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Abstract. Denitrification of the Arctic winter stratosphere 1 Introduction

has been calculated using a 3-D microphysical model for the

winters 1994/95, 1995/96, 1996/97 and 1999/2000. Denitri-Extensive denitrification was observed in 1999/2000 by both
fication is assumed to occur through the sedimentation of lown situ (Popp et al., 2001) and remote (Santee et al., 2000;
number concentrations of large nitric acid trihnydrate (NAT) Kleinbohl et al., 2002) instruments. Large nitric acid-
particles (as inferred by e.g. Fahey et al., 2001). We examcontaining particles (10 to 2Qm diameter) at low number
ine whether the meteorological conditions that allowed par-concentrations (between 1®and 103 cm~—3) were mea-
ticles to grow to the very large sizes observed in 1999/2000sured by the NOAA NQ@ instrument aboard the NASA ER-2
also occurred in the other cold winters. The results showaircraft in the 1999/2000 winter Arctic vortex and have gen-
that winter 1999/2000 had conditions that were optimum forerally been inferred to be NAT (Fahey et al., 2001; North-
denitrification by large NAT particles, which are a deep con-way et al., 2002a). Previous model calculations (Carslaw et
centric NAT area and vortex. Under these conditions, NAT al., 2002; Drdla et al., 2002) show that meteorological condi-
particles can circulate in the NAT-supersaturated air for sevions in the 1999/2000 Arctic vortex allowed NAT particles to
eral days, reaching several micrometres in radius and leadgrow to the very large sizes that were observed. These large
ing to a high downward flux of nitric acid. The other winters particles can very efficiently denitrify the lower stratosphere
had shorter periods with optimum conditions for denitrifica- on the timescale of a few days (Fahey et al., 2001; Mann et
tion. However, we find that NAT particles could have grown al., 2002; Northway et al., 2002b; Davies et al., 2002).

to large sizes in all of these winters and could have caused The large-particle observations in the 1999/2000 Arctic
significant denitrification. We define the quantity “closed- vortex constitute the first unambiguous detection of large,
flow area” (the fraction of the NAT area in which air par- sedimenting nitric acid-containing particles. These observa-
cel trajectories can form closed loops) and show that it istions, and model simulations of their development, prompt
a very useful indicator of possible denitrification. We find several questions:

that even with a constant NAT nucleation rate throughout the
NAT area, the average NAT number concentration and size
can vary by up to a factor of 10 in response to this meteoro-
logical quantity. These changes in particle properties account
for a high degree of variability in denitrification between the
different winters. This large meteorologically induced vari-
ability in denitrification rate needs to be compared with that
which could arise from a variable nucleation rate of NAT par-
ticles, which remains an uncertain quantity in models. Sen-
sitivity studies show that although denitrification was likely
approaching asymptotic minimum values throughout much
of the 1999/2000 vortex, decreases in the volume-averaged
nucleation rate would have substantially reduced the denitri-
fication.

1. Could NAT particles have grown to such very large
sizes in other winters, or did the 1999/2000 Arctic vor-
tex have unique properties to allow their development?
There are no observations from previous Arctic win-
ters to directly answer this question. For example,
the Aerosol Particle Counter of Deshler and Oltmans
(1998) has a lower detection limit of&6.0~4 cm~3, so
would not have been able to detect many of the popula-
tions of large particles in 1999/2000. The Forward Scat-
tering Spectrometer Probe (FSSP) instrument detected
13 um diameter particles in the Arctic stratosphere dur-
ing January 1989 (Dye et al., 1992) but these cannot be
attributed unambiguously to nitric acid particles.

2. How much denitrification could have been caused in
Correspondence tdG. Mann (gmann@env.leeds.ac.uk) 1999/2000 and in other winters by such particle popula-
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404 G. W. Mann et al.: Arctic denitrification in the 1990s

tions? There are observations of denitrification in each In Mann et al. (2002) we defined the concentricity of the
of the cold winters 1994/5 (Sugita et al., 1998; Waibel NAT area and vortex in terms of the separation of their cen-
et al., 1999), 1995/6 (Hintsa et al., 1998; Dessler et al,troids. In one case study, using a highly idealized approach,
1999), 1996/7 (Kondo et al., 2000; Irie et al., 2001) we showed that the calculated vortex-average denitrification
and 1999/2000 (Santee et al., 2000; Popp et al., 2001fell linearly from some maximum value to zero as the NAT
Kleinbohl et al., 2002). See also Santee et al. (1999) forarea centroid was moved from the centroid of the vortex to
MLS measurements of denitrification between 1991 andthe vortex edge. Here, we show that the NAT area-vortex
1998. Here, we do not compare model simulations withcentroid separation is a useful quantity for understanding the
these observations in detail, but establish the potentiamagnitude of denitrification in several recent winters.

for denitrification by NAT particles.

