To appear in the Journal of Geophysical Research SOLVE special issue

Vortexwide Denitrification of the Arctic Polar Stratosphere in Winter
1999/2000 determined by Remote Observations

Armin Kleinbohl, Holger Bremer, Miriam von Konig, Harry Kiillmann, and Klaus F. Kiinzi
Institute of Environmental Physics, University of Bremen, Bremen, Germany

Albert P. H. Goede

Space Research Organization of the Netherlands, Utrecht, The Netherlands, now at: Royal Netherlands
Meteorological Institute, De Bilt, The Netherlands

Edward V. Browell and William B. Grant
NASA Langley Research Center, Hampton, VA, USA

Geoffrey C. Toon
Jet Propulsion Laboratory, Pasadena, CA, USA

Thomas Blumenstock

Institute of Meteorology and Climate Research, Forschungszentrum Karlsruhe and University of Karlsruhe,
Karlsruhe, Germany

Bo Galle

Swedish Environmental Research Institute, Gothenburg, Sweden

Bjorn-Martin Sinnhuber and Stewart Davies
School of the Environment, University of Leeds, Leeds, UK

Abstract

Denitrification has been studied using measurements of stratospheric HNO3 and N,O by the
Airborne SUbmillimeter Radiometer ASUR, operated on board the NASA DC-8 during
THESEO 2000 / SOLVE. Lidar measurements taken on board the same aircraft have been used
to distinguish between temporary uptake of HNOj3 in polar stratospheric clouds (PSCs) and
denitrification events. To derive an NO, budget, CINO3 data by balloon borne and ground-based
Fourier transform infrared measurements and a model estimate of NO,+2N,05 have been
considered. The HNOj profiles of sporadic ASUR measurements without PSC coverage in
January suggest that denitrification had started in the vortex core region by then. Vortexwide



denitrification was found in mid-March 2000. Corrected for diabatic descent using the N,O
measurements, a vortex averaged NO, deficit between 1.2 £0.9 ppb at about 16 km altitude and
5.3 £2.7 ppb at about 20.5 km altitude was derived compared to December 1999, based on an
observed decrease in HNOj between 2.2 and 3.5 ppb during this time period. A shift in the NO,
partitioning from HNOj3; towards CINOj3 of about 0.4 to 0.7 ppb was observed in mid-March
compared to December, indicating that chlorine deactivation was occurring. Comparisons with
the SLIMCAT 3D chemical transport model applying denitrification schemes based on ice and
nitric acid trihydrate particles in equilibrium, respectively, reveal agreement within the error
bars at higher altitudes (~ 19 km) but show discrepancies at lower altitudes (~ 16 km). It is
suggested that more sophisticated denitrification schemes are needed to generally describe
denitrification processes.



1. Introduction

Denitrification is the irreversible removal of reac-
tive nitrogen from the polar stratosphere by the sed-
imentation of particles containing HNOs.

HNOj in the stratosphere is mainly formed by the
reaction

NO, + OH + M — HNO; + M, (1)

where M is a molecule that is not changed by the reac-
tion. Further sources of HNO3 can be heterogeneous
reactions on liquid aerosol and / or polar stratospheric
clouds (PSCs), like

CINO3 + HCI(S) — Cl, + HNO3(S),

N2O5 + HCl(5) — CINO2 + HNO3/y),
N2O5 + H20(5) — 2HNOj3y),
CINO3 + H20(5) — HOCL + HNO3/y).
It is destroyed by photolysis

HNOs3 + hv — OH + NO- (6)
and by the reaction with OH
HNO3; + OH — NO3 + H>O0. (7)

The time scale for the gas-phase reactions is several
days and leads to a seasonal variation in HNO3 mixing
ratio that increases with latitude [Gille et al. 1996,
Santee et al., 1999]. The photolysis of HNOj3 in polar
spring releases NOy which deactivates chlorine by the
reaction

ClO + NOs + M — CINO3 + M. (8)

Removal of HNOj3 from the polar stratosphere by
denitrification therefore slows down chlorine deacti-
vation and leads to prolonged ozone destruction and
enhanced ozone loss [Rex et al., 1997, Waibel et al.,
1999, Tabazadeh et al., 2000].

Because of the colder and more stable vortex con-
ditions, perturbations in HNOj3 due to denitrification
are a more common feature in the Antarctic than in
the Arctic vortex [Fahey et al., 1990, Roche et al.,
1994, Santee et al., 1995, 1999]. However, denitrifi-
cation events in recent Arctic winters have been re-
ported applying satellite borne, balloon borne and air-
borne techniques [Sugita et al., 1998, Rex et al., 1999,
Kondo et al., 2000].

Denitrification in the Arctic vortex in winter 1999 /
2000 was first suggested by Santee et al. [2000] based
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on measurements of the Microwave Limb Sounder on
board the UARS satellite. Popp et al. [2001] studied
denitrification using NO, in situ measurements from
the high altitude aircraft ER-2 with an NOy-N>O cor-
relation. Here a different approach is presented, which
is based on remote measurements of HNO3 and N,O
performed by the Airborne SUbmillimeter Radiome-
ter ASUR between December 1999 and March 2000.
As N, O has a lifetime of more than one year below 33
km altitude [WMO, 1986] we use N2 O as a dynamical
tracer to correct for diabatic descent inside the vortex.
We discuss the development and distribution of HNOj3
and address changes in the NO, partitioning by using
balloon borne and groundbased Fourier transform in-
frared (FTIR) measurements of CINO3 and a model
estimate of NO+NOy+2N305. In the following we
define NOy as HNO3 + CINO3 + NO + NO; + 2N, 05
as other odd nitrogen species have negligible contribu-
tions at the considered accuracy. We quantify denitri-
fication in the Arctic vortex and study the structure
of denitrification in altitude and equivalent latitude.
Finally we compare the results with calculations by a
chemical transport model that apply a denitrification
scheme based on ice, a denitrification scheme based on
nitric acid trihydrate (NAT) particles in equilibrium,
or no denitrification scheme.

