct is presented in Table 6.3.4-142, for September 1997. Comparing with the dis-
tribution of total BrO columns (also shown in Table 6.3.4-142), one can see that
strong bromine emissions characteristic of polar spring conditions are clearly vis-
ible and better isolated from the stratospheric background.
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Figure 6.3.4-142. GOME BrO columns
resolved in their stratospheric and tropo-
spheric contributions for September 1997,
in the Southern Hemisphere.
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Discussion and conclusions

Using our residua analysis scheme, zonal averages of tropospheric BrO have
been computed from all GOME measurements between 1997 and 2001 as dis-
played in Table 6.3.4-143. The resulting tropospheric BrO columns show signif-
icant seasonal variationsand astrong latitudinal dependencein both hemispheres.
Large BrO emissionsin polar regionsin spring are also evidently displayed.

A striking feature of the analysisisthat non-zero residual tropospheric BrO con-
tents are obtained in al conditions, whatever the latitude or the season. Stated in
other words, BrO columns derived from GOME observations are aways larger
than simulated by the SLIMCAT model. Although such results might have aim-
portant consequences on the global chemistry of tropospheric ozone [von Glasow
et al., 2004], it must be stressed that modeled columns are currently not con-
strained by any observations. Therefore the possibility of a systematic underesti-
mation of the stratospheric BrO column by SLIMCAT, that would positively bias
our tropospheric eval uations, cannot be ruled out at this stage. Such an underesti-
mation could possibly result from the current neglect of several sources of inor-
ganic bromine that may have a significant impact on the inorganic bromine
budget in the lowermost stratosphere [see e.g. Pfeilsticker et al., 2000].

Although lessimportant, additional problems may also arise due to the limited
resolution of the model (5° x 7.5°), e.q.

1. Finestructuresin stratospheric bromine field not well captured by SLIM-
CAT may result in artifacts especially at high latitude during spring.

210 QUILT - Final Report



Figure 6.3.4-143. Zonally averaged
tropospheric BrO columnsin Northern
(left) and Southern (right) hemispheres
derived from GOME observations and
S IMCAT simulations in the 1997-2001
period.
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2. Thetwilight chemistry can be not adequately captured by the model out-
put for regions close to the polar terminator.
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Finally other sources of uncertainties can also be identified which will require
to be further quantified: BrO slant column density errors, tropospheric AMFs un-
certainties (tropospheric profile, surface albedo, cloud correction, snow/ice treat-
ment). In the present state however, the main issue definitely concerns the
reliability of the stratospheric correction as derived (here) from SLIMCAT re-
sults. In order to investigate the impact of using different model data, a prelimi-
nary comparison between SLIMCAT and the BIRA-IASB CTM BASCOE has
been performed for one GOME orbit (see Table 6.3.4-144). For this exercise, the
BA SCOE output was obtained from afree run started on the 13 of January 2002
based oninitia conditions provided by SLIMCAT. Ascan be seenin Table 6.3.4-
144, BrO columnsderived from SLIMCAT and BASCOE are reasonably consist-
ent, which was to be expected since both models use the same assumptions on
sources of stratospheric bromine (limited to methyl bromide and some halons
coming from the troposphere). However, some significant differences are found
in the Southern hemisphere (for this particul ar orbit). Clearly more investigations
are needed to better understand the origin of these differences and in genera to
assess the robustness of stratospheric model calculations. Future work will focus
on more systematic comparisons between available model and observations of
BrO column and profile (ground based and balloon measurements, SCIAMA-
CHY limb profiles).
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Figure 6.3.4-144. BrO vertical columns

derived from BASCOE and SLIMCAT mod-

elsfor a GOME orbit on 16 July 2002.
GOME data are also displayed for com-
parison.
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Main deliverables

0 An assessment of of our understanding of the coupled chemistry of CIO and
BrO through comparisons of OCIO observed and modelled abundances of
1O.

O An assessment of the the role of meteorological trends/variability on deter-
mining varisons in NO,.and the likely cause of the apparent upward trend in
observed stratospheric NO,.