3. Thirdly, what are the factors that control denitrification 2 Description of the model
by low number densities of NAT particles? Vortex-scale
modelling of denitrification by Mann et al. (2002) has The model is described fully in Carslaw et al. (2002) and
shown that the dynamics of the Arctic vortex can control Mann et al. (2002). Briefly, the model consists of a La-
denitrification by determining the length of time a NAT grangian particle model incorporating the formation, advec-
particle stays below the NAT equilibrium temperature tion, growth and sedimentation of several thousand NAT
Tnar (around 195 K). It was shown that the optimum particles coupled to the 3-D Eulerian off-line stratospheric
situation for denitrification is a large NAT region that chemical transport model (CTM) SLIMCAT (e.g. Chipper-
is concentric with the polar vortex. However, the sim- field, 1999). This off-line CTM is normally run with a 41
ulations illustrating this sensitivity were only 10 days tracer chemistry reaction scheme, but for the purposes of
long and examined a specific set of conditions. Here wethese simulations where the denitrification model must be
perform complete winter simulations of denitrification solved at each time step, a reduced 4 tracer scheme is used
of the Arctic vortex for the four coldest winters of the which includes NQ, a passive NQ tracer (with no deni-
1990s: 1994/95, 1995/96, 1996/97 and 1999/2000. trification), H O and BHSO, (used to calculate background
aerosol mass). These 4 tracers enable the effect of micro-
Several factors may influence the magnitude and extent ophysics on fields of NQto be examined with the chemistry
denitrification, including nitric acid and water mixing ratios, switched off. An assumption is made that the model,N©
vertical depth of the NAT region, NAT region size, mini- equivalent to HNQ@, which is reasonable for the lower po-
mum temperature, and hydrate particle number concentralar winter stratosphere. The chemical tracers are advected
tions (e.g. Jensen et al., 2002). Variations in all of these facusing the second-order moments scheme of Prather (1986),
tors, except the latter, are present in the meteorological anwvhich has low numerical diffusion and performs well in pre-
trace gas initialisation fields used here. In addition, Mannserving strong gradients. The model is forced by 6-h wind
et al. (2002) have shown that the magnitude of denitrifica-and temperature fields from European Centre for Medium-
tion by low number concentrations of large NAT particles de- Range Weather Forecasts (ECMWF) operational analyses,
pends critically on the colocation of the NAT region and the while vertical tracer advection is calculated in isentropic co-
vortex. Under conditions where the vortex and NAT region ordinates from heating rates using the MIDRAD radiation
are concentric, individual NAT particles can be advected inscheme (Shine, 1987). For all the simulations in this paper,
NAT-supersaturated air for several days, eventually growingthe CTM has T21 horizontal resolution°(&titude and lon-
to sizes of several micrometres. In contrast, a highly baro-gitude) with a 10 K vertical resolution for the gas phase fields
clinic vortex, in which the centre of the NAT region is posi- between 350 and 600 K.
tioned towards the edge of the vortex, means that individual The particle model calculates the change in gas phase
NAT particles experience short periods of low temperatureHNO3 concentrations caused by time-dependent particle
followed by warming and particle evaporation. Dynamical growth and evaporation and feeds this back to the CTM part
situations that allow a sedimenting particle to remain belowof the model, which then advects the gas phase species. Parti-
the NAT saturation temperature f&18 days will be optimum  cle growth is calculated in the microphysical model as in Ap-
for denitrification (Fahey et al., 2001; Mann et al., 2002). pendix A taking into account the advected gas phase §INO
This sensitivity to vortex concentricity will decrease as the and HO. The 3-D particle advection and trace gas advec-
particle number concentration increases due to the shorteion are done with the same time step of 30 minutes. The
time required for the particles to reach their final size whenEulerian CTM thus produces daily fields of denitrification
equilibrium with gas phase HN{s attained (Jensen et al., calculated as the difference between the total HN6Od the
2002). The model predictions we show here assume lowpassive HN@. The passive HN@has the particle sedimen-
number concentrations of NAT particles, as observed in win-tation switched off (and hence no denitrification). The model
ter 1999/2000, so sensitivity to vortex concentricity can beincorporates the removal of gas phase nitric acid and water by
expected. supercooled ternary solution (STS) droplets using the analyt-
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ical scheme of Carslaw et al. (1995). The gas phase HINOtre having an equivalent latitude of 9@nd the vortex edge
in equilibrium with STS is used to calculate NAT particle having a constant equivalent latitude (Nash et al., 1996).
growth, so STS formation in the model has the effect of re- In each figure, alongside the denitrification are also shown
ducing the rate of NAT particle growth. a number of related quantities. In panel (b) the area of the
The coupled model is initialised each winter in early De- NAT-supersaturated region is shown, i.e. the area where
cember with 3-dimensional fields of gas phase nitric acid andl’ < Tnar, using the expression of Hanson and Mauers-
water from multiannual SLIMCAT simulations. These com- berger (1988) and the modelled total Hh(ot the passive
pare reasonably well with observations from 1999/2000 andHNQO3). This is the area in which NAT particles can form and
1996/7 below 700 K. grow. In times of strong vortex denitrification, there may be
We use a volume-average NAT nucleation rate df 8 areas which have had concentrations of HN€xuced to just
1010 particles cm3s~1, which has been shown to repro- 1 or 2 ppbv. Inthese arediar will be much reduced and of-
duce very well changes in the particle number concentratiorien will stay undersaturated with respect to NAT. In panel (c)
observed in the period January to March 2000 (Carslaw et al.the NAT region-vortex centroid separation (normalised by
2002). Particles are initialised with a diameter of Q.. the effective radius of the NAT region) is shown. A nor-
The particle number concentrations produced in the vortexmalised centroid separation of 1 means that the centroids of
by assuming this nucleation rate (maximaofl0—> — 104 the NAT region and vortex are separated by 1 effective NAT
cm3) are at the low end of concentrations that can causeregion radius. In panel (d) the number density of NAT parti-
denitrification (Jensen et al., 2002). The sensitivity of deni-cles is shown (calculated as an average at each level over all
trification to this chosen nucleation rate is explored for oneSLIMCAT grid boxes containing particles). Panel (e) shows
of the winters. the evolution of mean particle radius. Finally, panel (f) shows
We use this same nucleation rate in all the winter-longthe height-resolved denitrification rate, calculated by consid-
simulations for two reasons. Firstly, a constant nucleationering the NAT particle mass fluxes at each altitude. The mass
rate allows us to evaluate the importance of meteorologicaflux for each NAT particle is calculated from the mass of the
factors in controlling NAT particle evolution and sedimen- particle multiplied by its sedimentation speed, each calcu-
tation in isolation. Secondly, our current understanding oflated as in Carslaw et al. (2002). The volume-average mass
the origin of large NAT particles does not allow a more so- flux for each SLIMCAT grid box is then calculated. The dif-
phisticated treatment of their formation in a 3-D model (seeference between the mass fluxes entering the top of the box
e.g. Knopf et al., 2002). In short, there is no observa-and leaving from below gives an indication of the instanta-
tional evidence to constrain how the nucleation rate mightneous denitrification/nitrification that is occurring. A nega-
depend on conditions in the vortex. Note that by usingtive rate means denitrification. Further details of this calcu-
a volume-average nucleation rate we are not implying thatation are given in Appendix B. Calculated mean and max-
in reality NAT forms homogeneously throughout the NAT- imum values of downward HN§flux for 20 January 2000
supersaturated region. Particles may be generated in a mog#e around % 10° and 9« 10° molecules per crmPkm day 1,
localised fashion (e.g. Fueglistaler et al., 2002). Rather, outvhich compares well with the value reported by Northway et
model calculations therefore represent a situation in whichal. (2002b) of 5x 10° molecules per cm’km day ! for that
large particles, produced by whatever mechanism, becoméay along the ER-2 flight track.
well distributed (although not necessarily evenly) through the
vortex, as observed in January to March 2000 (Northway e.1  Winter 1999/2000
al., 2002). The implications of this assumption are discussed
in the conclusions section of this paper. Itis worth noting thatDenitrification starts in early December, initially mainly
even with this constant volume-average nucleation rate, parabove 500 K, but by the end of December the maximum vor-
ticle sizes and number densities become Spa“a”y very hettex average denitrification is 35%, with Significant denitrifi-
eorogenous, suggesting a strong controlling influence of th&ation extending from 575 K to 450 K. By 20 January 2000,

