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Abstract. Simulations of Arctic denitrification using a 3- ment. Agreement between model and MLS H\N#D 68 hPa

D chemistry-microphysics transport model are comparedn mid-February 1995 is significantly better. Sensitivity tests
with observations for the winters 1994/95, 1996/97 andshow that a 1.5K overall decrease in vortex temperatures,
1999/2000. The model of Denitrification by Lagrangian or a factor 4 increase in assumed NAT nucleation rates, pro-
Particle Sedimentation (DLAPSE) couples the full chemi- duce the best statistical fit to MLS observations. Both adjust-
cal scheme of the 3-D chemical transport model, SLIMCAT, ments would be required to bring the model into agreement
with a nitric acid trinydrate (NAT) growth and sedimenta- with the MIPAS-B observations. The agreement between the
tion scheme. We use observations from the Microwave Limbmodel and observations suggests that a NAT-only denitrifica-
Sounder (MLS) and Improved Limb Atmospheric Sounder tion scheme (without ice), which was discounted by previous
(ILAS) satellite instruments, the balloon-borne Michelsen studies, must now be considered as one mechanism for the
Interferometer for Passive Atmospheric Sounding (MIPAS-observed Arctic denitrification. The timing of onset and the
B), and the in situ N@ instrument on-board the ER-2. As rate of denitrification remain poorly constrained by the avail-
well as directly comparing model results with observations,able observations.

we also assess the extent to which these observations are ahle

to validate the modelling approach taken. For instance, in

1999/2000 the model captures the temporal development of |xiroduction

denitrification observed by the ER-2 from late January into

March. However, in this winter the vortex was already highly Very large NQ-containing particles at low number concen-
denitrified by late January so the observations do not providerations (10-%cm~3) and extensive denitrification of the

a strong constraint on the modelled rate of denitrification. Arctic lower stratosphere were observed during the winter of
The model also reproduces the MLS observations of denitri-1999/2000 Fahey et a].2001, Northway et al.2002 Santee
fication in early February 2000. In 1996/97 the model cap-et al, 2000. Less severe denitrification of the lower strato-
tures the timing and magnitude of denitrification as observedsphere has also been observed in previous cold Arctic winters
by ILAS, although the lack of observations north-067° N (Arnold et al, 1989 Fahey et al.199Q Wetzel et al. 1997

in the beginning of February make it difficult to constrain the Sugita et al.1998 Dessler et a).1999 Waibel et al, 1999,
actual timing of onset. The comparison for this winter doesalthough the lack of associated particle observations made it
not support previous conclusions that denitrification must bedifficult to develop models of the denitrification process. The
caused by an ice-mediated process. In 1994/95 the modehost thorough comparison of a denitrification model with
notably underestimates the magnitude of denitrification ob-observations so faiaibel et al, 1999 was limited to a sin-
served during a single balloon flight of the MIPAS-B instru- gle balloon flight of the MIPAS-B instrument.
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The extensive particle and denitrification observations in
winter 1999/2000 have prompted a number of modelling
studies aimed at quantifying the particle growth and deni-
trification processes. It has been shown that the large parti-
cles observed in January to March 20@@liey et al.2001;
Northway et al. 2002 are unlikely to have been nucleated
on synoptic-scale iceQarslaw et a].2002, as has been as-
sumed in previous models of denitrificatiowdibel et al,
1999 Kondo et al, 2000, although the role of mesoscale ice
clouds remains uncertain. The simulations have also shown
that NAT particles with concentrations as low as those ob-
served can efficiently denitrify the Arctic lower stratosphere
(Drdla et al, 2002 Mann et al, 2002 2003. In previous
studies Carslaw et al.2002 Mann et al, 2002 2003 we
have highlighted the importance of the dynamical state of the
vortex for efficient denitrification by sedimentation of very
low concentrations of particles. When NAT concentrations
are very low, the particles must grow to large sizes in order
to denitrify rapidly, so the particle growth process must be
captured by a model, a factor that was ignoredviggibel
et al.(1999.

The mechanisms of NAT-particle nucleation in the polar
lower stratosphere remain uncertain, and this limits our abil-
ity to calculate denitrification in a model. There are three
possibilities for NAT nucleation:

1. Tabazadeh et a(2001) have suggested that homoge-
neous nucleation of NAT may occur at a rate sufficient
to denitrify the Arctic stratosphere based on extrapola-
tion of laboratory data byalcedo et al(2001). How-
ever, Knopf et al.(2002 have performed new labora-

S. Davies et al.: Comparison of modelled and observed Arctic denitrification

amount of NAT in the Arctic Carslaw et al. 1999.

NAT PSCs downstream of wave clouds do not effi-
ciently denitrify as the particles are small and have low
sedimentation velocities. However, modelling studies
by Dhaniyala et al(2002 andFueglistaler et al2002
have shown that the dense NAT clouds produced down-
wind of mountain wave ice PSCs may subsequently
act as sources for large NAT particles at low num-
ber concentrations throughout cold regions of the vor-
tex by gradual sedimentation into the underlying NAT-
supersaturated aikann et al (2009 have explored the
vortex-wide influence of such a mechanism and suggest
that it may play a significant role in large NAT parti-
cle production and denitrification in the Arctic. How-
ever, methods of including such processes in large-
scale models have not yet been developed. However,
several other studies have concluded that a significant
proportion of observed PSCs cannot be explained by
mesoscale ice-formation but by synoptic scale temper-
ature changesSpang et a).2001; Saitoh et al. 2002
Fromm et al.2003 Pagan et al2004).

. The third possibility involves heterogeneous nucleation

of NAT on the surface of a variety of stratospheric con-
stituents other than ice. Potential nuclei include mete-
oritic debris and ion clustersyg, 2004. Supporting
evidence for the efficiency of such a mechanism is in-
dicated byDrdla et al.(2002 where a particle freez-
ing mechanism operating above the ice frost point best
matched the observed denitrification.