0 Cummulative ozone loss fromtotal column or integrated profiles since 1990.

O An assessment of the magnitude of the trend in lower stratospheric bromine
inferred from the comparison of BrO in a CTM and groundbased observa-
tions (see WP 3100)
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6.3.5 WP 6000: WWW-NRT product services

Thefirst objective of thiswork package isto provide the scientific community
and the public with GOME and ground-based Near Real Time (NRT) measure-
ments of ozone and halogen oxides throughout the winter/spring period when
most of the stratospheric ozone destruction takes place (WP 6100). The second
objective isto quantify in NRT of the ozone loss inside the polar vortex by com-
parison between measurements and modelled passive simulations (WP 6200).
WP 6200 and WP 5300 (Ozone loss variability )have been merged and the scien-
tific outcomes were presented in Section 6.3.4.

WP 6100: NRT ground-based and GOME data
products

The objective of thiswork packageisthe provision in NRT of total ozone and
NO, measurements from the ground-based UV -visible spectrometer network. Ac-
cess to the ground-based data can be made via the project website. From the
SAOZ network, morning and evening total column of ozoneand NO, arereceived
at the laboratory through Internet (most of the stations) or Argos satellite trans-
mission (when internet is not available which is the case in Siberia and East
Greenland) every day. A web site has been organised at CNRS. The measure-
ments of the CNRS instruments have been checked and introduced on adaily ba-
sison the web site: http://www.aerov.jussieu.fr/~fgoutail/SAOZ-RT .html

NRT dataproductsfrom GOME have been published for the whol e time period
from January 2001 to June 2004. The webpage http://www.iup.physik.uni-
bremen.de/gomenrt was continously supplemented with new features (e.g. differ-
ent region selections) during the project period. The whole time series of GOME
data since 1995 is available for al different data products, including column
amounts of ozone, NO,, BrO, OCIO, formaldehyde and SO,.

Due to a permanent failure of the ERS-2 tape recorder, the availability of
GOME data coverage is limited to the region where ERS-2 isin direct contact
with ground stations (North Atlantic sector and north polar region) starting 22nd
June 2003. The Institute of Environmental Physics at the University of Bremen
hasfill this gap by providing scientific data products of the SCIAMACHY instru-
ment onboard ENVISAT in real time (http://www.doas-bremen.de/
sciamachy.htm, http://www.iup.physik.uni-bremen.de/scia-arc).

For further details and scientific outcomes see WP 5300 in Section 6.2.4.

Summary

Thework carried out in WP6100 is an excellent example of the near-rea time
exploitation of satellite and ground-based UV -visible spectrometer (SAOZ) data.
GOME datafor the whole period 1995-present were available on the Univ. of
Bremen web site; the SAOZ data were made available viathe CNRS web site.
Thedata provided through this WP has al so been used for the Antarctic ozone bul -
letins issued by the World Meteorological Organization (WMO).
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Main deliverables

00 Near Real Time maps of GOME O,, NO,, BrO, and OCIO for the winter/
spring campaigns, available on the internet within hours after measurement

0 GOME NRT data available for inclusion in the GOME data base WP 3300

WP 6200: NRT ozone loss modelling

The abjective of thiswork package is the quantification in Near Real Time of
the ozone loss inside the polar vortex. The total 0zone measurements are those
from the ground-based UV -visible Arctic spectrometers, Thule, Ny-Alesund,
ScoresbySund, Sodankyla, Salekhard and Zhigansk. The 3D-CTM, which have
been used, are REPROBUS and SLIMCAT. NRT resultsfrom thiswork package
are made available at the CNRS web page. A link to NRT modelling activities
(MIMOSA/REPROBUS) at CNRSisaso given.

http://www.aerov.jussi eu.fr/~fgoutail/MIMOSA.html
http://www.aerov.jussi eu.fr/~fgoutail/REPROBUS/Near Real Time/
http://www.aerov.jussi eu.fr/~fqoutail/REPROBUS/Near Real Time
2002/

http://www.aerov.jussi eu.fr/~fgoutail/REPROBUS/Near Real Time/
2003/

For further details and scientific outcomes see WP 5300 in Section 6.2.4.

Summary

In WP 5300 and 6200 one has used a combination of observations and model-
ling (3D-CTMs: REPROBUS and SLIMCAT) to quantify in Near Real Timethe
degree of ozonelossin the Arctic. The total 0zone reduction inside the vortex has
been quantified during the winter of 2001/2002, 2002/2003 and 2003/2004. The
experimental results have been compared to 3D CTM REPROBUS and SLIM-
CAT. Intheir most updated version, both model are correctly reproducing the ob-
served ozone loss.