meteorological processes which are studied in this paper. When the first ER-2 observations of large particles and den-
itrification were made in the SOLVE/THESEO 2000 cam-

paign, the average vortex denitrification had reached over
3 Winter-long denitrification simulations 65% (around 10 ppb) throughout the altitude range 475 to

550 K. Beyond this date, the denitrification increases only a
Figures 1a, 3a, 4a and 5a show height-time slices of callittle and the depth of the denitrified region remains approx-
culated cumulative denitrification for the winters 1994/95, imately constant. A nitrified region is also clearly visible
1995/96, 1996/97 and 1999/2000 as a percentage of the paéshown as red in Fig. 1a). Descent of the most denitrified
sive nitric acid mixing ratio. The denitrification is shown as a part of the vortex air can also be seen in this and all winters.
vortex average, taken to be the mean over all grid boxes with In situ measurements of NCand HNQG; aboard the ER-
equivalent latitude greater than°/(Equivalent latitude isa 2 aircraft made in mid-March 2000 showed widespread
potential vorticity-normalized latitude, with the vortex cen- denitrification had taken place over a large alititude range
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Fig. 1. Altitude-times plots for winter

NAT particle 1999/2000 ofa) vortex average denitri-
10 016 ey fication; (b) area of Arctic stratosphere
below TnaT; (€) normalized centroid

separation(d) particle number concen-

tration; (e) mean particle radius; and

4 N NAT (f) height-resolved denitrification rate.
s (m) Vortex average denitrification is calcu-
lated from all grid boxes with equiv-

alent latitude>70 degrees. Particle

N
=}

o
o

+1.0 number concentration is the mean over
mean all grid boxes containing NAT parti-

o.gfenirfcation cles. The centroid separation is normal-

1010 karit s ized by the effective NAT region (where

0o Lol b b bbb b

o

T < Tnar) radius. The denitrification
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pendix B.