None of these mechanisms is sufficiently well constrained

tory measurements which indicate that homogeneoudy observations and physical models to allow for an accu-

nucleation of NAT is too slow to form NAT PSCs,
even at temperatures several K belowaT. Knopf

rate winter-long simulation of denitrification. One aim of
this study is to test a model of denitrification that assumes a

et al. (2002 have also shown that the linear extrapo- simplified NAT formation mechanism to see whether obser-
lation of laboratory data to stratospheric conditions by vations could help to constrain how the denitrification pro-

Tabazadeh et a(200]) gave physically unrealistic re-

cess should be treated in large-scale models. The NAT nu-

sults under some conditions, and was likely to over-cleation scheme that we use assumes that NAT particles form
estimate freezing rates. The general applicability ofat a constant rate in all air below the NAT temperature. This
laboratory-measured homogeneous nucleation rates técheme produces NAT particle fields that agree reasonably
the stratosphere has been called into question becaugeell with observations in the period January—March 2000

of the potential role of surface contaminantaljazadeh

(Carslaw et al.2002. We show below that this scheme

etal, 2003. At present, the possibility of homogeneous also captures much of the variation in observed denitrifica-
nucleation of nitric acid hydrates remains an open andtion, but where there are discrepancies between observed and

poorly quantified issue.

modelled denitrification there are insufficient observations to

constrain improvements to the model.

2. A second possibility involves NAT formation in moun-
tain wave temperature perturbationBe§Shler et al.
1994 Meilinger et al, 1995 Tsias et al. 1997). This

This study is an extension of our previous simulations of
the particlesCarslaw et a].2002 and denitrification iann
et al, 2002 2003. In those studies we simulated the particle

process is supported by lidar observations which showgrowth and sedimentation including the feedback of changes
that solid HNQ particles can be produced downstream in the HNG; field on particle behaviour, but we did not cou-

of mountain wave-induced ice cloud€4rslaw et al.
1998 Wirth et al, 1999 Hu et al, 2002 Fueglistaler

ple the denitrification model to the full chemical evolution of
the Arctic winter vortex. In this study, we include that cou-

et al, 2003. Large-scale model simulations have sug- pling because N@partitioning is important when comparing
gested that such a mechanism could produce a largvith observations of HN@and NG, species.

Atmos. Chem. Phys., 5, 3093109 2005
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2 Model description

DLAPSE
The DLAPSE model used for this study is a Lagrangian mi- Output to file
crophysical NAT-particle model coupled to a full-chemistry SLIMCAT CTM

version of the SLIMCAT CTM Chipperfield 1999. Initialise gas phase

DLAPSE calculates the time-dependent growth, advection

and sedimentation of NAT particles and has been described / Grid  AHNO3
in detail in Carslaw et al.(2002. Changes in gas-phase

HNO3 mass due to NAT-particle growth and sedimenta- Advertion
tion are calculated by DLAPSE and applied to the SLIM- Sedimentation
CAT Eulerian grid, which is then advected with all the
other gas phase species. Both DLAPSE and SLIMCAT are
forced using operational analyses from the European Centre Aerosol Uptake Growth
for Medium-Range Weather Forecasts (ECMWF). Figure 1
shows a schematic representation of the coupled model.
For this study, the SLIMCAT resolution was 2.8ngi- Chemistry Horizontal Advection
tude x 2.8 latitude x 36 isentropic levels. In the lower
stratosphere, the model isentropic levels were spaced at 10 K

Interpolate HNO3

potential temperature intervals, corresponding to a vertical to particles
resolution of around 400 m. The SLIMCAT stratospheric Output tofile
chemistry scheme contains 41 species and 120 chemical re- /

actions, including heterogeneous reactions, using data from
Sander et al(2000. This model is an improvement on that
used inMann et al (2002 as it includes time-dependent par-
titioning of NO, between its constituent components:

NOy = N+ NO + NO3 + NO3 + 2N,0s + HNO3

+ HNOj + CIONG, + BrONG, son of our model and ER-2 NAT-particle observations on 20
Heterogeneous reactions are assumed to occur only on thianuary 2000Hahey et al. 2001 Northway et al. 2002.
surface of liquid aerosols, which dominate the particle sur-Integrated number densities from the forward inlet on the
face area in these simulations. The surface area of liquidNOy instrument were approximately 1bcm=2 for particles
aerosols is determined assuming there are 10 particled cm greater than Bm diameter for the period 45 ks—47 ks UT dur-
and HNG; uptake in thermodynamic equilibrium according ing this flight Northway et al.2002. A series of model runs
to Carslaw et al(1999. The liquid aerosols are assumed was carried out with the nucleation rate adjusted each time to
to have a log-normal size distribution with a width)€1.8. produce model particle number densities-df0—*cm—3ina
Uptake of HNQ into the liquid aerosol reduces gas-phase sampling volume corresponding to the grid boxes containing
HNOg, thereby slowing the rate of NAT particle growth. Se- the ER-2 flight track (latitude: 693N to 85.6 N, longitude:
questration of HN@ in liquid aerosols is assumed to domi- 16.9 E to 22.5 E and altitude: 420K to 440 K).

Initialise particles

Fig. 1. Flow diagram illustrating the coupled DLAPSE/SLIMCAT
model.

nate competition for gas phase Hil@nd only the residual In the following sections, model simulations are compared
gas-phase HN@is available for NAT growth in any one time  with observations of denitrification in three Arctic winters —
step. 1999/2000, 1996/97 and 1994/95. All simulations were run

Initial NOy, fields are taken from output from SLIMCAT for a period of 100 days from early winter prior to the onset
multi-annual runs and scaled to match available observationsf temperatures belownkr. In each case, a full-chemistry
in each winter. The precise initialisation method was depen-control run without denitrification was performed to provide
dent on the data available for each winter. Further details ofa “passive” NQ. All of the winters studied were colder
model initialisation for each winter are given below. Other than the climatological average for the Arctic over the pe-
model tracers were not scaled. riod 1965-1998 and had extended periods of temperatures

In our previous studies we took a pragmatic approachbelow Tyar (Pawson and Naujokal999. Although each
to specifying the NAT nucleation rate: NAT was as- of the winters was cold, considerable dynamical differences
sumed to nucleate at a constant rate wherevefl Jar. exist between them.