Conclusions including socio-economic relevance, strategie
aspects and policy implications

The abjective of WP 6100 wasto provide the scientific community and the pub-
lic with GOME and ground-based Near Real Time measurements of ozone and
hal ogen oxides throughout the winter/spring period when most of the stratospher-
ic ozone destruction takes place. These data are of specific interest for scientists
during campaign planning but also to policy makers and the broader public asin-
formation on the status and development of ozone destruction in the Northern
Hemisphere.

The objective of WP 6200 was to quantify in Near Real Time the degree of
ozone loss inside the polar vortex by comparison between measurements and
modeled passive simulations. Thiswork can be seen in conjunction with the im-
portant question of “ozone recovery”. It isimportant to inform policy makersand
the public on the state of the ozone layer in the North Polar regions and to verify
model results against observations. It isthrough such verification that we can be
confident that atmospheric chemistry models are able to predict the future devel-
opment of the ozone layer. Model projections form the basisfor EU and national
policies on the phase-out of ozone depleting substances.
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	Figure 6.3.1-67. Upper panel: residuals sd for IO DSCD for day number 171, am is in red and pm is in blue. Lower panels: IO DSCD for day number 171, am is in red and pm is in blue.
	Antarctica

	Figure 6.3.1-68. Diurnal variation of the IO dSCD on September 5 (panel A) and October 27 (panel B), 1999. The position of the F...
	Figure 6.3.1-69. dSCD IO from an analysis using a fixed Fraunhofer reference spectrum (upper panel) and the enhancement of the tropospheric light path as inferred from O4 measurements (lower panel) between December 12 and 16, 2000.
	Figure 6.3.1-70. Multi- Axis measurements of iodine oxide at Neumayer Station, Antarcita, on March 5, 2003. The elevation angles of the observations are indicated by different colours as denoted in the legend.
	Arctic

	Figure 6.3.1-71. Diurnal variation of the IO and O4 DSCDs on April 23, 2003.
	Figure 6.3.1-72. Diurnal variation of the IO and O4 DSCDs on May 8, 2003.

	Table 6.3.1-8. Cross sections used for the retrieval of IO.
	Figure 6.3.1-73. Example for the spectral retrieval of IO on October 30, 1999 at 92º SZA. The Fraunhofer reference spectrum was recorded at 80º SZA on the same day.
	Figure 6.3.1-74. Detected IO absorption structure during twilight as a function of SZA, observed on October 30, 1999. The Fraunh...
	Figure 6.3.1-75. Relative change in the IO fit coefficient (in percent) when shifting the ozone, OClO and IO cross sections and ...

	Table 6.3.1-9. Error in IO dSCD due to uncertainties in the wavelength calibration
	1. A synthetic Fraunhofer reference spectrum I0 was created by convoluting the high resolution Fraunhofer spectrum to the instrument's resolution.
	2. A synthetic spectrum I with the absorption structures according to typical slant column densities of all absorbers was create...
	3. In both cases, the variance of the noise was adjusted so that an average RMS residual of 2.5 x 104 was obtained in the spectral retrieval.
	4. The IO dSCDs were determined by the spectral analysis procedure, performed using the Fraunhofer reference spectrum I0 and both the sets of spectra I1 and I2.
	Figure 6.3.1-76. Histograms of the RMS residual (left) and relative fit error (right) of the IO retrieval for 91.5º SZA 92.5º for the measurements at Neumayer during 1999 and 2000.
	Figure 6.3.1-77. Histogram of the retrieved IO dSCDs using synthetic spectra with (a) random noise and (b) random noise plus the...
	Figure 6.3.1-78. Influence of smoothing on the spectral retrieval of IO using synthetic spectra with a modelled IO dSCD of -8 x 1013 molec/cm2. The error bars represent the standard deviation of the data using 500 spectra with random noise.
	Figure 6.3.1-79. Influence of the intensity offset on the spectral retrieval of IO using synthetic spectra with a modelled IO dS...
	1. The RMS residual of the IO retrieval is typically in the order of 2 x 10-4, while optical densities of more than 1 x 10-3 are...
	2. The detection limit of IO is 1 x 1013 molec/cm2 (according to the definition of Stutz and Platt [1996])
	3. Systematic residual structures have a relatively small impact on the retrieved IO dSCDs.
	4. Changes of the instrument properties have only a small impact on the IO retrieval when using daily Fraunhofer reference spectra.
	5. The IO retrieval is insensitive to possible wavelength misalignments of the reference spectra.
	6. Possible nonlinearities of the instrument, e.g. caused by instrumental straylight, can have a large impact on the IO retrieval. Including a non-linear intensity offset in the retrieval can compensate for these effects.