Julian day, 2000

compared with early December 1999 (Popp et al., 2001;ments of the evolution of particle sizes and the magnitude
Kleinbohl et al., 2002). Satellite observations of Hj@ of denitrification in the period 15 December to 15 January
465 K also showed that the denitrification persisted long af-when conditions were optimum for growth of NAT particles
ter temperatures rose above the PSC threshold in early Marcto large sizes.

2000 (Santee et al., 2000). The denitrification predicted by Figure 1 also shows altitude-time plots of average NAT

the model is consistent with both these observations. Amor‘?)article number concentratioh (graph d) and mean NAT

detailed comparison is beyond the scope of this paper, albarticle radiug (panel e). The largest particles are found in

though a paper describing these comparisons is in prepargpe owest part of the NAT region where they have had time to
tion. grow to larger sizes from their initial nucleation height. Par-

The evolution of substantial modeled denitrification can ticles at greater altitudes haye, on average, not be.en growing
be related to the NAT area and centroid separation. The NATOr @s long. The model predicts that large NAT particles were

area is very large over much of the vortex for about 30 daygPreéSent somewhere in the Arctic throughout late December
between 15 December and 15 January and the vortex an@'d Most of January in the potential temperature range 350
NAT region also remain close to concentric over much of to 450 K. Average model number densities peaked at around

4 -3
the altitude range for the same period (indicated by the low? < 107" ¢m™> at around 475 K@on _132 January 2000 and
values of centroid separation in Fig. 1c). In other words, dur-Vere qonsstentily of the order 10 cm™ between 450 and
ing this early winter period the vortex is concentric whenever 220 K in the periods 20-30 December 1999 and around 7-20

temperatures are low and the concentric state of the vortex@nuary 2000.

extends from around 475 K to 600 K. After 15 January the Panel (f) shows the height-resolved denitrification rate.
vortex becomes more disturbed and the NAT region-vortexThe levels where denitrification and nitrification are occur-
centroid separation increases. It was in this post-January 16ng at any one time are clearly apparent (coloured blue and
period that all the large nitric acid particle observations werered respectively). The vast majority of denitrification took
made (Northway et al., 2002a). We have no in situ measureplace in December and January. Denitrification is predicted

Atmos. Chem. Phys., 3, 403-416, 2003 www.atmos-chem-phys.org/acp/3/403/
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Fig. 2. Model profiles of HN@ for 20 January 2000a) at minimum value inside the vortex afid) as a vortex average. The black line is
for the nucleation rate used in the winter simulations as in Figs. 1, 3, 4 and 5, the red and blue lines are for nucleation rates 5 times higher
and lower respectively.

to have been close to saturation (i.e. gas phase D uary 2000 vortex (Fahey et al., 2001) are sufficient to almost
have approached the HNGQrapour pressure over NAT) in  reduce HNQ concentrations to the minimum possible. In-

much of the vortex by the time the first in situ observations creases in number density lead to only a small increase in the
were made on 20 January 2000. magnitude of denitrification. On the other hand, decreases

To investigate the sensitivity of the modelled denitrifica- n number de_ns.lt.y Ie_ad to s!gmflcalj_t r_eductlons in the mag-
tion to the value of the assumed constant nucleation raté"t”de of denitrification. This sensitivity to number density
(and hence the particle number density), we have repeate} nd therefore to vo_Iume average nucleaUc_m rate) makes it
the 1999/2000 winter simulations with the nucleation rate in_lmpprltant :)O dete(;mlne a physical explanation for the NAT
creased and decreased by a factor of 5. Figure 2 shows modBprticles observed.
profiles of vortex-mean and vortex-minimum Hi@rofiles
from 20 January 2000 for these 2 simulations. For the run3.2 Winter 1994/95
with the nucleation rate increased by a factor of 5 (the red

Ii_ne in Figbs.|2a and E)’ minli|r1|1um| tcgal nitric acid conc(:jentra— The dynamical structure of the 1994/95 vortex is quite differ-
tions are below 1 ppbv at all levels between 430 K and 560 Kent to that of the 1999/2000 winter. Figure 3 shows that the

and the vortex average denitrification/nitrification is signif-

area of NAT supersaturation was generally smaller (in both
icantly higher. The higher nucleation rate results in higher P d 4 (

S Hom-3 . horizontal and vertical extents) than in 1999/2000. The great-
”“T‘ber densities (a“’”.”.d 1ocm ). and slightly reduced oo NAT areas were at lower altitudes. The greatest contrast
re}du due to the competlmon for e_lva|lable HNOHowevgr, to the 1999/2000 winter is apparent in the centroid separa-
F,'g' 2 shows .th_a't de.splt.e th,'s ,Sl'ght decrease In particle Maion. Although there are two short periods with a highly con-
dius, th.e denltrlflcqtlon is syll mcreasgd by the increase incontric NAT region and vortex (13—20 December and 10-15
nucleation rate. Th_|s result is broadly in agreement with theJanuary) the vortex is generally much more disturbed, with
1-D model calculations of Jensen et al. (2002). the NAT region centre displaced away from the centre of the

When the nucleation rate is decreased by a factor of fivevortex. Mann et al. (2002) showed that such a configuration
(the blue line), the mean denitrification is reduced by aboutof the NAT region and vortex reduces the rate of denitrifica-
50%. From this sensitivity simulation, we conclude that the tion since particles tend to be advected out of the NAT region
NAT particle number densities and sizes observed in the Janbefore they can grow large enough to sediment rapidly.

www.atmos-chem-phys.org/acp/3/403/ Atmos. Chem. Phys., 3, 403—416, 2003
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Julian day, 1995 denitrification rate.