2. Measurements

2.1. Airborne measurements of HNO3; and

N-.O

Measurements of HNO3 and NoO were performed
by the Airborne SUbmillimeter Radiometer ASUR
[von Konig et al., 2000]. ASUR is a passive hetero-
dyne radiometer developed in 1991 [Crewell et al.,
1994, Wehr et al., 1995]. It operates in single sideband
mode. Since 1994 it uses a liquid helium cooled SIS

(superconductor-insulator-superconductor) detector [Mees

et al., 1995, de Valk et al., 1997]. System noise tem-
peratures between 550 and 1450 K are achieved, de-
pending on the measured frequency. Since 1998 a fre-
quency range from 604.3 to 662.3 GHz is covered by
ASUR, and continuous tuning within this frequency
band is possible. Apart from HNO3z and N,O, sev-
eral other trace gases important for the ozone chem-
istry, such as HCI, ClO, and ozone, can be mea-
sured. Signatures of HO,, CH3Cl and water vapor
can also be detected. For spectral analysis of the sig-
nals, an acousto-optical spectrometer (AOS) with a
band width of 1.5 GHz and a resolution of 1.5 MHz
is used [Rosolen et al., 1994].



The ASUR instrument is designed to operate on
board an aircraft flying near the tropopause to avoid
signal absorption of tropospheric water vapor. During
the THESEO 2000 / SOLVE campaign, ASUR was
operated on board NASA’s DC-8 research aircraft.
Twenty-three research flights were performed in the
Arctic polar region during three deployments (from
Nov. 30 to Dec. 16, 1999, from Jan. 14 to Jan. 29,
2000, and from Feb. 27 to Mar. 15, 2000). ASUR
was observing to the right hand side of the aircraft
with a constant elevation angle of 12°.

The pressure broadening of the detected emission
lines allows the retrieval of vertical profiles of vol-
ume mixing ratio (VMR) of the measured species. To
achieve a sufficient signal-to-noise ratio, the individu-
ally measured spectra are integrated over a time span
of about 100 seconds in the case of HNOj, and about
150 seconds in the case of N5 O. The retrieval is based
on the optimal estimation method (OEM) [Rodgers,
1976, 1990]. This method allows to use a priori in-
formation to stabilize the solution. Temperature and
pressure data for the retrieval were taken from anal-
yses by the Data Assimilation Office (DAO), interpo-
lated on the DC-8 flight path. For the N,O retrieval, a
line at 652.8 GHz is used, the a priori information for
the OEM is based on an average of profiles obtained
by the SLIMCAT chemical transport model (see sec-
tion 3.1) with a constant a priori error of 90 ppb. The
HNOj3 retrieval uses a rotational band around 606.8
GHz, in this case a zero a priori with a constant a
priori error of 10 ppb is sufficient to obtain stable re-
sults [von Konig, 2001]. In both cases the considered
lines are located on wings of ozone lines, so ozone is
retrieved simultaneously with HNOj3 or N,O.

The profile retrieval is performed on equidistant al-
titude levels of two kilometers spacing. The retrieved
vertical profiles have an altitude resolution of typi-
cally 6-10 km in the lower stratosphere, defined by the
full width at half maximum (FWHM) of the averag-
ing kernel functions. The averaging kernels of typical
HNO3 and N3O measurements of the instrument are
shown in figure 1. The averaging kernel function of a
certain altitude level shows the contribution of other
altitudes to the retrieved value at this altitude level.
The sum of the averaging kernels for a given altitude
(dashed line in fig. 1) shows the information con-
tent of the measurement. Values around one indicate
that there is sufficient information in the measure-
ment, values lower than 0.5 indicate that the retrieval
is dominated by a priori information. It can be seen
that a retrieval is possible between about 15 and 40
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km altitude in the case of N5 O, and between about 15
and 35 km altitude in the case of HNO3. The horizon-
tal resolution of ASUR measurements is determined
by aircraft speed and the integration time required to
achieve a sufficient signal-to-noise ratio. For HNOs;
values around 20 km, for Ny O values around 30 km
are typically achieved. The precision of the measure-
ments is determined by the signal-to-noise ratio and
is estimated to be around 0.3 ppb for HNO3 and 15
ppb for N3 O. The accuracy is mainly determined by
the spectroscopic parameters of the lines, the accu-
racy of the used temperature and pressure data, and
the signal-to-noise ratio. The accuracy of N,O is es-
timated to be 30 ppb or 15%, which ever is higher.
This is supported by comparisons with in situ mea-
surements by high altitude aircraft [Greenblatt et al.,
2002]. It is noted that the a priori influence on the
retrieval of N,O is still in the order of 10% around
15 - 17 km altitude (fig. 1). However, comparisons of
ASUR N, O profiles with in situ measurements show
agreement well within the accuracy also at these al-
titudes in the Arctic vortex 1999/2000 [Greenblatt et
al. 2002]. The accuracy of the HNO3 measurements is
estimated to be 0.6 ppb or 15%, which ever is higher.
Comparisons with balloon borne and ground-based
FTIR measurements [von Konig, 2001] show that this
is a conservative estimate.