We use the same approach and the same nucleation rate
(8.0x10719cm=3s71) in this study. The extent to which
the observations provide a constraint on the model nucleation
scheme is explored in this paper. The volume-averaged nu-
cleation rate used in DLAPSE was derived from a compari-

www.atmos-chem-phys.org/acp/5/3093/ Atmos. Chem. Phys., 5, 30932005
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0 2 4 6 8 1012 14 16 -6 -12 -8 -4 0
(@) NOy (ppbv) (b) NOy - passive NOy (ppbv)

Fig. 2. Model (a) NOy and(b) NOy — passive N@ at 465 K on 20 January 2000. Black contours indicate the 32 ard@6° m? K s~1 kg~1
(PVU) Modified Potential Vorticity (MPV) contours from the ECMWF analyses. The ER-2 flight track is shown in red.

3 Comparison with observations (Jost et al.1998 using the relationship derived [Bopp et al.
(2002
3.1 Winter 1999/2000
NO;;:17.0959—0.020463'3{)N20]—O.OOOlOl’ENgO]2 D)
The Arctic winter of 1999/2000 was characterised by an ex- ]
ceptionally cold vortex that was for long periods concentric TS important to note that the inlet of the ly@strument on-
with the area below Jar between mid-December 1999 and Poard the ER-2 allows size-dependent aerodynamic enhance-
late-January 2000, producing ideal conditions for denitrifi- Ment of aerosol particles up te5um diameter. Therefore,
cation. Our previous simulations without coupled chemistry N the presence of Nfcontaining aerosol, measured N©
(Mann et al, 2003 suggested that the vortex-mean denitri- susceptl_ble to enhancem_ent by condensed phases and should
fication reached a peak60% by early-February 2000 be- P€ considered an upper limiorthway et al,2002. Mod-
tween 440 and 520 K, and more than 40% denitrified betweer¢!led NG, includes HNQ condensed in ternary aerosol but
550 and 380K at this time. Model NQvas initialised from does not include NAT-phase HNGs the particles are gen-
a full-chemistry, multi-annual SLIMCAT model run. SLIM-  érally large and present at low numbers.
CAT NOy was scaled to observations from the in-vortex JPL  There are differences of up to 3 ppbv between observed
Mark IV interferometer balloon flight on 3 December 1999 NOj and model passive NCfor the majority of this flight.
(Toon et al, 1992 in order to constrain model NOspecies Thi§ discrepancy cannot_be attributed to spatial inhomogelne—
inside the polar vortex whilst preserving partitioning betweenity in the model tracer field as the range of model passive

constituent species. No other model tracers were scaled b)Oy is narrow (as indicated by the shaded region: see figure
observations. caption). It is more likely that this offset is due to the inher-

ent limitations of using an initial NOy field from a SLIM-
3.1.1 Comparison with the airborne in-situ Mmstrument CAT multi-annual run, re-scaled to match a single in-vortex

balloon flight. Uncertainties in the model transport over a pe-
Figure 2 shows the modelled NDand denitrification at riod of ~2 months must also contribute. Model and observed
465K on January 20, 2000. Also shown is the flightpath N2O (not shown) are in good agreement for the outward leg
of the ER-2, the first in-vortex flight of the winter. The of the flight (between 37-45 ks UT) but the model underesti-
model predicts very low N (~2ppbv) due to extensive mates observeddD by ~20 ppbv (~15%) at higher altitude
denitrification (up to 10 ppbv) at these altitudes. Modelled during the homeward leg (51-61 ks UT).
denitrification was essentially complete by this time, hav- The model reproduces the large spikes in observeg NO
ing occurred most strongly between mid-December and midwhich are associated with ascent and descent through thin
January flann et al, 2003. layers of strongly renitrified air around 15km. The model

Figure 3 shows the modelled and observed N@odel  also reproduces the very low NQalues of around 2 ppbv

passive N@ and observed Npalong the ER-2 flight track  at 52ks UT when the aircraft was at 20 km altitude near the
on this day. Observed NOss derived from ARGUS MO pole. The model does not reproduce several of the smaller-

Atmos. Chem. Phys., 5, 3093109 2005 www.atmos-chem-phys.org/acp/5/3093/
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Fig. 3. Comparison between ER-2 observed pN@lack line) and Fig. 4. Contour plot showing the DLAPSE/SLIMCAT Nfprofile

DLAPSE/SLIMCAT NOy (red line) spatially and temporally inter- (ppbv) asa function of potential temperature ar.1d time along the
polated to the flight track on 20 January 2000. Also shown are obER-2 flight track for 20 January 2000. The potential temperature of

served NG (dashed line) and model passive N(lue). Yellow ER-2 aircraft is also shown (black line).

and green shading indicates the range of modey ld@d passive

NOy respectively when the model is sampled-2/5° about the  time of the observations and is shown as the filled contours.

flight track. Data were grouped in 10X1 ppbv bins. This approach ex-
cludes possible contributions from enhancements in the ob-
served NQ due to sampling of small particles. The peak

scale features in observed N®@n this flight, as found observed denitrification occurs at 460 k12 ppbv) and ac-

between 40-45ksUT and between 55-60ks UT. Figlre counts for~90% of available N@at this altitude. The dura-

shows the model N@profile along the ER-2 flight track tion of aircraft encounters with nitrified airmasses was short,

on 20 January 2000. Strong modelled denitrification extendsience the absence of a significant signal of nitrification in

from 570K to~440 K with a narrow renitrified layer imme-  Fig. 7. The~1 ppbv observed nitrification between 460 and

diately below. The model predicts very low NQ<2ppbv) 475K is most likely due to the limitations of the N@ela-

in a layer from~520-~450K, just above the ER-2 on this tionship in extra-vortex air rather than consistent weak nitri-

day. fication in observations.