Denitrification in the model begins after 20 December (af- for most of December and January. These periods of high
ter the period of small centroid separation), but increasesentroid separation coincide with periods of lower NAT ar-
much more slowly than during the 1999/2000 winter. The eas, and therefore higher temperatures. Significant denitri-
predicted vortex-average denitrification reaches a maximunfication is predicted to start only in January 1996, with the
of around 50% (around 8 ppb) in a much thinner layer thanpeak of the denitrifed layer being above 500 K. The vor-
in 1999/2000 and denitrification is typically lower at around tex average denitrification reaches a maximum of about 25%
30-40%, both of which are consistent with the controlling (around 4 ppb) at 500 K in January. Only in early February
processes outlined above. Although conditions were not opdo the vortex and NAT region become nearly concentric over
timum for denitrification for much of winter 1994/95, the a large altitude range, leading to a further intensification of
model still predicts NAT particle populations similar to those denitrification to a maximum of around 45% vortex average
observed during 1999/2000 for the two episodes in Decem{around 8 ppb) at 450 K.
ber 1994 and January 1995 described above.

Waibel et al. (1999) reported that balloon-borne measure3.4 Winter 1996/97
ments in the Arctic vortex by the MIPAS-B instrument in- . ) -
dicated a 50% NQ deficit between 16 and 22 km on 11 The 1996/97 winter did not get sufficiently cold to form PSCs

February 1995 which once again compares favourably with!ntil January but stayed very cold well into March, much

the modelled denitrification in Fig. 3a. later than in the other winters (see Fig. 5). In mid to late
January, there was quite a large and deep area of NAT super-
3.3  Winter 1995/96 saturation, but this NAT area was not very concentric with

the vortex, so particle number density and mean radius both
The 1995/96 winter was very cold at high altitude$00 K) stayed relatively low giving low downward HNCflux and
with the NAT region reasonably concentric with the vortex only a small amount of denitrification. By contrast, in Febru-
(see Fig. 4c) at these altitudes. However, below 500 K theary the centroid separation was low, meaning a concentric
NAT region centroid was displaced almost to the vortex edgevortex and NAT region. Between days 35 and 60, this ar-

Atmos. Chem. Phys., 3, 403-416, 2003 www.atmos-chem-phys.org/acp/3/403/
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Table 1. Maximum vortex average denitrification and absolute maximum denitrification in the four cold winters of the 1990s. Also shown
are the timing and altitude in each case

rangement allowed NAT particles to reach large sizes an@.5 Overview

\ortex average denit.

Absolute maximum denit.

Year Maximum Altitude  Timing Maximum  Altitude  Timing
(%) (K) (Jul. day) (%) (K) (Jul. day)
94/95 50 455 17 92 455 2
95/96 52 455 50 78 455 51
96/97 44 455 78 85 465 58
99/00 66 510 21 97 505 21

to accumulate relatively high number densities causing the
region between 430 and 490 K to become more than 3099 he model calculates moderate to large denitrification in
some areas of the Arctic stratosphere for all these four cold

denitrified by the beginning of March.

trometer (ILAS) measured large N@eficits inside the polar

winters of the 1990s (see Table 1). In addition, large NAT
particles are predicted to occur in each winter. Average hum-
The satellite borne Improved Limb Atmospheric Spec- ber concentrations of particles reach a maximum of about

10~4 cm~3, but vary greatly during each winter. Winter

vortex (Kondo et al., 2000). Denitrification was measured 1999/2000 has the highest average number concentrations
to be as high as 10 ppbv at 490 K over Baffin Island on(~ 2x 10~ cm~3), although these occurred before the ER-2
28 February and generally compares well with our modelledin situ observations (Fahey et al., 2001).

Figure 6 shows histograms of the calculated denitrifica-

denitrification (manuscript in preparation).
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shows moderately denitrified air with a narrow range while
winters 1995/96 and 1996/97 have bimodal distributions of
denitrification, with some air being only slightly denitrified
and other air being quite strongly denitrified. This bi-modal
distribution can be explained by the timing of the denitrifi-
cation in these winters, with recent denitrification not having
time to mix. Winter 1999/2000 has the strongest and most
widespread denitrification at this time and altitude.

