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Abstract. Here we present a concise and efficient algorithm1 Introduction

to mimic the growth and sedimentation of Nitric Acid Tri-

hydate (NAT) particles in the polar vortex in a state-of-the- Shortly after the discovery of the ozone hole in the mid
art 3D chemistry transport model. The particle growth and1980’s, it was recognized that denitrification (i.e. the uptake
sedimentation are calculated using the microphysical formu-and subsequent sedimentation of Hj\@ithin Polar Strato-
lation of Carslaw et al. (2002). Once formed, NAT particles spheric Clouds, PSC’s) both increases and prolongs strato-
are transported in the model as tracers in the form of sizespheric ozone loss (Crutzen and Arnold, 1986; Fahey et al.,
segregated quantities or size bins. Two different approache$989; Fahey et al., 1990). Although this process is more
were adopted for this purpose: one assuming a fixed partiprevalent and intense in the Antarctic winter stratosphere,
cle number density (“FixedDens”) and the other assuming aas a consequence of lower temperatures, Shine et al. (2003)
discrete set of particle diameter values (“FixedRad”). Simu-have conducted a recent comparison of stratospheric temper-
lations were performed for three separate 10-day periods durature changes and found that one possible outcome is that a
ing the 1999-2000 Arctic winter and compared to the resultsfuture cooling could occur in the Arctic which would result in

of an existing Lagrangian model study, which uses similaran increase in the importance of denitrification in the Arctic
microphysics in a computationally more expensive methodwinter stratosphere. Moreover,during the last decade, obser-
for the simulation of NAT particle growth. The resulting vational evidence of this vertical redistribution of HN@
particle sizes for both our approaches compare favourablyhe Arctic stratosphere has also been found (e.g. Fahey et al.,
at 430 K with those obtained from this previous model study, 1990; Sugita et al., 1998; Waibel et al., 1999), where it has
and also in-situ observations related to the size of large NATheen shown that such a redistribution can lead to an increase
particles. The particle growth is faster for “FixedDens” re- in Arctic ozone loss (Rex et al., 1997; Waibel et al., 1999).
sulting in a difference in (de)nitrification by a factor of More recently, during the Arctic winter of 1999/2000,