2.2. Airborne measurements of polar
stratospheric clouds (PSCs)

To distinguish between temporary uptake of HNOg
from the gas phase into PSCs and denitrification
events, aerosol measurements by the Langley airborne
Differential Absorption Lidar (DIAL) [Browell et al.,
1998] are used. DIAL uses wavelengths at 1064 nm
and 603 nm to determine the aerosol scattering ratio.
DIAL aerosol measurements cover an altitude range
up to 30 km with a vertical resolution of 225 m. A
horizontal resolution of 42 km is achieved and the
measurement accuracy is estimated to be better than
3%.

DIAL was operated on board the DC-8 throughout
the THESEO 2000 / SOLVE campaign, observing in
zenith looking geometry.

2.3. Balloon borne and ground-based
measurements of CINO;

As a significant part of the NOy in the stratosphere
can be present as CINOj3 in spring vortex conditions
after chlorine deactivation, data from the MKIV in-
terferometer as well as ground-based Fourier Trans-



form Infra-Red (FTIR) instruments at Kiruna and
Harestua are used to constrain this contribution.

The MKIV interferometer [Toon, 1991] is a high
resolution FTIR spectrometer. It can be operated
from a balloon, taking absorption spectra in solar
occultation geometry against the Earth’s limb dur-
ing sunrise or sunset, and also from the ground with
uplooking geometry. The MKIV instrument uses a
Michelson interferometer covering a frequency range
between 650 and 5650 cm ™!, at a spectral resolution
of 0.01 cm~!. A balloon borne sunrise or sunset mea-
surement in limb occultation mode results in verti-
cal profiles of more than 30 different trace gases with
a vertical resolution of about 2 km. Assuming no
significant horizontal gradients in atmospheric com-
position, the accuracy of these profile measurements
are determined by uncertainties in the spectroscopic
parameters which are estimated to be about 5% for
CINOj3. Spectroscopic data for all CINO3 measure-
ments presented have been taken from Birk and Wag-
ner [2000] which give a better consistency for differ-
ent bands and a more realistic chlorine budget in the
stratosphere [Oelhaf et al., 2001].

During the THESEO 2000 / SOLVE campaign,
MKIV performed two balloon flights on board the
OMS remote gondola from Esrange (67.9°N, 21.1°E).
The first balloon launch occurred on December 3,
1999, where a sunset occultation was observed. The
second launch was on March 15, 2000 when a sunrise
occultation was observed. The balloon measurements
covered an altitude range between 6 and 34 km in
December, while in March profiles between 12 and
30 km altitude were obtained. Both flights had tan-
gent points well inside the polar vortex in the lower
stratosphere.

In addition to the two balloon measurements, MkIV
performed 22 days of ground-based column mea-
surements of CINOjz during the winter 1999 / 2000
from Esrange. Further ground-based FTIR instru-
ments were operated at Kiruna (67.8°N, 20.4°E) and
Harestua (60.2°N, 10.8°E) during this winter. The
spectrometer at Kiruna is a Bruker 120 HR with a
spectral range from 700-4500 cm~! and a spectral res-
olution of 0.0025 cm~!. The instrument at Harestua
is a Bruker 120 M Fourier Transform Spectrometer. It
covers a frequency range of 600-4500 cm ™! at a res-
olution of 0.0035 cm~!. For further information on
measurement technique and data analysis with these
instruments the reader is referred to Blumenstock et
al. [1997] and Galle et al. [1999], respectively. Apart
from errors in the spectroscopic parameters the ac-
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curacies of the column measurements depend mainly
on uncertainties in the assumed VMR profile shapes,
the temperature profiles, and the observation angle.
These latter factors are estimated to result in an error
of no more than 7%.

To obtain vortexwide CINOjz information that is
comparable to the ASUR HNOj profiles we use the
ground-based measurements. The CINOjz column
measurements do not show large variations within
the considered time periods in December 1999 and
March 2000 and the columns derived by integrating
the MKIV balloon profiles, extended by SLIMCAT
CINOj; at altitudes were no measurement informa-
tion was available, agree well with the ground-based
columns. So the MKIV profiles from December and
March, respectively, are scaled below 26 km until the
resulting profiles have the same column abundances
as the ground-based measurements. The altitude of
26 km was chosen as most PSCs were found below
this altitude and changes in CINO3 are expected to be
mainly caused by chlorine activation due to heteroge-
neous reactions and chlorine deactivation. Above this
altitude the partial column abundance is kept con-
stant. The uncertainties introduced by this method
are mainly caused by the uncertainty in the partial
column above 26 km, as well as by the uncertainty
of the partial column below 12 km in March. These
uncertainties can be quantified to introduce an error
of 2.5 % and 3.5 %, respectively. This leads to an
accuracy of about 18 % for the quantities presented
in this study that are derived by this method. The
resulting profiles are folded to ASUR’s altitude resolu-
tion using the averaging kernel functions of the HNO3
measurements by ASUR.