1994/5
1995/6

1999,/2000

% area (per % denitrification)

4 Factors controlling denitrification

N
L B

400‘ | ‘,50‘ o 0 o ‘50‘ o ‘woo 4.1 What the simulations tell us

Cumulative Denitrification (%)

These model simulations show that a number of factors con-
Fig. 6. Percentage area histograms of % denitrification at 465 K ontro| the magnitude of denitrification by low number concen-
28 February of 1995, 1996, 1997 and 2000. trations of NAT particles. Denitrification depends on the de-

velopment of populations of large NAT particles over sev-

eral days. These particles can grow (or evaporate), sediment,
tion on the 475 K level on 28 February for each of the years.and are advected by the wind over several days, so the de-
These give an indication of the variation of the denitrification pendence of denitrification on meteorology is therefore com-
about the mean. There is great variability in the magnitudeplex. The nucleation mechanism of NAT particles is very
and range of denitrification in the vortex. Winter 1994/95 uncertain, hence these simulations have used the simplest ap-
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mean (f) difference in incoming and outgoing
o.gfenirfcation downward NAT mass flux. Further de-
1010 karit s tails as in caption to Fig. 1. This fig-

ure shows more clearly the controlling
influence of vortex/NAT region concen-
tricity on denitrification.

Julian day, 1996

proach — namely to nucleate particles at a constant volumethe particles were in equilibrium with the gas phase (Mann
average rate as soon Ads less tharfar. et al., 2002). The denitrification rate in panel (f) is calcu-

An examination of Figs. 1, 3, 4 and 5 suggests that during'ated as per unit area of the region which contains particles,
some periods the NAT area is a good indicator of denitrifica-SO making the NAT area bigger does not influence this rate
tion rate (panel f), while at other times the NAT region-vortex (although it would of course, if calculated as a vortex aver-
centroid separation is better. For example, NAT area appear%ge)- The dependence of denitrification rate on NAT area and
to drive the denitrification rate between days 40 and 60 incentroid separation therefore reflects a sensitivity to Arctic
1996/7 (Fig. 5) during a period with low centroid separation. Meteorology arising from the time-dependent growth of the
In contrast, the centroid separation seems to drive the deniNAT particles.
trification rate between days 35 and 45 in 1995/6 (Fig. 4).

Figure 7 shows this latter period in more detail. On day 35
a reasonably large NAT-supersaturated region forms which

is concentric with the polar vortex. On day 41, this region The NAT area and the concentricity of the NAT region and
begins to get larger and deeper to a maximum on day 44yortex both act together to control the temperature trajecto-
However, as it does so, its centre moves towards the eddges of the particles. The dependence of the denitrification
of the polar vortex (the centroid separation increases) andate on the centroid separation is clear: Mann et al. (2002)
consequently the particle number density reduces by aroundnowed that a concentric NAT area and vortex allows par-
50% and the mean radius also reduces noticeably. The lowesgk|es to grow over several days, reaching large sizes and
panel shows how, in this instance, the denitrification is CON-inducing a high downward HN©flux. Thus, a concen-
trolled by the concentricity of the vortex despite the increaseyrjc NAT area and vortex creates a region of air which is in
in the size of the NAT region. “closed-flow” in which particles can circulate and grow (and
Note that neither the NAT area nor the centroid separatiorultimately sediment) in the NAT area for several days. The
would control the denitrification rate in a model in which reason for the dependence of the denitrification rate on NAT

4.2 Concept of “closed-flow” and “through-flow” as indi-
cators of potential denitrification
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Fig. 8. Schematic of how the NAT area-vortex centroid separation and the NAT area area control the denitrification rate. The “closed-flow”
region is shaded(a) The effect of shifting the NAT area away from the centre of the vortiexthe effect of reducing the size of the NAT
area.

supersaturated area is not so immediately obvious. It arise$his fraction,cfow is calculated as follows
because the size of the NAT area also determines the region
of the NAT area with closed-flow. (rnaT — ©)2
Figure 8 shows schematically how the NAT area-vortex Cllow = 72 ’ @
concentricity and the NAT area control denitrification. In NAT