2 for all three simulation periods. Comparisons were madeyhich is one of the coldest currently on record (Manney
with a standard equilibrium approach and the differences ingng sabutis, 2000), both extensive nitrification (Koike et
the redistribution of HN@were found to be substantial. For a1, 2002) and denitrification (Popp et al., 2001; Santee et
both approaches the performance of the algorithm is ratheg|. 2000; Kleintohl et al., 2003) were observed. Again,
insensitive to both the number of size bins and the shape ofarge 0zone loss was also derived for this winter using both
the size distribution, and show a weak dependence on theyodel experiments (Sinnhuber et al., 2000) and in-situ ob-
prescribed total particle number density during the coldesiservations of ozone (Richard et al., 2001). Model results at-
period. This results in an increase of 7% for the “FixedRad" triputed 21-30% of ozone loss at the 460K potential tem-
approach and 17% for the “FixedDens” approach when in-perature level to denitrification (Davies et al., 2003). The
creasing the total particle number density by a factor of 2.5. presence of large HN§containing particles was recorded
directly by means of NQmeasurements on board the NASA
ER-2 aircraft (Northway et al., 2002a) and aerosol extinction
measurements by the SAGE Il satellite (Poole et al., 2003).
The Multiangle Aerosol Spectrometer Probe (MASP) instru-
Correspondence tdvliranda van den Broek ment took in-situ samples of large PSC particles (Fahey et
(M.van.den.Broek@sron.nl) al., 2001; Brooks et al., 2003). These particles ranged from
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2-22um in diameter, with a bi-modal distribution. Since troducing a computationally inexpensive algorithm designed
the sedimentation of large particlesg um radius) is signifi-  for use in CTM's, describing nonequilibrium growth, sedi-
cantly faster than that of small particles, the presence of largenentation of NAT particles and subsequent transport of the
particles increases the rate at which HN®redistributed. size-segregated particles as chemical tracers, following the
To date, atmospheric models have typically described denparameterization developed by Carslaw et al. (2002). We
itrification using a rather simplified approach. For instance,will show consistent results from two different approaches
most chemistry transport models (CTM'’s) neglect to include describing growth and transport of NAT, which both yield
PSC particles as transported species. Instead, a constargalistic HNG; redistribution, NAT particle sizes and parti-
or equilibrium PSC particle size and number density arecle number densities. In Sect. 2, the CTM and the algorithms
prescribed during the model runs (e.g. Chipperfield, 1999;or both approaches are described. Sect. 3 shows the results
Koike et al., 2002). Several of these model studies havan comparison to observations and other model studies. Sev-
concluded that such a simple parameterization of denitri-eral sensitivity studies are carried out and described in Sect. 4
fication maybe inadequate for modelling Arctic wintertime and, finally, the discussion and conclusions are presented in
ozone loss (Kleinbhl et al., 2003; Sinnhuber et al., 2000). Sect. 5.
Therefore, agreement between model results and observa-
tions may simply be fortuitous. For instance, Koike et
al. (2002) were able to represent N@easurements dur- e
ing the 1999/2000 winter with a CTM using an average NAT 2 Model description
particle radius of ium and fixed particle number density of
5x10~3cm3. Although this radius falls within the range of 2.1 The TM5 model
observed radii for large particles, the particle number den-
sity was overestimated by a factor 620 (c.f. Fahey et For our purpose we use the recently developed global three-
al., 2001). Thus, the finding that large NAT patrticles ex- dimensional transport model, version 5 (TM5). This model
ist with correspondingly low particle number densities hashas been used previously for several studies of both the tro-
introduced a strong constraint regarding the description ofposphere (e.g. Krol et al., 2004, Krol et al., 2003) and strato-
NAT particles in atmospheric models. A proper description sphere (van den Broek et al., 2003). It has been developed by
of NAT patrticles is essential to modelled ozone loss in a cool-modification of the existing TM3 model, which has also been
ing stratospheric climate. It has been demonstrated that curdsed for a number of stratospheric chemistry and transport
rent CTM’s significantly underestimate the temperature senstudies (van den Broek et al., 2000; Bregman et al., 2000;
sitivity of ozone loss during the last two decades (Rex et al.,.Bregman et al., 2001). The main improvement is the inclu-
2004). This partly reflects shortcomings in NAT represen-sion of a zooming algorithm and the vertical extension of the
tation in global chemistry climate or transport models. Cer-model domain up to 0.2 hPa, with a higher vertical resolution.
tain non-equilibrium model studies have been carried out forin this study we apply a%latitude by 3 longitude horizon-
the same winter. For example, Jensen et al. (2002) used al resolution for all model runs. The transport of tracers in
D model simulations of NAT growth and transport. They TMS5 is driven by six-hourly forecast fields for temperature,
tested the sensitivity of the model results towards a num-surface pressure, wind, humidity and convective mass flux
ber of input parameters, of which the lifetime of the NAT taken from the European Centre for Medium-Range Weather
cloud was found to be the most important. The first 3-D Forecasts (ECMWF) operational data. The method to cal-
model study to include non-equilibrium growth and simul- culate mass fluxes from ECMWF winds has recently been
taneous sedimentation of NAT particles was that of Carslawimproved (Bregman et al., 2003). We used a 33-layer sub-
et al. (2002), where a Lagrangian microphysical algorithmset of the 60 layer fields that are taken into account in the
was coupled to the SLIMCAT CTM for particle transport. ECMWF model, with a reduced number of levels in the tro-
This study was unique in that the authors were able to reppospheric boundary layer and above 70 hPa. Near the surface
resent the radii of the large particles measured by Fahey ehe model levels are defined as terrain following sigma coor-
al. (2001). This algorithm was also used in combination dinates whereas the layers above 100 hPa are defined at pres-
with the CTM to simulate the entire 1999/2000 winter and sure surfaces. A hybrid of the two is used between the lower
yielded results for denitrification that were consistent with troposphere and the lower stratosphere. The mass flux advec-
observations (Mann et al., 2003). One disadvantage of ustion scheme contains first order slopes (Russell and Lerner,
ing a Lagrangian method for simulating NAT particles is that 1981) or second-order moments (Prather, 1986). A model
the algorithm is prohibitively expensive for multiple year or time step of 1800s is applied, resulting in dynamical and
long-term climate runs when using CTM’'s or GCM’s (Gen- chemical time steps of 900s. In contrast to previous model
eral Circulation Models). Therefore, the development of aconfigurations of TM3 and TM5 no reduced grid is applied
concise, computationally efficient method, which transportsin the polar region. Instead, the time step in the advection
NAT mass according to size, is required but has yet to bescheme is decreased iteratively to prevent violation of the
developed. In this paper we aim to address this issue by inCourant Friedrichs-Lewy (CFL) condition (Bregman et al.,
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2004Y). To focus solely on the redistribution of HN@nd

performance of the NAT algorithm in this theoretical study glrélsfuf;remgitﬁoan;?nat ®