3. Models
3.1. The SLIMCAT model

SLIMCAT is a three-dimensional chemical trans-
port model (CTM) [Chipperfield, 1999]. It calculates
homogeneous chemistry and photochemistry as well
as heterogeneous chemistry on liquid aerosols, NAT,
and ice. The composition of liquid aerosols is calcu-
lated according to Carslaw et al. [1995a, 1995b], NAT
is formed at the equilibrium NAT-existence temper-
ature according to Hanson and Mauersberger [1988].
The model is forced by temperatures and horizontal
wind fields from analyses by The Met. Office, UK
(UKMO), while vertical advection is calculated from
heating rates [Shine, 1987]. The model runs with a
horizontal resolution of 7.5 ° longitude x 5 ° latitude



on 18 isentropic levels, leading to a vertical resolu-
tion of about 1 km in the lower stratosphere. The
data for early-December were obtained by a model
run that was initialized for October 1991 by a 2-D
model. Three new model runs were started for De-
cember 8, 1999, initialized by the previous run but
using different denitrification schemes.

The first model run includes a simple denitrifica-
tion scheme [Chipperfield, 1999] in which ice is as-
sumed to form below the ice frost point and to re-
move gas-phase HNOj3 as co-condensed NAT. The
ice particles are assumed to have a radius of 10 pum
and a fall velocity of about 1500 m/day. Above the
frost point but below the NAT-existence temperature
NAT particles are formed with an assumed radius of
1 pm. Denitrification in this scheme occurs effectively
only due to the sedimenting ice particles containing
the co-condensed HNOs3. In the second run no ice is
formed but NAT is assumed to form instantaneously
in two modes with radii of 0.5 pm and 6.5 pm, respec-
tively, based on observations by Fahey et al. [2001].
For these two modes fall velocities of 1 m/day and
1100 m/day, respectively, are assumed. The maxi-
mum number density of the small mode was set to 1
cm 3, condensed HNO3 in excess was assigned to the
large mode. The third run is based on the first run
described in this section but with the particle sedi-
mentation switched off. Data for March were taken
from these three model runs. For a more detailed
description of these schemes the reader is referred to
Davies et al. [2002].

All the data shown were obtained by interpolating
the SLIMCAT output to the positions of the consid-
ered measurements. For NyO SLIMCAT vortex av-
erages were used directly. The resulting profiles were
folded to ASUR’s altitude resolution and averaged in
the same way the measured profiles were averaged.

3.2. Estimate of NO, + 2 N,O5

To close the NO, budget, information is needed
about the species NO + NO., in the following defined
as NOy, and their nighttime reservoir N3Os5. Other
NO, constituents can be considered as negligible for
a study with the aimed accuracy. For simplification
we define NO, + 2N2O5 as NO.. As there are no
vortexwide measurements of these species, a model
estimate is used, based on a steady state approach.

In the gas phase the ratio NO. /HNOj is controlled
by the reactions (1), (6), and (7). This means that the
ratio is mainly dependent on the history of sunlight
exposure of the airmass. This can be modeled well
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by the SLIMCAT model. As a first order correction
the heterogeneous reactions, mainly reaction (4), con-
tribute to the NO, /HNOj3 ratio. As SLIMCAT tends
to overestimate NOy, we use the model to derive the
NO! /HNOj3 ratio for each HNO3 measurement posi-
tion and calculate NO, from the ASUR measurement.
Sensitivity studies with smoothed and non-smoothed
HNOj profiles of SLIMCAT and MKIV show that the
error introduced by ASUR’s altitude resolution in-
creases with altitude and stays below 0.5 ppb up to
25 km. Above the altitude where the ASUR HNO;
exceeds the non-smoothed SLIMCAT HNO3 due to
altitude resolution, SLIMCAT NOY is used. This was
usually around 33 km in December and around 27
km in March. The influence of the SLIMCAT NOZ
to the altitude range considered in the following is
small (< 0.4 ppb) in March. In December there is
a significant influence at the upper end of the alti-
tude range (~ 1.7 ppb at 25 km) due to high NO.
VMRs (up to 14 ppb) between 30 and 40 km. This
influence is decreasing with decreasing altitude. How-
ever, some averaging kernels from 30-40 km result in
slightly negative values in the smoothed NOZ profiles
at low altitudes (< 21 km).

In March a good agreement between the derived
NO., calculated using the MkIV HNOjs and the
SLIMCAT NO!/HNOs, and the NO observed by
MKIV is achieved. The derived NO, VMR stays
within 1 ppb of the observed NO, VMR up to an
altitude of 28 km. After folding to ASUR’s altitude
resolution, an error below 0.2 ppb up to 17 km and
below 0.5 ppb up to 20 km can be estimated. How-
ever, in December the agreement with MKIV is less
good. The observed NO! VMR stays close to zero up
to 24 km altitude, then rises to about 8.5 ppb at 30
km while the derived NO/ stays close to zero up to
26.5 before it starts to rise, resulting in an offset of
about 2.5 km up to 30 km altitude. Recent studies
of NO, partitioning show discrepancies between mea-
surements and models concerning the NO,/HNO3 ra-
tio [Sen et al., 1998] and the NO4/NOy ratio [Jucks
et al., 1999] at higher altitudes, especially under con-
ditions of low aerosol loading. It is likely that this
happens as well when the SLIMCAT model is used.
A possible reason for the discrepancy in December
might be a problem with the accurate calculation of
the heterogeneous reactions, which might have an in-
creased relative importance due to the lack of sun-
light. Sensitivity studies using the MKIV measure-
ment as well as the references above indicate, that an
error of less than 0.5 ppb up to 19 km, 1 ppb up to 21



km, and 2 ppb up to 25 km is a conservative estimate
for the uncertainty of the calculated NOJ in Decem-
ber, after folding to ASUR/’s altitude resolution.