	Table 6.3.1-10. Recommendations for the fitting parameter for an improved IO DOAS algorithm
	Main deliverables
	WP 2500: Radiative transfer interface
	Applied methodology and scientific achievements
	1. Calculations of BrO, OClO, and NO2 SCDs in zenith-sky geometry, photochemistry included
	2. Calculations of BrO, NO2, and HCHO SCDs in off-axis geometry, photochemistry not included



	Table 6.3.1-11. Description and fields of application of the RT models existing within the QUILT consortium.
	Figure 6.3.1-80. Profiles in concentration (upper plots) and VMR (lower plots) used to initialize the RT models in the comparison tests in off-axis geometry.
	3. Test on the impact of the aerosol scattering in off-axis geometry: calculation of NO2 and HCHO SCDs in off-axis geometry, aerosol scattering included and photochemistry not included
	4. Test on the impact of ground albedo in off-axis geometry: calculation of NO2 and HCHO SCDs in off-axis geometry for different ground albedo values, aerosol scattering and photochemistry not included

	Figure 6.3.1-81. Sunset BrO, NO2, and OClO SCDs calculated for test 1 (zenith- sky geometry). The upper plots correspond to the ...
	Figure 6.3.1-82. First comparison results (left plots) and current results obtained after modifying and optimizing the RT codes ...
	Figure 6.3.1-83. HCHO SCDs calculated by the NILU, UBRE, IASB, and UHEI models in MS mode for test 2 (off-axis geometry). Upper ...
	Figure 6.3.1-84. Impact of the resolution of the HCHO cross sections and altitude grid on the HCHO SCDs calculated by the UBRE a...
	Figure 6.3.1-85. NO2 SCDs calculated by the NILU, UBRE, IASB, and UHEI models in MS mode for test 3 (impact of aerosol scatterin...
	Figure 6.3.1-86. HCHO SCDs calculated by the NILU, UBRE, IASB, and UHEI models in MS mode for test 4 (impact of ground albedo in...
	WP 3000: Historical data set revision
	WP 3100: Ground-based DOAS revision
	Applied methodology and scientific achievements



	Table 6.3.2-12. The QUILT network of ground-based UV/Visible spectrometers
	2003 Intercomparison NO2 Certification
	Partner 1: NILU
	Partner 2: BIRA-IASB
	Partner 3: University of Bremen
	Partner 4: CNRS-SA
	Partner 6: University of Heidelberg
	Partner 7: BAS
	Partner 7: INTA
	Partner 10: ISAC-CNR

	Table 6.3.2-13. Status of ground-based UV-visible data set processing at QUILT stations
	Figure 6.3.2-87. Linear correlation between NO2 residuals and NAO index during JFMA. Error bars are the standard deviation of monthly average value.
	Figure 6.3.2-88. Linear correlation between NO2 residuals and NAO index during SOND. Error bars are the standard deviation of monthly average value.

	Table 6.3.2-14. Linear coefficients and respective errors of the NO2 residuals versus NAO index.
	Figure 6.3.2-89. Comparison between the geometry of the GASCOD instruments installed in Bologna and Mr. Cimone. Slant column measurement in Bologna contain information on the NO2 in the PBL .
	Figure 6.3.2-90. Sample cases of the comparison between simultaneous NO2 slant column measurements at Bologna and Mt. Cimone (see text for more details).
	Figure 6.3.2-91. NO2 vertical columns measured at Izaña with the RASAS instrument (grey circles), and calculated with the SLIMCAT model (blue lines)
	Figure 6.3.2-92. Monthly means of the NO2 DOAS EVA spectrometer and SLIMCAT run for the Marambio station (Antarctica).
	Figure 6.3.2-93. Ratio of EVA to SLIMCAT NO2 vertical columns at Marambio, Antarctica.
	Figure 6.3.2-94. Monthly mean of accumulated NO2 data for EVA and SLIMCAT.
	Figure 6.3.2-95. Monthly averaged stratospheric BrO columns retrieved at Harestua (60˚N) from 1994 to 2004. The seasonal variati...
	Main deliverables
	WP 3200: Balloon data set revision
	Applied methodology and scientific achievements