Figure 5 shows the modelled NOand denitrification at The model overestimates the magnitude of observed deni-
465K on 11 March 2000. Vortex temperatures had risentrification by ~1 ppbv at 460 K but underestimates the mag-
above the NAT temperature by this time, although a largenitude of denitrification by~2 ppbv at 435 K. This difference
proportion of the vortex remained extensively denitrified. is of similar magnitude to the uncertainty in modelled passive
The increase in apparent denitrification at this isentropicNOy, which tends to be higher than observed\athe high-
level in the model (up to 13 ppb) is due to descent of veryest altitudes, especially in spring (as indicated in B)g.At
denitrified air from higher altitudes rather than ongoing den-lower altitudes and earlier in the winter, the model passive
itrification in the model (Fig.4). On this day, the ER-2 NOy tends to underestimate observed;]\KGig. 3), indicat-
sampled both the vortex-core and mid-latitude air. Figiure ing that the model may have a larger vertical \Ngradient
shows that on 11 March the model passive N@eresti-  in the polar vortex than is observed. It is also likely that the
mates observed Nn the core of the vortex at 460K (50— fixed NAT nucleation rate in the model is not representative
55 ks UT) by~2 ppbv. At lower altitude, observed NOs  of the real atmosphere throughout the winter. The NAT nu-
underestimated by a similar amount (30—-33 ks UT). Close tccleation rate has been scaled to match NAT concentrations
the vortex edge (33-35ks UT and 42—-45 ks UT), both modelobserved by the ER-2 in January-a420-440 K. If NAT nu-
and observed passive tracers are characterised by increaseféation rates were significantly different in December and
variability although the model does not fully capture the early January when observations are not available, then dis-
many small-scale features in observedNO’he DLAPSE  crepancies between model and observed denitrification will
model does reproduce the low N@ the core of the vortex  occur. Additional contributions to denitrification in the real
and the sharp N{gradient at the edge of the vortex. atmosphere from other processes which are not represented

Figure7 shows a probability density plot of all ER-2 ob- in the model may also contribute to the discrepancy between
servations of N@-NOJ where ambient temperatures were observed and modelled denitrification. Observations of NAT
above Nar for January—March 2000 as contour lines. Mod- and denitrification that begin in late January cannot really
elled NG,-passive NQ was interpolated to the location and address this issue.

www.atmos-chem-phys.org/acp/5/3093/ Atmos. Chem. Phys., 5, 30932005
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Fig. 5. As Fig. 2, but for 11 March 2000. The ER-2 flight track is shown in red.
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Fig. 7. Probability density plot for all ER-2 N@observations at
Fig. 6. As Fig. 3, but for the ER-2 flight on 11 March 2000. temperatures aboveykr during the SOLVE/THESEO-2000 cam-
paign. Black line contours show the distribution of ER-2 NSO}
and filled contours show the corresponding model distribution of

. . ... int lated N@- ive NQ.
A simpler thermodynamic equilibrium NAT-based denitri- interpolated N@-passive NG

fication scheme has previously been used to simulate this

winter (Davies et al.2002. Condensed HN@was parti- o )
tioned between a small non-sedimenting particle mode and€r¢ denitrification in 1999/2000 alone, do not unambigu-
a large particle mode with a fall velocity corresponding to ©USly constrain model denitrification schemes.

a particle radius of 6.am. Although this simple scheme

was able to capture the magnitude of denitrification in the3.1.2 Comparison with MLS

core of the vortex, it was unable to reproduce the sharp gra-

dients in denitrification observed close to the edge of the vor-The Microwave Limb Sounder (MLS) instrument on-board
tex. The tendency for thermodynamic equilibrium schemesthe Upper Atmosphere Research Satellite (UARS) has pro-
to “smear out” denitrification has also been demonstrated irvided global observations of many key stratospheric species,
an idealised study biylann et al.(2002. Under conditions including O3, HNO3 and CIO since its launch in 199Wa-
where the vortex meteorology is favourable for denitrifica- ters et al. 1999. In recent years, MLS operation has been
tion over a prolonged period, as in 1999/2000, residua} NO severely curtailed, although it did make gas-phase KNO
may approach thermodynamic equilibrium values in the coremeasurements over a restricted region of the Arctic in two
of the vortex. Thus, the observations of widespread and seperiods during 1999/200@@antee et a12000.

Atmos. Chem. Phys., 5, 3093109 2005 www.atmos-chem-phys.org/acp/5/3093/
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Fig. 8. Comparison ofa) composite MLS Version 5 observed HN@t 68 hPa on 9-11 February 2000 wit) DLAPSE/SLIMCAT HNO3
interpolated to 68 hPa and degraded to MLS vertical resolution at 12:00 UT on 10 February 2000.

In order to compare the model with the satellite observa-tialisation of passive Npand its subsequent transport. De-
tions, the model fields were interpolated from isentropic lev- spite these caveats, the microphysical denitrification scheme
els to the standard pressure coordinates of MLS. The modelesults in an improved representation of denitrification, par-
fields were further modified by the application of the MLS ticularly close to the edge of the polar vortex, where equiv-
averaging kernel to degrade the model fields to the verticablent equilibrium denitrification schemes are often unable to
resolution of the MLS instrument. No horizontal interpola- reproduce the gradient in Nbserved by the ER-2 on 11
tion of the model was performed. March 2000 Davies et al.2002. Unfortunately, denitrifi-

Observations of gas phase Hy@ 68 hPa on 9—11 Febru- cation was essentially complete by the time of the first in-
ary, 2000 from Version 5 MLS (FigBa) indicate a region Vortex ER-2 flight on 20 January 2000. This restricts the
with low HNO3z (~4-5 ppbv) in the polar vortex over Green- conclusions which may be drawn about the timing and rate of
land and Baffin Island. The satellite observations also in-denitrification and hence the validity of the volume-averaged
dicate a region with high HN®mixing ratios (-11ppbyv)  nucleation rate in DLAPSE.
located over the Alaska/Yukon coastline. Figs.shows the )
model HNQ; interpolated to 68 hPa after the application of 3-2 \Winter 1996/97
the MLS averaging kernel on 10 February 2000. Degrading
the vertical resolution of the model increases the apparen
gas-phase HN®by 2—4 ppbv in non-denitrified polar vor-

tae;oi:}ta i:]qu;?g#é:les dzﬁﬁﬁ;ieer::{t rgeas_-phas;:e tEI Nyjat5|m|ITar: The period between mid-January and early February was
y | reglons ot the vorlex. These . - acterised by a shallow and disturbed NAT-supersaturated
changes are dge to the contribution of higher altitudes in theregion above 500K, with short particle lifetimes. Conse-
kernel smoothing. ) guently, vortex-mean denitrification of ontky10% is pre-
_The degraded model field reproduces the overall magyjcted by DLAPSE in the January-early February period.
nitude and location of the observed high HNOver the  £rom mid-February onwards the situation was very different,
Alaskan coastline and the reduced HNOver Greenland. \yith a deep cold pool of moderately large area aligned con-
Significant model overestimates of MLS observedN®  cengrically with the vortex flow. Model NAT particles grew

mid-latitude air masses over the Baltic Sea and the coast of; mean radii of~6um and NAT number concentrations
the western USA are most likely attributable to inaccurate qgched-1.5x10~4 cm—3 causing rapid denitrification over

initialisation of model HNQ@ at higher altitudes in the extra- 5 gmaller area of the vortex-@ million km? compared with
vortex region. In-vortex NG comparisons are unlikely 10 _ 14 million kn? in winter 1999/2000). Vortex mean deni-
be significantly affected by the error in mid-latitude initiali- rification at 450 K in the model reached40% by the end

sation as studies have indicated that cross-vortex mixing wag February 1997, which is considerably lower than the 66%
weak during the period of this studé(eenblatt et al2002). calculated for 1999/2000Mann et al, 2003.