no gas phase chemistry was active for any of the runs. This[ rrn 2tiniial conditons

allows us to compare the results with those of Carslaw et| ™s No* \

al. (2002). Nitric Acid Dihydrate (NAD) is not accounted for t NAT I AT growth s calculated

as it is thought to result in a small effect in terms of NO - "Stsizeb‘"> YES [ each size bin W
redistribution when temperatures fluctuate around 190 K due YES ©)

to the associated higher HN@quilibrium pressure (Jensen oo
et al., 2002). For the Arctic vortex, the coldest temperatures over the size
typically only fall to the values needed for NAD formation ©)
for a few days, therefore NAD particles never grow to ap- w l
preciable sizes and thus do not sediment. No supercooled from NAT mass
ternary solution (STS) is included as to avoid the transport of T tion is adapted
additional tracers (i.e. $80O4 and liquid aerosol). The ini- _ l @)
tial profiles used for HN@and HO were set at 8 ppbv and ey — _

5 ppmv, respectively, for the entire column in all runs, simi- [ "¢ T e | T ey
lar to those used for the Lagrangian study by Carslaw et al., @ ® tom NAT”"“S@
2002. This [HNQ] in the stratosphere is based on extensive

measurements (Kleirilhl et al., 2003) and considered to be

a lower limit for the average stratospheric [HilQvailable. Fig. 1. Schematic diagram for the calculation of growth and sedi-
mentation of NAT particles using the “FixedRad” and “FixedDens”

2.2 The algorithm for NAT growth and sedimentation algorithms. Thg black tgxt indicates the general approach,. whereas
the red text indicates differences between approaches “FixedRad”

The key aspect of our algorithm is the calculation of NAT and “FixedDens”. See Sect. 2.2 for more details.

particle growth in combination with the transport of NAT as e introduce an approach that assumes a fixggper size

tracers that are segregated by size. This is done by distribulyin (hereafter referred to as “FixedDens”). Secondly, we in-

ing the NAT particles between a number of size bins. Theyoduce an approach that assumes that each particle that re-

particle number density per size bim(n, cm™3) and parti-  sides in a specific size bin has the average radius for that size

cle radius £, m) define the NAT mass according to Egs. (1) pin (hereafter referred to as “FixedRad”). In contrast to these

and (2): two nonequilibrium approaches, we also discuss the equi-
[NAT] librium approach, which is adopted by most previous model
mp == (1) studies (e.g. Koike et al., 2002).
I

The process of NAT particle growth and sedimentation
where [NAT] is the concentration of NAT (g cm), andm within TM5 is clarified in the schematic given in Fig. 1. Any
is the mass (g particié) differences that occur between “FixedDens” and “FixedRad”
are denoted in red. These differences are described in more
(2) detail in Sects. 2.3 and 2.4. The schedule is valid for each

m 3
B M

 pnar AT model grid box in which temperature is low enough for the
wherepnar is the density of NAT=1.62610° gm~3 (Drdla presence of NAT. Both approaches describe the formation of
etal., 1993). ' NAT, particle growth/evaporation, particle sedimentation and

To implement the exact calculation of the NAT properties the particle size spectrL_Jm_m an identical manner. NAT par-
within an Eulerian model, the advection of another modeltICIes are allowed to exist in the model only when tempera-

property, besides mass, would be required, e.g. the NATUre =200 K and latitude-50° N. After initialization of the
number ’density This would however result in a double M0del, fresh formation of NAT particles only occurs if the

amount of tracers, thereby dramatically decreasing the modd{"St SiZ€ bin is empty. o _
efficiency. Furthermore, the separate transport of two quan- " M0St CTM's, NAT formation is assumed to occur either
tities that are linked to each other, but are allowed to have®" i€ Particles (e.g. Kleirdhl et al., 2003) or at supersatu-
different model gradients, will give severe numerical prob- fation of the surrounding HN§containing air with respect

lems during advection. For example, a number density ofi® NAT, usually by a factor of 10 (e.g. Koike et al., 2002).
NAT could exist in a model grid box while no mass of NAT The exact formation mechanism of NAT has still not yet been
is present. Therefore, we have only included the transport ofullY €lucidated from the detailed microphysical studies that
NAT mass while assumptions are made regarding the partici@@ve been performed, meaning there is still some debate re-

number density per size bingjn) or the radius«). Firstly, ~ 92rding NAT formation (Drdla, 2003; Knopf et al., 2002;
Tabazadeh et al., 2003). For this reason we adopt a sim-

manuscript in preparation ple approach where, in the base run of our model, particles

1
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initially form in the first size bin with a radius of 0/Am and fect, we chosepjn so that the total number density summed
a particle number density of 5.%#30 °cm™2 (process 1 in  across all bins is in close agreement with observed values of
Fig. 1) when the temperature is below the NAT equilibrium large particles (Fahey et al.,2001) after a 10-day simulation.
temperaturdyar (Hanson and Mauersberger, 1988). Both a The effect of these assumptions have been investigated using
doubling of the initial radius and enlarging the threshold for several sensitivity studies and the findings are discussed in
NAT formation by assuming a super saturation by a factor ofSect. 4.
10, made no significant change to our results (not shown).