	Figure 6.3.2-96. Measured slant column densities of O3 (O3-SCD) as a function of flight time retrieved by LPMA (red) within the ...
	Figure 6.3.2-97. Comparison of inferred O3 profiles from (a) Limb observations (filled squares) at an azimuth angle of 90o and e...
	Figure 6.3.2-98. Comparison of inferred O3 profiles from simultaneous solar occultation observations by (a) UV/vis DOAS (black line), (b) near-IR LPMA (red line), and (c) by an ECC-sonde for the Kiruna flight on August 21, 2001.
	Figure 6.3.2-99. Comparison of O3 profiles inferred from simultaneous solar occultation observations by (a) UV/vis DOAS (black line), (b) near-IR LPMA (red line), and (c) by an ECC-sonde for the Kiruna flight on Feb 18, 2000.
	Conclusions

	Figure 6.3.2-100. Measured slant column amounts of NO2 (NO2-SCD) as a function of flight time retrieved by LPMA (red) within the...
	Figure 6.3.2-101. Comparison of inferred NO2 profiles from (a) Limb observations (filled squares) for an azimuth angle of 90o an...
	Figure 6.3.2-102. Comparison of measured NO2 profiles from (a) POAM III (red line), and (b) from direct sunlight DOAS measuremen...
	Conclusions

	Figure 6.3.2-103. Comparison of inferred BrO profiles from (a) Limb observations (filled squares) for an azimuth angle of 90o an...
	Conclusions

	Figure 6.3.2-104. Compendium of independent BrO cross section measurements in the UV, and the corresponding T- dependence.
	Main deliverables
	WP 3300: GOME data revision


	Table 6.3.2-15. Scientific and operational GOME data products available for the QUILT project. Notes on the notations used in ta...
	Figure 6.3.2-105. Comparison between NO2 total columns derived from GOME and from ground-based DOAS measurements at Sodankyla, F...
	Figure 6.3.2-106. Comparison of GOME and SLIMCAT OClO VCDs. The general evolution is well described by both data sets; the diffe...
	Figure 6.3.2-107. Comparison of BrO vertical columns derived at Harestua (60˚N, 8˚E) from GOME, SCIAMACHY and ground-based zenith-sky measurements.
	Main deliverables
	Conclusion
	References:


	Figure 6.3.3-109. Local time of the model output as a function of latitude, corresponding to the local time of the GOME measurements. (The temporal resolution of half an hour corresponds to the longitudinal resolution of the model of 7.5o.)
	WP 4000: Modelling Case Studies
	WP 4100: NO2, IO short term modelling studies

	Figure 6.3.3-106. Differences in zonal mean lower stratospheric O3 for 1999 conditions between 2D model runs which included 0.1 ...
	Figure 6.3.3-107. Differences in zonal mean O3 for 2/11/1999 between 3D model run which included 1 pptv Iy compared to a run with no iodine.
	Figure 6.3.3-108. Differences in zonal mean column O3 for 1999 conditions between 3D model runs which included 1 pptv Iy compared to a runs with no iodinel.
	Table 6.3.3-16. Final values of O3 (ppmv) for a series of Arctic box model runs at 50 hPa from November to March. The initial O3 value was 2.5 ppmv. The final O3 values are given as a function of Iy (pptv), Cly (ppbv) and Bry (ppytv).

	Figure 6.3.3-109. A comparison of NO2 vertical column densities from GOME measurements (blue) and the SLIMCAT model (red) at the...
	Figure 6.3.3-110. Same as 6.3.3-109, but for Ny-Ålesund. The offset between observations and model is largely absent, indicating only very low amounts of tropospheric NO2.
	Main deliverables
	WP 4200: Ozone Loss Studies

	Figure 6.3.3-112. Upper panel: Time series comparison of GOME profiles with sonde profiles over Hohenpeissenberg, Germany at 7, ...