In summary, the limited availability of high-resolution
tracer observations in polar regions is a significant limitation
for the initialisation of 3-D chemical models in this winter.
These results indicate that although the DLAPSE/SLIMCAT
model is able to reproduce the observed,NQuantitative
diagnosis of model denitrification also requires accurate ini-

%n winter 1996/97 the polar vortex was too warm for the for-
mation of PSCs until early January. The general development
of denitrification has been described khann et al.(2003.
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Fig. 9. DLAPSE/SLIMCAT (a) gas-phase HN®and (b) gas-phase HN@passive HNQ@ at 465K on 21 February 1997. The MPV=32
PVU contour (solid line) and T=\aT (dashed line) are also shown. The numbers denote the locations of the ILAS occultations on this day.

3.2.1 Comparison with ILAS In order to compare the model with ILAS observations
within the polar vortex, the model output for 12:00 UT each

Model denitrification was compared with Version 5.20 ob- d&y was spatially and temporally interpolated to each satellite
servations from the Improved Limb Atmospheric Spectrom- Profile. Comparisons of model and ILAS observations have
eter (ILAS) on-board the Advanced Earth Observing Satel-Only been made using profiles in which the aerosol extinction

lite (ADEOS) (Sasano et 311999 Sasanp2002. Vertical coefficient at 780 nm is less than the background value plus 3
distributions of measured atmospheric components (includStandard deviations. This method is in accordance with that

ing HNOz, O3, N2O and aerosol extinction coefficient) were Of Kondo etal(2000 to avoid potential interference of PSCs
obtained by constant solar tracking. The mode of operatiorPn the retrieved profiles. ILAS 20 was used to derive ND
of the ILAS instrument, in conjunction with a satellite or- (Sugita et al.1998 according to:

bit period of approximately 100 min, combine to produce, at o 5 3 4
most, 14 daily profiles of the atmosphere in a narrow latitudelNOy] = 571 — 2.28x + 118" —2.14x" — 1.04¢"  (2)

band in both hem_ispheres e.g. 67>KDfor February 1997.  \,hare x=logio([N20] (ppbv)) and is valid in the range
Solar occultation instruments such as ILAS may not sample, ppbv<[N20]<220 ppbv.

the vortex in a representative manner as the tangent points ¢, \narisons of denitrification are limited to the region be-
often lie close to the edge of the vortex, especially during|q,, 520 K where the NQrelation is valid. Profile 10 appears
periods of low planetary wave activity. to be located within the region of strong denitrification whilst
Model NG, was initialised from a multi-annual SLIMCAT  profile 3 is close to a filament of moderately denitrified air.
run and constrained using ILAS HNGbbservations on 4 Profile 8 is included in the comparison because it is represen-
January 1997. Model HN®was interpolated to the location  tative of the non-denitrified regions of the polar vortex.
of the ILAS observations and scaled to fit using in-vortexand  Figure 10 shows observed and modelled Hj®@bserved
extra-vortex profiles, assuming a modified potential vorticity NO};, and model passive NOfor Points 8, 10 and 3 from
MPVa65 of 32 PVU at the vortex edge. Fig. 9. Model profiles are shown both at original SLIMCAT
Figure9 shows model HN@and denitrification at 465 K  resolution, and after the application of the ILAS weighting
on 21 February 1997. The 32 PVU contours, the region offunctions. These observations are typical of the comparisons
NAT-supersaturation, and the locations of the ILAS retrievalsbetween DLAPSE and ILAS in this period.
are also indicated. On this day, the polar vortex is elongated There is reasonable agreement between ILAS; @d
in a characteristic wave-1 pattern. There are two distinctmodel passive N@ although there is a low bias of 2 ppbv
regions of low model HN®@ corresponding to denitrifica- in model passive NPbelow 500K at Point 10. ILAS and
tion within the vortex. There is a large region with HYO model HNG are in excellent agreement for highly denitri-
~3ppbv 8 ppbv denitrification) over Greenland, and an fied Point 10 and non-denitrifed Point 8. The model overes-
elongated region with weaker denitrification4 ppbv) over  timates HNQ by around 3 ppbv for Point 3, which is close
Arctic Russia. to a model denitrification filament. Both model and ILAS
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HNOz~NOj below 475 K at Point 8, suggesting that the vor-

tex is highly chemically processed with low CIONO

passive NQ-gas-phase HN§ This approach will overesti-

www.atmos-chem-phys.org/acp/5/3093/

The model underestimates the magnitude of the maximum

denitrification at Point 10~12 ppbv) by around 2 ppbv us-
The diagnosed denitrification for each of the 3 points ising this technique. Observed weak nitrification at 385 K is
shown in Figs10d—f. NQj-HNOs is used as a proxy for den- also captured by the model at this location. In contrast, the
itrification from the ILAS data and is compared with model model significantly underestimates the observed denitrifica-
tion at Point 3, although a small spatial shift could account
mate the magnitude of denitrification when a significant frac-for a significant fraction of the discrepancy due to the com-
tion of NOy in the sampled airmass is in forms other than plex spatial structure of denitrification in the region of this
HNOs. In this study, the greatest discrepancy between modebservation point.
elled and observed denitrification is likely at altitudes above Figurellshows a 5-day timeseries of denitrification from
500 K and close to the vortex edge. The useful vertical rangéoth the ILAS observations and DLAPSE. Modelled denitri-
of this comparison is restricted to the region below 530 K.