The growth and evaporation of NAT is calculated using 2.4 The “FixedRad” approach
the algorithm adopted from Carslaw et al. (2002) (process 2
in Fig. 1). Before implementation of this algorithm into a 3D In this second approach thein of each size bin is calculated
model run, we first tested the formulation using a box modelusing the transported particle mass together with Egs. (1) and
and successfully reproduced the particle sizes and sedimerf2). Here, we assume that the NAT particle raditisgguals
tation rates for NAT (not shown) as those shown in Carslawthe average radius of each respective size bin. To allow the
et al. (2002). An assumption we make is that the calculatiortransfer of particles between size binsiam threshold is re-
of growth across all size bins starts with the smallest size binquired, otherwise an explosion of small particles occurs as
After growth, the NAT particles are re-binned across the sizea consequence of resettingequal to the average bin radius
spectrum, meaning that the mass distribution also changest each time step. The time step required to solve this nu-
accordingly (process 3 in Fig. 1). The assumptions used remerical problem would have to be unrealistically small . Par-
garding the calculation of andny, from the NAT mass are ticle growth and sedimentation are calculated in an identi-
different in both methods and are explained in more detailcal manner as for the “FixedDens” approach. After growth,
in Sects. 2.3 and 2.4, below. After the re-binning step, aany Ar is immediately converted into an increase:ifj, us-
stoichiometricA[HNO3], is calculated according to the in- ing the associated increase in NAT mass (see Eqn. 2). If the
crease or decrease of NAT in each grid box (process 4 irre-calculated:yin exceeds thepin threshold for any partic-
Fig. 1). Since botlr andnpin are needed for the calculation ular size bin then the excessgi, is transferred (as mass) to
of the sedimentation rate, differences occur between both apghe next size bin. During this step mass is conserved, lead-
proaches (process 5 in Fig. 1), before sedimentation is deing to an instantaneous reduction in the transfemgglas a
scribed (process 6 in Fig. 1). Numerical diffusion due to ver- consequence of the instantaneous increasevhich is set
tical layering is limited by applying first-order slopes(Russell equal to the bin average. This continues until the NAT par-
and Lerner, 1981) to the sedimentation calculation. The calticulate mass resides across the entire size bin spectrum. An
culation of NAT growth and sedimentation is followed by advantage of this approach is that a realistic size distribution,
the advective transport of all tracers, i.e. HiN&nhd the NAT  with npin changing per size bin, may be introduced into the
mass per size bin (process 7 in Fig. 1). After this advectivescheme. In the “FixedDens” scheme this would introduce a
transport of the modelled species the NAT growth subroutinefluctuation in the number of particles during transfer across
starts again with the calculation of eithe¢‘FixedDens”) or  the size bins, either introducing a mass inconsistency or an
npin (“FixedRad") from the transported NAT mass (process 8 artificial change of the radius. Moreover, only a fraction of

in Fig. 1). the particles resident within one size bin need to move to the
next size bin upon particle growth. However, an associated
2.3 The “FixedDens” approach disadvantage is that the growth or evaporation of particles is

actually calculated as a changerip, instead ofr, in the

In this approachr is calculated for each respective size bin first instance, introducing some diffusivity in the size spec-
from the transported particle mass and the constamt  trum. Whereas they, thresholds move the particles up-
value, by using Egs. (1) and (2). This means that we needvard to the next size bin during a period of growth, continual
to assume thatpin remains constant for each size bin acrossevaporation would result in a very smalhi, value, which
the entire size bin spectrum after the initial formation of NAT essentially indicates the emptying of the size bin. Combined
particles. All particles within the same size bin are assumedyith the advective transport of particles, the result ofithg
to grow or evaporate by the same amount. After NAT growth, thresholds is that not all size bins are at #ag limit at any
re-binning of the particles occursAfr is large enough forthe  one time and location, which is more realistic than the as-
size bin limit to be exceeded. During this process, the massumption of constanty, in the “FixedDens” method. The
of NAT is conserved. assumption that the radius of resident NAT particles in any