	Table 6.3.3-17. Sonde stations used for the validation of the GOME ozone profile including the number of collocations found with sonde measurements as well as the total number of measurements for the period spring 1996 to the end of 1998.
	Figure 6.3.3-9. GOME O3 concentrations at 15 km altitude for Payerne, Switzerland (red line) and the corresponding (smoothed) TM...
	Main deliverables

	Figure 6.3.3-111. Comparison of a retrieved ozone profile (orange line) from a GOME measurement from July, 19, 1996, with a coin...
	WP 5000: Model and data interpretation
	WP 5100: NO2, BrO, OClO variability
	Applied methodology and scientific achievements


	Figure 6.3.4-114. Comparison of groundbased vertical column observations of NO2 at 8 stations with calculations from the UNIVLEE...
	Figure 6.3.4-115. Comparison of groundbased differential column observations of OClO at 5 stations with calculations from the UN...
	Figure 6.3.4-116. Comparison of groundbased slant column OClO at 2 stations with calculations from the UNIVLEEDS SLIMCAT 3D CTM....
	Summary
	WP 5200: NO2 and BrO trends

	Figure 6.3.4-117. Observed times series of column NO2 from the BAS station at Faraday/Rothera (65S/67S).
	Figure 6.3.4-118. NO2 vertical column densities in summer at Faraday/Rothera. Also indicated is the result of a fitted trend of 0.76%/year (black circles).
	Figure 6.3.4-119. Comparison of BAS NO2 column observations at Faraday/ Rothera with results from the UNIVLEEDS SLIMCAT 3D CTM for 1996 to 2002.
	Figure 6.3.4-120. Comparison of observed (NIWA) and modelled (SLIMCAT) column NO2 at Lauder, New Zealand.

	Table 6.3.4-18. Calculated trends (%/decade) in NO2, NOy and N2O from two SLIMCAT model runs for morning (am) and evening (pm) twilight observations. Also include are the estimated trends from Lauder observations.
	Summary
	WP 5300: Ozone Loss Variability

	Table 6.3.4-19. Location of SAOZ Arctic stations
	Meteorological conditions:
	Figure 6.3.4-121. ECMWF minimum temperature in the Arctic at 475 K during the 2001/02 winter.
	Figure 6.3.4-122. Mimosa (Contour advection model) potential vorticity map at the 475K isentropic level. Red: low PV (outside vortex), yellow: high PV (inside vortex). Left:Dec 24, 2001; Right: April 8, 2002
	Experimental results:

	Figure 6.3.4-123. Bottom: Cumulative total ozone loss during winter 2001/02 from SAOZ network. Top: possible surface area of PSC at 475K
	Model results:
	Reprobus:

	Figure 6.3.4-124. Reprobus cumulative total ozone loss during winter 2001/02 above SAOZ stations.
	Slimcat:

	Figure 6.3.4-125. .Slimcat cumulative total ozone loss during winter 2001/02 above SAOZ stations.
	Figure 6.3.4-126. Temperature and potential vorticity at 475 K on the February 10, 2002. Left: ECMWF temperature. Right: Mimosa PV Plot. The location of Zhigansk is indicated by a white star, Salekhard by a red star and Sodankyla by a blue star.
	Meteorological conditions:

	Figure 6.3.4-127. ECMWF minimum temperature in the Arctic at 3 levels, 550 K, 475 K and 435 K during the 2002/03 winter.
	Experimental results:

	Figure 6.3.4-128. Bottom: Cumulative total ozone loss during winter 2002/03 from SAOZ network.
	Model results:
	Reprobus:

	Figure 6.3.4-129. Reprobus cumulative total ozone loss during winter 2002/03 above SAOZ stations.
	Slimcat:

	Figure 6.3.4-130. .Slimcat cumulative total ozone loss during winter 2002/03 above SAOZ stations.
	Meteorological conditions:

	Figure 6.3.4-131. ECMWF minimum temperature in the Arctic at 3 levels, 550 K, 475 K and 435 K during the 2003/04 winter.
	Figure 6.3.4-132. Temperature and potential vorticity at 475 K on the December 24, 2003. Left: ECMWF temperature. Right: Mimosa PV Plot.
	Experimental results:

	Figure 6.3.4-133. Bottom: Cumulative total ozone loss during winter 2003/04 from SAOZ network.
	Model results:
	Reprobus:

	Figure 6.3.4-134. Reprobus cumulative total ozone loss during winter 2003/04 above SAOZ stations.
	Slimcat:

	Figure 6.3.4-135. Slimcat cumulative total ozone loss during winter 2003/04 above SAOZ stations.
	Comparison to previous winters


	Table 6.3.4-20. SAOZ Ozone loss
	Figure 6.3.4-136. Top: Time series of OClO Differential Slant Columns (91˚-80˚ SZA) at Harestua, southern Norway, from December 1, 2002 until April 30, 2003. Bottom: Potential vorticity at 475 K and limit of the vortex.
	Figure 6.3.4-137. Right: Total ozone reduction derived from the measurements of SAOZ network (hatched area) and modelled (full l...
	Introduction
	1. Allow scientific exploitation of the GOME products of direct relevance to the QUILT project (BrO and OClO SCDs).
	2. Validate our 3D-PSC-CTM model and assess the limits of such theoretical models.
	3. Test our understanding of PSC microphysics and its effect on polar chemistry.
	4. Evaluate the extent of winter chlorine activation and spring ozone depletion in 2002

	BASCOE FMR: a 3D-PSC-Chemistry Transport Model
	Effects of PSC microphysics

	Figure 6.3.4-138. ECMWF minimum temperature at the pressure level of 44.3 hPa, for equivalent latitudes lower than - 65˚.
	NO2, BrO and OClO at the terminator
	Extent of ozone depletion

	Figure 6.3.4-139. Model values are interpolated to the precise space and time of the observations, accounting explicitly for the GOME nadir twilight geometry, by means of the BASCOE observation operators (see text).
	Figure 6.3.4-140. Total ozone distributions measured by GOME and simulated by BASCOE FMR on 16 and 23 September 2002. A black line denotes the boundary of the polar vortex.
	1. Ice PSC’s could occur more frequently and at higher temperatures than currently predicted by theoretical models of PSC microp...
	2. The effect of denitrification, which delays the de-activation of active chlorine, could be more important in reality than com...

	Figure 6.3.4-141. Time series of calculated (green lines) and measured (red lines) ozone vertical columns, averaged around 90˚ SZA at the limit of the Antarctic terminator.
	1. It allowed us to prepare efficiently the assimilation system BASCOE, validating the 3D-CTM and the observation operators, which are the basis of this system.
	2. For the first time, space-based simultaneous observations of BrO, OClO, NO2 and ozone have been compared quantitatively with model output.
	3. This exercise also provides a clear illustration of the extent and the limits of our understanding of polar ozone depletion, providing a well-defined framework to test any future model of PSCs and stratospheric chemistry.
	Introduction
	1. the estimation of the stratospheric BrO trend to evaluate the impact of Montreal protocol regulations on bromine emissions.
	2. the quantification of the polar BrO emissions and their impact on ozone at the regional scale.
	3. the quantification of free-tropospheric BrO amounts including their latitudinal and seasonal variations and their impact on ozone at the global scale.

	GOME - SLIMCAT tropospheric BrO residual approach

	Figure 6.3.4-142. GOME BrO columns resolved in their stratospheric and tropospheric contributions for September 1997, in the Southern Hemisphere.
	1. Fine structures in stratospheric bromine field not well captured by SLIMCAT may result in artifacts especially at high latitude during spring.
	2. The twilight chemistry can be not adequately captured by the model output for regions close to the polar terminator.

	Figure 6.3.4-143. Zonally averaged tropospheric BrO columns in Northern (left) and Southern (right) hemispheres derived from GOME observations and SLIMCAT simulations in the 1997-2001 period.
	Figure 6.3.4-144. BrO vertical columns derived from BASCOE and SLIMCAT models for a GOME orbit on 16 July 2002. GOME data are also displayed for comparison.
	Main deliverables
	WP 6000: WWW-NRT product services
	WP 6100: NRT ground-based and GOME data products
	Main deliverables

	WP 6200: NRT ozone loss modelling
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