panel (a) an inititially concentric NAT region and vortex whereryar is the NAT area radius and is the separation
creates a large region of air in closed-flow (shaded regionhf the NAT area and vortex centroids. Note that this frac-
in which particles can circulate for several days and growtion of the NAT area which is in closed-flow assumes circle-
to large sizes. As the NAT area (with constant size) isequivalent radii. In addition, areas of the vortex can develop
shifted away from the vortex centre, the region of closed-containing a very low mixing ratio of HN§) so although
flow shrinks. Panel (b) shows that maintaining a fixed rela-the NAT area may be large and be mostly in closed-flow,
tive position of the NAT area and vortex but reducing the sizethere may be no supply of HNCavailable to form the large
of the NAT area also has the effect of reducing the area WithyAT particles and the denitrification will be lower than ex-
closed-flow. pected. Figure 9 shows a plot of the mean of denitrification
The potential for denitrification is a maximum in the re- rate against the mean of the closed-flow fractigs,. Both
gion of closed-flow and, although not zero, the rate of den-of these means are calculated over all levels between 350 K
itrification is likely to be much lower in the “through-flow” and 600 K excluding net nitrification layers. Note that by tak-
region where NAT particles can grow for a shorter time. Theing the mean in this way, we also include to some extent, the
denitrification rate depends in a very nonlinear way on theeffect of the depth of the closed-flow region because levels
time available for growth; (Carslaw et al., 2002). The par- which have a NAT region completely in through-flow (or no
ticle mass increases witf/2 and the fall distance increases NAT region at all) will havecfiow, = 0 and hence the mean of
with 72. In addition, assuming a constant nucleation rate,the closed-flow fraction over all these levels will be lowered.
particle number concentrations will increase with This  The denitrification rate has been normalised by dividing the
equates to a very strong dependence of denitrification ratelenitrification rate by the amount of available HMN@ each
on the time available for growth, such that the closed-flow grid box (see Appendix B). Also shown is a line plot indicat-
region will dominate denitrification. ing the mean and standard deviation of the denitrification rate
We can test this hypothesis by plotting the denitrification They value of each point is the denitrification rate calculated
rate against the fraction of the NAT areathat is in closed-flow.with a 3 day time lag relative to theaxis. The existence of
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8.0 —v around 8 days for a steady particle population to be generated
(Carslaw et al., 2002; Mann et al., 2002) so any change in the
: gg;‘g ' vortex-NAT region arrangement during that time can compli-
1996/7 cate the relationship between closed-flow area and denitrifi-
v 1999/2000 v v cation rate even further. Future studies could perhaps exam-
. ine the actual area of closed-flow derived from the flow fields,
\ i rather than using an assumption of circular geometry for the
. v NAT area and vortex.
v The rather complicated dependence of denitrification rate
v on vortex dynamics means that denitrification is not easy to
parameterise. A large area of closed-flow in the NAT area
is a pre-requisite for rapid denitrification, but the actual rate
of denitrification can be reduced by a number of factors.
However, it is worth noting again, that as shown in Mann et
‘ v =y . al. (2002), an increase in denitrification rate with closed-flow
— fraction would not be reproduced in a model that assumed
equilibrium between the particles and the gas phase. This
is an additional sensitivity that arises from the non-linear
growth and sedimentation behaviour of the particles. The
vortexaverage denitrification will depend additionally on the
fraction of the vortex with temperatures bel@war, but this
will be a linear dependence.
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5 Conclusions
Fig. 9. The mean denitrification rate as a function of the mean frac-
tion of the NAT area in which closed-flow can occur. Details of the
calculation of denitrification rate are given in Appendix B.

Our analysis shows that denitrification could have oc-
curred in previous cold winters with low volume-average
NAT nucleation rates similar to those derived for winter
1999/2000. However, the magnitude of denitrification in
o i i ) ) winter 1999/2000 was significantly greater than in many pre-
this time lag can be seen from the tilt evident in the instanta-jo, ;s cold winters because the vortex dynamics were opti-
neous denitrification rate plots in Figs. 7d-. mum. These optimum conditions are a deep NAT area po-
Although there is quite a large amount of scatter in Fig. 9, sitioned towards the centre of the vortex, which allows for
the overall pattern is clear. For situations where the NAT re-jong NAT particle lifetimes. Long lifetimes allow particles
gion is mainly in closed-flow, the denitrification rate is much to reach large sizes, which increases their fall speed (propor-
higher than more disturbed situations when the closed-flowional to radius squared) as well the amount of nitric acid
fraction is low. Only the part of the NAT area in closed-flow sequestered in the particles. In addition, the dynamical con-
has conditions conducive to the production of large NAT par-ditions that lead to long particle lifetimes also allow parti-
ticles which are efficient at denitrification. The maximum cles to accumulate in the NAT area over several days, while
mean normalized denitrification rate for periods in which all shorter lifetimes are consistent with a higher loss rate of par-
NAT-supersaturated air was in through flow (i.e. no closed-ticles. Thus, particle number concentration, size, and fall
flow in the NAT area at any height) was 0.13% per day, whichspeed (and hence downward HA®ux) are all increased
is about 30 times lower than the mean value when half Ohwhen the NAT area and vortex are concentric.
more of the NAT area is in closed-flow. The reliability of the calculated denitrification depends
A number of factors have combined to cause the large scatprimarily on the assumption of a constant volume-average
ter in Fig. 9. Firstly, when the vortex becomes elongated,NAT particle formation rate in each of the four winters. We
the actual closed-flow area can be significantly smaller (orhave assumed that some process, as yet unidentified, gener-
larger) than predicted by assuming circular geometry. Thisates low number concentrations of NAT particles throughout
introduces scatter in the plot. Secondly, as we have seen, thihe NAT supersaturated region. The constant NAT formation
fraction of NAT area which has closed-flow can vary in com- rate that we have used produces particle number densities
plicated ways in the vertical, hence a straightforward meann good agreement with observations over a 2 month period
in the vertical adds further scatter. Thirdly, the timescale ofduring winter 2000 (Carslaw et al., 2002). This good agree-
dynamical changes in the vortex is similar to the timescale ofment suggests that much of the variability in particle pop-
changes in particle sizes and number concentrations. It takeslations (and hence denitrification) might be controlled by
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the subsequent vortex-scale evolution of particles after forther investigations are required to test these model simula-
mation, rather than just by the nucleation rate. Particle evotions against observations during past and future Arctic win-
lution is well treated in our model, being controlled largely ters.