fication is diagnosed from HN$passive N@, whilst ILAS

Atmos. Chem. Phys., 5, 30932005
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Fig. 11. Composite profiles of interpolated model Hy@inus passive NQ(green triangles) and ILAS HNminus Nq; for four 5-day
periods during the 1996/97 Arctic winter.

denitrification is diagnosed as in Figj0. At altitudes above is also slightly underestimated. The timing of the ob-
470K, there is a systematic offset between model H¥6d served denitrification is consistent with modelled NAT parti-
passive N@. NOy partitioning accounts for an increasing cle growth, although the model produced earlier denitrifica-
proportion of this discrepancy with increased altitude. Pre-tion in airmasses which were not sampled by ILAS. In con-
existing weak denitrification of 1-2.5 ppbv also contributes trast, Kondo et al.(2000 have proposed that observations
below 550 K which may be attributed to a short-lived model of denitrification diagnosed from ILAS HN§observations
denitrification event in mid-January. Denitrification prior to in February 1997 were consistent with particle nucleation at
13 February is not evident in the ILAS observations althoughtemperatures below;ck along isentropic back trajectories.
the magnitude of the denitrification event is similar to the Ice particle formation was assumed to occur 1.5 K belgw T
inherent scatter in the diagnosed denitrification from ILAS to account for potential biases in the ECMWF analysed tem-
(2-3 ppbv). peratures. Our model simulations show that denitrification in
The first clear signals of denitrification in the ILAS data the 1996/97 winter could equally well be explained by sedi-
occur on 14 February 1997 when high PV vortex air extendedmentation of low concentrations of NAT. The limited spatial
southwards and became favourably located relative to th@nd temporal range of the observations in the critical period
ILAS occultations on this day~67° N). In the model, den-  of mid-February do not provide a strong constraint on the
itrification had begun a few days earlier but these airmassesate or timing of denitrification in our model.
were located poleward of ILAS occultations. In addition, en- There were MLS observations of the Arctic polar vor-
hanced aerosol extinction in sampled airmasses during theex on a few days in late-February, 1997. The regions of
denitrification phase is another potential factor which maylow HNOgz in the MLS observations on these days were be-
limit the accurate diagnosis of the timing of denitrification low Tyar and could be due to temporary uptake into PSCs,
as both are favoured by low temperatures. The magnitude ofienitrification or a combination of both processes. No ev-
denitrification increases rapidly in ILAS although the limita- idence of suppressed HNQvas observed by MLS during
tions of the NQ=HNOs assumption make accurate quantifi- the following north-looking period in early April, indicating
cation difficult. that low HNG; mixing ratios in February were most likely
Throughout the period 14-28 February, when denitrifica-due to temporary uptake into PSCs rather than denitrifica-
tion is evident in the ILAS observations, the model tendstion (Santee et gl2000. In contrast, low in-vortex HN@
to underestimate the magnitude of denitrification (by 1-—in DLAPSE during late-February was due mainly to denitri-
2ppbv). The vertical extent of modelled denitrification fication (not shown).
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Fig. 12. DLAPSE/SLIMCAT (a) gas-phase Npand(b) gas-phase Nppassive N@ at 465K on 11 February 1995. The MPV=32 PVU
contour is also indicated. The cross indicates the location of the MIPAS balloon launch site.

Quantification of denitrification from remote observations 11 February 1995 from the Balloon-borne Michelsen Inter-
of gas-phase HNgand NO require assumptions to be made ferometer for Passive Atmospheric Sounding (MIPAS-B) in-
about the partitioning of NQin the polar stratosphere. The strument.
assumption that HNg=NOy (or some large fraction of NQ Model NG, was initialised using a mid-latitude balloon
is approximately valid in the polar lower stratosphere in earlyNO,/N,O correlation Kondo et al, 1996 from 12 Octo-
spring when HNQ photolysis is slow and the air is often ber 1994. Initial model NQand NO were interpolated to
highly processed by polar stratospheric clouds. Observationghe latitude, longitude and altitude of the balloon observa-
with a limited latitudinal sampling range may also restrict the tions and an observed N@®nodel NO derived for this lo-
degree of certainty with which conclusions may be drawncation. This relation was then used to scale all SLIMCAT
on the timing of denitrification. ILAS HN@retrievals are  NO, throughout the northern hemisphere by adjustment of
only slightly affected by the presence of PSCs in the line ofthe model HNQ tracer.
sight but ILAS NO retrievals are more sensitive to the pres-
ence of PSCsYokota et al, 2002. The absence of usable 3.3.1 Comparison with MIPAS-B
N2O in regions of enhanced aerosol are a significant limita-
tion to diagnosis of timing and rate of denitrification when Figure 12 shows modelled Npand denitrification at 465 K
PSCs are present. Within these constraints, the comparisorish 11 February 1995. The modelled vortex is characterised
between modelled and observed denitrification demonstratey relatively low NG, (~9 ppbv) due to widespread moder-
agreement, both in the spatial extent and timing of denitri-ate denitrification £4-5 ppbv) which occurred primarily in
fication below 500 K when a simple volume-averaged NAT- the mid-December periodann et al, 2003. On this date

particle nucleation mechanism is used. the location of the balloon launch (Kiruna, Sweden; B8
22° E) was deep within the polar vortex.
3.3  Winter 1994/95 Figure13compares N@and NG observations with N

and passive Npfrom DLAPSE at 465K on 11 February

The Arctic winter of 1994/95 was characterised by a smaller1995. In addition, the model output is shown interpolated
cold pool in terms of both area-@ million km?) and vertical ~ to MIPAS-B sampling altitudes with a 3 km boxcar smooth-
extent (400-550 K) when compared with 1999/200&a0n ing applied to more accurately reflect the vertical resolu-
et al, 2003. In addition, the vortex and cold pool were gen- tion of the MIPAS-B instrument. Passive NGand ob-
erally less concentric (more baroclinic) in 1994/95. Thereserved NQ agree reasonably, especially below 23 km when
were two short periods during 1994/95 (13—20 Decembertthe model output is smoothed. There are considerable dis-
and 10-15 January) when the relative orientation of the colccrepancies between modelled and observeg,NSpecially
pool and vortex were conducive to long particle growth timesabove 18 km. This is illustrated in Fig.3o, which com-
and significant denitrification. Observations are available forpares the MIPAS-B diagnosed denitrification (j#ROy)
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Fig. 13. (a)Comparison of MIPAS-B observed NQblack) and NG (dashed black) with DLAPSE/SLIMCAT Npand model passive
NOy on 11 February 1995. Pairs of (a) MIPAS-B M(black), MIPAS-B Nq; (dashed black), model NQ(red) and model passive NO
(dashed red) shown. Blue lines indicate model degraded to 3 km vertical reso{b)idine diagnosed denitrification from (a).

lists the nucleation rates and temperature perturbations used
for these simulations.
Figure14a compares model and MIPAS-B denitrification

Table 1. Model sensitivity experiments.