4. Results

4.1. Development of N,O, HNO3, and
potential PSC-area

The vortex in the Arctic winter 1999 / 2000 was
very stable and characterized by cold temperatures
[Manney and Sabutis, 2000]. In the following discus-
sion we use a vortex edge definition by Nash et al.
[1996]. We determine the vortex boundary region by
the local maximum convex and concave curvature in
the distribution of Ertel’s potential vorticity (PV) on
equivalent latitudes at a potential temperature of 475
K. Equivalent latitude is a measure of the area en-
closed by a PV isoline, where this area is assumed to
be circular and centered around the pole. The poten-
tial vorticity data were taken from analyses by the Eu-
ropean Center for Medium Range Weather Forecast
(ECMWF). We use the inner edge of this boundary
region as the vortex edge. The vortex area defined by
this method for the times of the three deployments
and in between are given in figure 2 a). Calculating
the edge numerically gives stable results from day -20
of year 2000 onwards, where the vortex edge is lo-
cated at 65° equivalent latitude. For the days before
day -20 the vortex edge has been set to this value as
well. This is supported by the horizontal distribution
of N2 O observed by ASUR in December 1999 [Bremer
et al., 2002]. Instabilities in the numerical calculation
were found around day -15 and -5, respectively, as well
as around day 50, resulting from an inhomogeneous
PV-equivalent latitude distribution. However, stud-
ies of the variations in HNO3 and N»O measurements
up to day -15 and reverse domain filling trajectory
calculations for the subsequent days (not shown) do
not suggest that this has a significant influence on the
quantities derived in this study. For the rest of the
time the vortex edge could be well determined by this
method. It can be seen in figure 2 a) that the vortex
loses about 40% of its area during the winter.

Figure 2 b) shows mean altitudes of the 100 ppb
and the 200 ppb level of NyO inside the vortex. To
create these means the values were weighted with the
area of the equivalent latitude band in which they
were measured. This method has been applied to all
averages presented, as the observed variations were
dependent on equivalent latitude in the first approxi-
mation. The crosses indicate mean altitudes on each
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flight, with the vertical bars giving the standard de-
viation, reflecting the variation observed during the
flight. The horizontal bars indicate the averages over
one deployment while the dashed lines show linear in-
terpolations between the deployments. We use NyO
as a dynamical tracer to detect diabatic descent in
the polar vortex. The descent of the 100 ppb and 200
ppb N2O levels is clearly visible in figure 2 b). The
200 ppb level descends from an altitude of 18.3 km
in the first half of December 1999 to an altitude of
16 km in the first half of March 2000. The 100 ppb
level descends from 22 km to about 19 km. It is noted
that the scattering of the diurnal means is very small
in March 2000 but larger in December 1999 and es-
pecially in January 2000. A more comprehensive de-
scription of diabatic descent using ASUR N3O can be
found in Bremer et al. [2002].

The evolution of HNO3 over the winter is shown in
figures 2 c) for the 100 ppb N2O level and 2 d) for the
200 ppb N2 O level. Changes due to diabatic descent
are corrected by plotting the HNOj values over the
N,O campaign means. Crosses indicate flight means
inside the vortex, the vertical bars give the standard
deviation. In December, values around 9.5 ppb HNO3
at the 100 ppb level of NoO and 8 ppb HNOj at the
200 ppb level of Ny O are observed. In January the
variation in the diurnal means was very high. As ex-
tensive PSC coverage was observed by DIAL in Jan-
uary, the variations are likely to be caused by uptake
of gas-phase HNOj into PSCs. This process has been
observed and described in literature [e. g. Dessler et
al., 1999, von Konig et al., 2002]. In March the HNO;
values had decreased considerably, with mean volume
mixing ratios (VMRs) of slightly more than 6 ppb on
both considered N»O levels.

To distinguish between temporary uptake of HNOg3
into PSCs and irreversible removal of HNO3 by the
sedimentation of HNOjz-containing particles, DIAL
data are used. The occurrence of a PSC is diagnosed
when the aerosol scattering ratio exceeds a threshold
of 0.6 in the infrared channel and a threshold of 0.17
in the visible channel. The different observation an-
gles of DIAL and ASUR were taken into account by
applying a time window of 300 seconds before and af-
ter a PSC detection by DIAL, corresponding to 70 km
at typical aircraft speed. This is roughly the distance
between the observation points of DIAL and ASUR
at the altitude up to which PSCs were observed. As
the PSCs observed during SOLVE had usually large
horizontal dimensions compared to this distance, the
probability to observe a significant portion of ”PSC-



contaminated” air without recognizing it with the li-
dar is comparatively small. Applying this rigid crite-
rion to the ASUR HNO3 measurements inside the vor-
tex in January, measurements on five different flight
days remain. These measurements are rather sparse
and cannot be considered as vortex averages. The av-
erages of these measurements are shown as diamonds
in figures 2 ¢) and d). The measurements taken on the
days 14, 23 and 29 show higher VMRs of HNOg3 than
the average December values. This is expected as a
high chlorine activation was observed in the January
vortex (see e.g. [Bremer et al., 2002]). According to
figure 4, a CINO3 VMR around 1 ppb was observed in
the lower stratosphere in early-December. This would
lead to an increase of 1 ppb of gas-phase HNOg3 by
reaction (2) after the evaporation of PSC-particles if
CINOg3 was fully converted. A further increase could
be caused by the conversion of N>O5 into HNO3 by
reactions (3) and (4).