by the variable dynamic structure of the polar vortex, NAT

area location, etc. These processes alone give rise to a large . . ) ) .

degree of variability in particle populations and denitrifica- ~PPendix A: Particle growth in the microphysical model

tion rate in different winters, and even within a single winter. Particle arowth is calculated in the microphvsical model as in
An example of this was described in Sect. 4.1. Any meteoro- 9 phy

logically induced variation in nucleation rate will add to this C_a}rslaw etal. (2002? Eyhcomparlng the ambient HN@r-
variability. tial pressurepyno, With the saturation HN@vapour pres-

NAT .
Although our volume-average formation mechanism pro-Sure over NAT o,

duces good agreement with particle concentrations and sizeg, ¢

wherever these were observed, it should be noted that it alsgy, = 7 (2)

produces particles where none were observed. Further com-

parisons with observations of the type undertaken by Carslaw G = ( PHNO; — p”ﬁ-{%) ) (3)

et al. (2002) need to be undertaken to see whether an alterna- PNAT RT

tive particle formation mechanism can significantly improve The modified diffusion coefficienlr);f'NO3 is given by

on the simple scheme we have so far used. Such comparisons

should also be extended to winters other than 1999/2000 irb* _ Drinog (4)

light of the uniqueness of this winter identified here. HNGs ™ 1+ 4Dpno,/ (THNOT)

An analysis of Arctic vortex concentricity for 10 winters . e - o
(1984/85 to 1993/94) by Pawson et al. (1995) shows that'"€"€HNo, IS the diffusion coefficient of HN@in air and

highly concentric vortices occur for at least a short periochNo3 is the mean molecular speed. The expression of Han-
in most cold winters, although not always synchronous with>°" and Mauersberger (1988) is used to Calcqj%ﬁ%a'

the lowest temperatures. During this 10 year period, 1988/89

and 1989/90 stand out as pOtentiaIIy vulnerable to denitriﬁ-AppendiX B: Calculation of height_resohled denitrifica-
cation similar to that observed in 1999/2000, since they hadijon rate

long periods of low temperatures with a concentric vortex.

Indeed, Fahey et al. (1990) observed significant denitrifica-The height-resolved rate of denitrification in each grid box is
tion of the Arctic in February 1989. Examination of the Paw- calculated as the difference in mass flux of NAT falling into
son et al. (1995) analyses and inclusion of more recent obseand out of that grid box. The NAT mass flux is first calculated
vations suggests that optimum conditions for intense Arcticin each grid box as the sum over all particles of mast
denitrification occur about 3 times per decade. It would bethe grid box multiplied by their fall velocity /.

interesting to investigate what meteorological conditions are

*
Diino, MNaT

i _ 4

likely to produce prolopged cold closed-flow. In a quure, m(r) = ~7oNaTrS (5)

colder stratosphere for instance, would a cold concentric vor- 3

tex be more likely to occur? It should also be noted that a 2 c

prolonged concentric vortex may, conversely, lead to reducedv ¢ (r, T, p) = (%) r? (6)
v

ozone loss since the proportion of the vortex which receives
sunlight is likely to be reduced. A cold concentric vortex in
early and mid-winter causing widespread denitrification and
a more disturbed vortex later in the winter may be optimum
for ozone loss. A —1.1r
Finally, we have defined a quantity which we call the Cc =1+ - [1257"‘ 0.4 exp(Tﬂ ; (7
“closed-flow area” that is a good indicator of likely denitri-
fication. The closed-flow area, or fraction of the NAT area where A is the mean free path of HNOmolecules. The
in which air parcels form closed loops, captures simultane-volume-averaged mass flux of NAFnar in kgm—2s~1 in
ously the sensitivity of modelled denitrification to NAT area each grid box is then found by dividing the grid box mass
and NAT area-vortex concentricity. Our calculations show fluxes by the grid box volume. This volume-averaged flux
that the denitrification rate increases substantially as soon asan also be converted into units of molecules of HNGT 3
some of the NAT area contains air in closed-flow. km day ! to compare with the values quoted in Northway et
Our simulations demonstrate that previous cold Arctic al. (2002b) by multiplying by Avogadro’s constant and divid-
winters were susceptible to denitrification by low number ing by the molecular weight of NAT (see Sect. 3). A volume-
concentrations of NAT particles. We have also identified me-averaged mass flukyar over all grid boxes which contain
teorological factors that control the denitrification rate. Fur- particles is then calculated at eatlevel.

where pnat is the NAT crystal mass densitg 1.6 x 10°
kgm~3, Cc is the Cunningham slip correction factor,
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cal modelling of the 1999-2000 Arctic winter: 1. Polar strato-

amM spheric clouds, denitrification, and dehydration, J. Geophys.
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