Simulati S1 S2 S3 . . . .
muration from each of the sensitivity runs listed in Table 1. Figlide

Nucleation rate (101%cm—3s~1) 32,0 80 320 is the equivalent plot in which the model output has been

Temperature perturbation (K) 00 15 15 smoothed by application of a 3 km running mean. Balloon-

borne temperatures were above 200 K, indicating that the in-
ferred denitrification is unlikely to be enhanced by condensed
HNOj3. The impact on denitrification of axdincrease in the

with modelled denitrification (passive NENOy). Peak den- volume-average NAT-particle nucleation rate is almost iden-
itrification of ~9 ppbv occurs at 21 km in the observations. tical to the effect of a global temperature reduction of 1.5 K

Both the smoothed and non-smoothed model profiles Signif_at this location. However, neither increase alone is sufficient
icantly underestimate the magnitude and altitude of denitri-t0 reproduce the observed denitrification. The observations

fication. In addition, the magnitude of nitrificatiorn8 ppbv arz be_st rer;rid5u<':<ed bdy a)zqmblnatlon of bolth e_ltemperf_:lture
at 13km) is also underestimated. reduction of 1.5 K and a# increase in nucleation rate in
L this study, although a similar response could be achieved by
_These results show that DLAPSE significantly underpre-, greater increase in particle nucleation rate. In all cases,
dicts the observed denitrification in this winter when the model denitrification is displaced vertically by2 km below
ECMWEF 31-level operational analyses are used. The diSy,e ghserved denitrification. This discrepancy may be due
crepancy could be caused by too low NAT nucleation rates, 5 systematic vertical offset in the analysed temperatures

or too high analysed temperaturé&udsen(1999 demon- during the winter affecting particle growth and sedimenta-
strated that the analysed temperatures at 50 and 30 hPa froy, orrors in model diabatic descent, or poor initialisation

the ECMWF were too warm by 1.4 K and 1.9 K, respectively, of model NG,.

at temperatures aroungA&r when compared with sondes for

this winter, a factor which has major implications for the pre- 3.3.2  Comparison with MLS

diction of denitrification. In order to investigate the sensitiv-

ity of denitrification to reductions in temperature and model In order to investigate this anomaly between model and
nucleation rate, additional model runs were performed. TheMIPAS-observed denitrification, comparisons were made
DLAPSE denitrification model used for this sensitivity study with MLS HNO3 observations in February and March 1995.
was exactly as described above but, for reasons of computd-ull MLS scans of the northern hemisphere are available for
tional efficiency, a simplified version of SLIMCAT was used. 8, 14 February and from 21 February onwards, but not for
SLIMCAT was used to passively advect the DLAPSE calcu-the day of the MIPAS-B flight (11 February). The ECMWF
lated NG, and passive N@but without chemistry. Table 1 operational analyses indicate that temperatures were above
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Fig. 14. Comparison of modelled and MIPAS-B observed denitrification (thick blackap8LIMCAT grid, and(b) model degraded to 3 km
vertical resolution for original model run (thin black line). Additional lines indicate denitrification diagnosed from the simulations listed in
Table 1: S1 (red), S2 (blue) and S3 (green).

Tnat On 14 February using SLIMCAT passive H@nd 1,6 5 \Mean and standard deviation of MLS — Model HR@r
H20. all MLS observations poleward of 85 equivalent latitude on 14
Figure 15 compares MLS-observed HNOwith non- February 1995. Model runs S1-S3 assume all,N&Opresent as
denitrified and denitrified DLAPSE model. MLS seems to HNOgz. All values are in ppbv.
show relatively high £10 ppbv) HNQ in a semi-circular
“annulus” over N Canada, Greenland to Scandinavia which is Passive DLAPSE  S1 S2 S3
reproduced in the model. MLS clearly shows a region of sup-
pressed HN@poIeward of the annulus, centred on Spitzber- \,04a1-MLs 244 069 —011 -002 —071
gen (-7 ppbv instead of~11-12 ppbv). Analysed temper- Std. dev. 1.98 1.36 144 142 170
atures were abovenkr on this day and, even assuming a
probable warm bias of 1.5-2 K, uptake of significant HNO
into ternary aerosol over such a wide region seems unlikely.
The passive model run (Fig5a) significantly overestimates
HNOs in the core of the vortex. In contrast, the denitrified a full stratospheric chemistry scheme means that the value
run is a better fit to the observations although it still system-indicated for model HN@ is an upper limit based on the
atically overestimates the observed in-vortex HNO assumption that HN&NOy. Comparisons between SLIM-
Figure 16 and Table2 show that the discrepancy between CAT/DLAPSE and MLS on the 46 hPa pressure level (not
model and MLS HNQ is greatest for the passive (non- showp) demonstrate similar e}g.rgem_ent to that at 68 hPa. The
denitrified) run. The discrepancy between MLS Hiénd peak in MIPAS-observed denitrification on 11 Febrgary 1995
the passive model is-5ppbv in the core of the vortex. OCCUrs at~38 hPa, between the MLS tangent points at 32
Vortex-wide MLS observations of HNare also overes- and 46 hPa. Th_ere_ is no evidence of significant suppression
timated by the baseline DLAPSE model run at 68 hPa )-0f vortex HNG; in either MLS or the model at 32 hPa on 14

though the discrepancy is relatively smafl@.7 ppbv). The ~February.