However, the measurements on the days 16 and
20 show a lower HNO3 VMR. Especially on day 20
the value at 100 ppb N-2O falls below the value at
200 ppb N2O. This suggests that these airmasses have
been partially denitrified. It has to be noted that the
measurements on the days 14, 23 and 29 were taken
at equivalent latitudes between 67.5° and 73°, very
close to the vortex boundary region during these days,
while the measurements on the days 16 and 20 were
located near 85° equivalent latitude. As one would
rather expect lower HNOg3 near the vortex edge than
in its core region due to photolysis, it is likely that
denitrification had started to occur in the vortex core
region by mid-January.

Figure 2 e) shows the potential PSC area on the
100 and 200 ppb N2 O levels. The potential PSC area
was defined as the area below the temperature of the
existence of nitric acid trihydrate (NAT). The NAT-
existence temperature was calculated using the for-
mula by Hanson and Mauersberger [1988]. The cal-
culation is based on a VMR of 5 ppm H,O, which
was reasonable for the lower stratosphere in that win-
ter [Schiller et al., 2002], and on the HNO3; VMR
measured by ASUR. For the times between the cam-
paigns, interpolations between the campaign means
(dashed lines in figure 2 b), c), and d)) were used.
The area was calculated using temperatures from the
ECMWE. It can be seen that PSCs were expected to
occur during all three campaign deployments, with a
maximum area of 13.5 - 10® km? in mid-January on
both considered N5O levels. The use of the HNO;
measurements without PSC coverage in January (di-
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amonds in figure 2 c¢) and d)) would increase the po-
tential PSC area by less than 1-10% km?2. Potential
PSC occurrence ceased around day 73.

The area below the frost point is shown in figure
2 f), based on an HoO VMR of 5 ppm and ECMWF
temperatures. Ice PSCs were mainly expected during
two major events at the end of December and mid-
January, where the area below the frost point reached
2.3-10% km? on the 100 ppb N, O level. The maximum
area on the 200 ppb level was 0.6-10° km?. It has to be
noted that temperatures from UKMO analyses near
the frost point were about 2 K lower than ECMWF
analyses. This lead to a significantly larger potential
ice area derived from UKMO analyses (about 5 - 10°
km? on the 460 K isentrope during these two major
events) while the potential PSC area was similar in
the two analyses [Davies et al., 2002].

4.2. Distribution of HNO3; and CINO; inside
the vortex

Figure 3 shows the distribution of HNOs and
CINOj3 versus equivalent latitude in December 2-5,
1999 as well as in March, 9-15, 2000. These time
spans were chosen to obtain a reasonable coverage
of the vortex with HNO3 and CINO3 measurements.
The HNOj3 measurements were selected to be at posi-
tions without PSC occurrence using the criterion de-
scribed above. At the beginning of December HNOj3
shows an increase with equivalent latitude from 8 ppb
in the vortex boundary region, located at equivalent
latitudes below 65°, to more than 11 ppb in the vor-
tex core, at altitudes around 22 km. This behavior is
expected as photolysis of HNOj is reduced due to the
lack of sunlight in the beginning of the polar night.
The distribution in March shows the opposite ten-
dency. The highest values, above 8 ppb are now found
in the vortex boundary region, located at equivalent
latitudes smaller than 70° in mid-March. Poleward of
73° the HNO3 VMR is drastically reduced and maxi-
mum values below 6 ppb are dominant beyond 80° at
about 17 km altitude.

In the lower panels of figure 3, CINOg3 columns
measured by different ground-based FTIR instru-
ments are shown. Additionally the CINOjs profiles
from the two balloon flights of the MkIV instrument
were integrated and extended by SLIMCAT profiles
to derive columns. An average column abundance
of (1.61 £ 0.11) - 10*®molec./cm? was found inside
the vortex in December. The abundance in March
was significantly higher with values of (3.53 £0.16) -
10%molec./cm?. The errors give the standard devia-



tion about the averages, the statistical uncertainty of
the mean CINOj values. The enhanced CINOj val-
ues in March indicate that chlorine deactivation has
taken place, qualitatively consistent with ASUR ob-
servations of HCI and ClO described in Bremer et al.
[2002]. The variation with equivalent latitude within
the two considered periods is small. The formation
of a CINOj collar [Chipperfield et al., 1997], which is
a common feature during chlorine deactivation, has
apparently been overcome by the time of observation.