best fit to observed MLS HNQis achieved using either a In Waibel et al (1999, a thermodynamic equilibrium den-
4x increase in the nucleation rate (model run S1) or a re-trification model was used to quantitatively explain these
duction in temperature of 1.5K (model run S2). The latter is MIPAS-B observations. Their model calculated denitrifica-
consistent with known discrepancies between the ECMWRion using 3-D temperature fields but averaged the HNO®
analyses and sondes in this wint&n(dsen 1996. The  each isentropic level after each time step rather than trans-
model run in best agreement with MIPAS-B (S3), overesti- porting it as we do in our model. The model also neglected
mates the magnitude of denitrification by0.8 ppbv when  chemical reactions. NAT nucleation onice aF1.5 K was
compared with MLS. However, it is worth noting that in found to best reproduce the characteristic shape and magni-
each of the model sensitivity runs (S1-S3), the absence dfude of the observed denitrification using ECMWF analyses.
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Fig. 15. Contour plot of DLAPSE/SLIMCAT(a) passive HN@ and(b) HNO3 at 68 hPa on 14 February 1995. Model output is smoothed
using the MLS averaging kernel. Version 6 MLS HR@ also shown by the filled circles. The white contour indicates the region where
smoothed model denitrification exceeds 3 ppbv.
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Fig. 16. Scatter plot of model and MLS observed HilPoleward of 658 N equivalent latitude fo(a) passive,(b) DLAPSE, (c) run S1,
(d) run S2 ande) run S3 at 68 hPa on 14 February 1995. Model output is spatially and temporally interpolated to MLS observations and
smoothed using the MLS averaging kernel.

They rejected the possibility of NAT nucleation and sedimen-MIPAS-B observations on 11 February and better agreement
tation as the cause of denitrification because their model prowith MLS during mid-February. Based on all these com-
duced too much denitrification at high altitudes. This resultparisons, we believe it is now no longer possible to reject a
led Waibel et al.(1999 to suggest that NAT nucleation on NAT-only mechanism of denitrification in the 1994/95 win-
ice was responsible for denitrification. Our full kinetic simu- ter.

lation of NAT growth in a 3-D chemical transport model pro-  The poor agreement between MIPAS-observed and mod-
duces a denitrification profile that is in fair agreement with gjled denitrification when we use NAT nucleation rates
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defined by the January 2000 observations is interesting. Theervations of denitrification on 11 February 1995. It is likely
poor agreement may indicate that average NAT nucleatiorthat a warm bias in the ECMWF analysed temperatures of at
rates were much larger (at least a factor 4) in early winterleast 1.5K is partly responsible for this discrepancy. Sensi-
1994/95, even when a correction is made for a possible warntivity studies indicate that a four-fold increase in the nucle-
bias of~1.5 K in the ECMWF-analysed vortex temperatures ation rate together with a reduction in temperature of 1.5K
through the main denitrification period in Decemb®8ugita  are necessary to reproduce the observations of denitrifica-
et al.(1998 attribute the denitrification observed by MIPAS- tion. Additional denitrification from mountain wave ice-
B on this date to NAT nucleation in mountain wave ice cloudsinduced NAT “mother clouds” would be expected to con-
and subsequent NAT particle growth belowaf. This ef- tribute to denitrification Fueglistaler et al 2002 Dhaniyala
fect could contribute to the apparent discrepancy between thet al, 2002. It is possible that such mother clouds may be
model and MIPAS-B denitrification on 11 February. sufficiently numerous to seed large regions of the Arctic vor-
tex with sufficient NAT patrticles to cause efficient denitri-
fication (Mann et al, 2005, although it is important not to
4 Conclusions over-interpret a discrepancy between DLAPSE and a single
denitrification profile. Model comparisons with MLS HNO
In situ and remote observations of denitrification in on 2 days in mid-February show much better agreement’ es-
three recent Arctic winters (1994/95, 1996/97 and pecially when a temperature reduction of 1.5 K is applied to
1999/2000) have been used to evaluate the performancge model or the nucleation rate is increased by a factor of 4.
of DLAPSE/SLIMCAT. This novel model comprises a  |n summary, the simple constant volume average NAT nu-
full-chemistry version of the Eulerian SLIMCAT CTM cleation scheme in DLAPSE/SLIMCAT is able to reproduce
coupled to a semi-Lagrangian NAT-particle growth and many aspects of observed denitrification from a variety of
sedimentation model (DLAPSE). NAT particle nucleation pjatforms over three recent winters. However, there appears
in DLAPSE was constrained by observations of large NAT to be additional inter-annual variability in the magnitude of
particle populations from the NQnstrument on 20 January  denitrification that is not captured by the model. The differ-
2000. The constant volume-average nucleation rate used iBnces between the modelled and observed denitrification in
the model was 8010 *%cm—3s71, any one winter can be improved by straightforward adjust-
In 1999/2000, the evolution of denitrification was ob- ments to the assumed rate of NAT formation. However, fur-
served by the ER-2 between 20 January and 12 March. Theher work should focus on identifying the physical processes
coupled model captures the temporal evolution of denitrifica-causing NAT formation, leading to appropriate rates that can
tion in this period. The vertical distribution of denitrification be included in large-scale models.
and nitrification was consistent with ER-2 observations al- The absence of frequent, high-resolution \éhd aerosol
though quantitative diagnosis requires accurate initialisatiormeasurements throughout the Arctic vortex places significant
and transport of the model passive {Ntacer. limitations on the initialisation of model NOfields. High
Comparisons with remote ILAS observations during the resolution NG observations would prove invaluable for un-
Arctic winter of 1996/97 demonstrate that the model capturesambiguously diagnosing the timing and extent of denitrifica-
both the spatial extent and timing of observed denitrification.tion, which would aid testing NAT nucleation mechanisms.
The first clear observations of denitrification on 14 Febru-New data from the next generation of satellites (ENVISAT,
ary occurred when the vortex core was sufficiently displacedSAGE Il and Aura) should provide valuable additional NO
to the lower latitudes sampled by ILAS. Model denitrifica- and PSC data to aid this process.
tion began in the closed flow region at the core of the vortex
around 1 week prior to these first observations of denitrifica-AcknowledgementsThis work was supported by the European
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2 ppbv although this discrepancy is of similar magnitude to
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highly processed vortex below 500 K.

Significantly greater discrepancies are apparent when

comparisons are made between DLAPSE and MIPAS-B ob-
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