4.3. Odd Nitrogen budget and denitrification

To understand the differences in the observed HNOs3
and their relation to denitrification, we derive NOy by
the means stated in sections 2 and 3.2. The results
are shown in the top row of figure 4. They show vor-
tex averages of the different NO, constituents as well
as of NOy itself. The profiles are plotted versus NoO
measurements by ASUR. Black profiles represent data
from December 2-5, 1999, gray profiles represent data
from March 9-15, 2000. To derive the altitude of a
certain VMR, the corresponding N»O profile has to
be considered (left column in figure 4). Between the
considered time periods we observe a diabatic descent
from 18.5 to 16 km on the 200 ppb level of NoO and
from 22 to about 19 km on the 100 ppb level. Cor-
rected for this diabatic descent we observe a decrease
of 3.5 ppb HNO3 between 100 and 50 ppb N2 O in the
vortex average. Below 100 ppb the decrease is slightly
lower, reaching 2.2 ppb at 200 ppb N2O. The increase
in CINQOg, observed by the FTIR instruments, corre-
sponds to an increase between 0.4 and 0.7 ppb in the
considered altitude range, as seen with ASUR’s alti-
tude resolution. Using the estimate of NOx+2N,05
we obtain a significant deficit in the NOy mixing ra-
tio reaching from 1.24+0.9 ppb at 200 ppb N2O to
5.3+2.7 ppb at 50 ppb N, O that is interpreted as den-
itrification. The errors give the estimated accuracies
obtained by propagating the statistical errors and the
estimated systematic errors through the calculation.

To further examine the structure in the HNO3 dis-
tribution inside the vortex, we derive ANO, for mea-
surements between 85° and 80° equivalent latitude,
between 80° and 75° equivalent latitude, and between
75° equivalent latitude and the vortex edge (which
was located around 70° equivalent latitude in mid-
March). We use the average over the December vortex
and derive ANO, as the difference between these re-
gions in March and the December average, corrected
for diabatic descent. Figure 5 shows ANO, for these
regions on the 16 km altitude level, which corresponds
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to roughly 200 ppb ASUR N5 O in March, and on the
19 km altitude level, corresponding to 100 ppb ASUR
N5O. In the March HNOj3; measurements we find a
trend of decreasing HNO3 with increasing equivalent
latitude (see section 4.2). This trend is found in the
NO, as well, which means that the NO, deficit in-
creases with equivalent latitude at the considered al-
titude levels.

4.4. Comparisons with the SLIMCAT model

Comparisons of these observations with the differ-
ent runs of the SLIMCAT model are shown in the rows
2-4 of figure 4. Both runs with denitrification schemes
calculated a considerable denitrification which is in
agreement with the observed NO, deficit within its
accuracies at the upper end of the considered altitude
range. However, the SLIMCAT ice run calculated less
NO, deficit than observed, which is evident at the
lower end of the considered altitude range, while the
SLIMCAT NAT run calculated a significantly larger
NO, deficit than observed at lower altitudes. The
trend of increasing NO, deficit with equivalent lati-
tude inside the vortex shown in figure 5 is basically
reproduced by the SLIMCAT ice run. The NAT run
shows a more uniform distribution of denitrification
over the vortex, especially at 16 km.

It should be noted that SLIMCAT underestimated
diabatic descent in winter 1999 / 2000 when com-
pared to the descent derived from ASUR N;O mea-
surements. Applying the measured diabatic descent
by ASUR to the SLIMCAT NO, would increase the
NO, deficit by about 0.7 ppb in both runs with den-
itrification.

Looking at the non-denitrified run of the SLIM-
CAT model in figure 4 one can see that, though con-
siderably smaller, a loss in HNOj is present there as
well. Unlike in the denitrified run, this loss is basically
completely compensated by the increase in CINOs.
The NO, deficit is not exactly zero which is mainly
caused by the effect of smoothed profiles.

Denitrification derived from NOy in situ observa-
tions from the high altitude aircraft ER-2 over the
winter [Popp et al., 2001] has been compared with the
same model runs and shows best agreement with the
SLIMCAT NAT run, when all ER-2 flights (January
14 - March 12, 2000) are taken into account. How-
ever, when only the flights in mid-March are consid-
ered, the SLIMCAT NAT run shows the tendency to
calculate too much denitrification at lower altitudes
compared to the ER-2 measurements as well [Davies
et al., 2002]. The winter 1999 / 2000 was the first



winter in which extensive denitrification was calcu-
lated by SLIMCAT in the Arctic using a denitrifi-
cation scheme based on ice [Sinnhuber et al., 2000].
However, the denitrification calculated with the ice
scheme was very sensitive to the temperature differ-
ences between UKMO and ECMWEF meteorological
analyses in this winter (see section 4.1). Forcing the
model with ECMWF analyses yielded less than half of
the NOy, deficit calculated with UKMO (not shown).
The discrepancies between the NAT run and the ob-
servations this winter and between the ice run and
observations this winter (see also [Davies et al., 2002])
together with the indications for an underestimation
of denitrification in earlier winters [Sinnhuber et al.,
2001] suggest that the presented model approaches
might be to simple to give a general description of
denitrification.

5. Summary and conclusions

We studied denitrification inside the Arctic vor-
tex in winter 1999 / 2000 based on measurements
of HNO3 and N;O by the Airborne SUbmillimeter
Radiometer ASUR, flying on board the NASA DC-8
during THESEO 2000 / SOLVE. Measurements of the
aerosol scattering ratio by the DIAL lidar on board
the same aircraft were used to identify PSCs and to
distinguish between temporary uptake of gas-phase
HNOj; into PSCs and denitrification events. Mea-
surements of CINOgz by the MkIV balloon instrument
and ground-based FTIR instruments, as well as a
model estimate of NO,+2N;05, were used to eval-
uate changes in the NO, partitioning.

The HNOj profiles of sporadic measurements of
ASUR without PSC coverage during the January
campaign suggest that denitrification processes had
started in the vortex core (around 85° equivalent lat-
itude) by then. No indication of denitrification near
the vortex edge was found during January.

A vortexwide decrease in HNO3 was found during
the March campaign. The NO, budget, derived us-
ing the ancillary measurements and estimates above,
showed a vortex averaged NO, deficit between 1.2
+0.9 ppb at about 16 km altitude and 5.3 +£2.7 ppb
at about 20.5 km altitude between early-December
and mid-March that can be attributed to denitrifica-
tion. To calculate the NO, deficit a diabatic descent
of about 3 km at the 100 ppb N5O level and about
2.5 km at the 200 ppb N2 O level during this time pe-
riod was taken into account, derived from ASUR N,O
measurements. The NO, deficit was mainly based on
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loss of HNO3. A vortex averaged decrease of about
3.5 ppb between 19 km and 20.5 km, going down to
about 2.2 ppb at 16 km altitude, was observed by
the ASUR instrument. However, a significant portion
(about 0.4 to 0.7 ppb) of HNO3 had been converted
to CINOj due to chlorine deactivation in March, thus
reducing the effect of the HNO3 decrease when the
NO, budget is considered.

A trend of stronger denitrification with increasing
equivalent latitude was found inside the vortex in mid-
March.

The observations were compared with runs of the
SLIMCAT model applying different denitrification
schemes based on ice and on large NAT particles in
equilibrium, respectively. Both model runs produced
widespread, significant denitrification. While agree-
ment within the accuracies of the NO, deficit derived
from the observations is achieved at higher altitudes
(~ 19 km), the ice run underestimates and the NAT
run significantly overestimates the the NO, deficit at
lower altitudes (~ 16 km) in mid-March.

It is expected that future models based on more so-
phisticated denitrification schemes that include den-
itrification based on large HNOgz-containing particles
in a non-equilibrium state [Fahey et al., 2001, Carslaw
et al., 2002] will improve our capability of modeling
the denitrification in the Arctic polar stratosphere.
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Figure 1. Averaging kernel functions (left) and the full width at half maximum of the averaging kernel functions
(right) for a typical HNOj3 (upper part) and N2O (lower part) measurement. The kernels at higher altitudes are
drawn in successively lighter gray. The dashed line is the sum of the averaging kernels for a given retrieval altitude
level.
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Figure 2. a) Vortex area in winter 1999/2000. b) Altitude of 100 ppb N2O-level (gray) and 200 ppb N2O-level
(black) measured by ASUR. The crosses show daily means inside the vortex, with the vertical bars giving the
standard deviation. The solid horizontal lines show means over the campaigns, the dashed lines are interpolations
in between. ¢) ASUR measurements of HNO3 volume mixing ratios at 100 ppb N2O. The crosses show again daily
means, the vertical bars give the standard deviation, the horizontal bars show campaign means. The diamonds
indicate means of measurements at positions without PSC coverage in January. d) ASUR measurements of HNO3
volume mixing ratios at 200 ppb N, O. The nomenclature of the symbols is similar to plot ¢). e) Potential PSC area
calculated from ECMWF temperatures using a volume mixing ratio of 5 ppm HyO and the HNOj3 from c) at 100
ppb N, O (gray) and 200 ppb N,O (black). f) Area below the frost point calculated from ECMWF temperatures
using a volume mixing ratio of 5 ppm H;0 at 100 ppb N2O (gray) and 200 ppb N,O (black).
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Figure 3. Upper part: HNO3 volume mixing ratios measured by ASUR and plotted against equivalent latitude
between December 2 and 5, 1999 (left) as well as between March 9 and 15, 2000 (right). The black vertical dashes
on the top horizontal axis indicate where a measurement was made. Lower part: Vertical column abundances of
CINOj3 measured by different ground-based FTIR instruments and plotted against equivalent latitude for the same
time spans as above. The rectangle stands for an FTIR measurement at Harestua, the triangle for a measurement
at Kiruna, and the diamond for a ground-based measurement with the MkIV instrument at Esrange. The stars
indicate the vertical columns derived from the profile measurements during the two balloon flights of the MkIV
instrument. The vertical bars give the estimated accuracies.
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Figure 4. Vortex averaged profiles of NoO, HNO3, CINO3, NO,+2N,0s5, and NOy, as derived from measurements
(top row), and modeled by the SLIMCAT model with ice denitrification (second row), with NAT denitrification
(third row), and without denitrification (bottom row). The dashed lines show the full accuracy in the top row, and
the standard deviation about the mean for the other rows. The black profiles show data between Dec. 2-5, 1999,
the gray profiles show data between March, 9-15, 2000. The right column shows the denitrification as the difference
between March and December NO, after descending the December profiles according to the descent of the N»O.
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Figure 5. Average denitrification for regions between 85° and 80°, between 80° and 75° as well as between 75°
equivalent latitude and the vortex edge for 16 km altitude (a) and for 19 km altitude (b) in mid-March. The
diamonds show denitrification derived from measurements, with the solid error bars giving the standard deviation
about the mean and the dotted error bars giving the full accuracy. The triangles show results from the SLIMCAT
ice run, while the squares show results from the SLIMCAT NAT run, with the error bars giving the standard
deviation about the mean in each case.