A drawback of this method is that a constant size distri- size bin equals the average radius of that size bin has some
bution is applied, whereas in reality the size distribution will influence on the particle growth. Depending on whethgy
change during the growth and evaporation of the NAT parti-represents a NAT mass above or below the averagesmall
cles. Since the radiusis related tonpi, through the parti-  over- or underestimation of growth may occur. Several sen-
cle mass (Egs. 1 and 2), an underestimaigglmay lead to  sitivity studies to assess the impact of these assumptions are
an overestimation of, or the reverse. To diminish this ef- discussed in Sect. 3.

Atmos. Chem. Phys., 4, 1869-1883, 2004 www.atmos-chem-phys.org/acp/4/1869/
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20O T A T T T e Table 1. Prescribed radii size limits, average radius, size bin par-
ticle density fpin) and number concentrations used for the base
run. Values are given for each respective bin. Within the “Fixed-

I R | { Dens” approachgypy, is fixed, whereas the “FixedRad” approach
I : "9;380': K C uses them to set mass thresholds for each bin (see Sect. 2.4). Simu-
1951 TR T lations were performed for all chosen time intervals (see Sect. 3.1)
. ' using each approach.
L T=193 K 0 0 L 4L 7
o Size bin number 1 2 3 4 5
% 190 - p=475 K | Minimum r (m) 0 0.2 2 6 12
§ P e Maximumr (um) 0.2 2 6 12 25
- Averager (um) 01 11 4 9 185
Number density per
L P size bin (105 cm™3) 575 575 575 575 575
185 S B S Number concentration
* SR B (R T (105em3umtradius) 2875 3.194 14375 0.958 0.442
e instruments (Fahey et al., 2001; Brooks et al., 2003) and also
days from January allow us to make a direct comparison with the results of a

Lagrangian modelling study of NAT formation for identical
eriods (Carslaw et al., 2002). Figure 2 depicts the minimum
femperatures from the ECMWEF 6-h forecast fields at two po-
tential temperature levels, 380K and 475K, during this win-
ter. From there it can be seen that the minimum temperature
at 475K is continuously below 193 K, which approximately
2.5 Equilibrium approach equals Far, during the first two simulation periods. The first
period, 10-20 January, experienced the coldest stratospheric
To date, CTM models have adopted a simplified way to pa-temperatures of all the three chosen intervals With191 K
rameterize denitrification. Typically, a constardndnp;, of throughout the period at 475 K.
NAT are prescribed (Chipperfield et al., 1999; Koike et al.,
2001), or alternatively, calculated assuming an equilibrium3.2 The base run
particle size (Sinnhuber et al., 2000; Davies et al., 2003). In
all these studies, NAT mass is not transported and it is deterA base run was defined to allow a direct comparison to be
mined at each time step whether NAT formation is possible.made between the two methods introduced in Sects. 2.3 and
This is in strong contrast to the nonequilibrium methods in-2.4. During this run NAT was formed at the NAT equilib-
troduced above, which allow the NAT particles to grow and rium temperature (Hanson and Mauersberger, 1988) with an
be transported within a fixed number of size bins. initial radius of 0.1um. Once formed, no selection crite-
To allow a direct comparison to be made between all theria were used during the growth of particles meaning that
methods discussed here, we performed two model runs usingll particles in a specific size bin grow by the same extent
such a simplified approach, which we refer to as the equilib-during a particular time-step. In total 5 size bins were de-
rium approach. fined with the thresholds used for each size bin being shown
in Table 1. The minimum, maximum and average&al-
ues,along with the number concentrations assumed for each

Fig. 2. Minimum temperatures in the ECMWF 6-h forecasts on the
380K and 475K potential temperature levels during January an
February 2000. The three integration periods are indicated with th
shaded areas.

3 Description of the model runs bin, are also given for both methods. Initial tests implied
that this number of bins equalled the minimum number of
3.1 Simulation period tracers needed to achieve a reasonable amount of reparti-

tioning of HNOs.The npin values for each bin were chosen
Model runs were carried for three separate 10-day time intersuch that the permissible sum of the particle number con-
vals during the 1999/2000 winter period, these being 10—2Qentrations for particle sizes pk10uxm could never exceed
January, 24 January—3 February and 16—26 February, respe2-3x10~*cm~3, which is in line with the number densities
tively. The end dates of these periods coincide with the NAT of large particles observed by Fahey et al. (2001) during the
particle observations made by the NOAA N@nd MASP  same Arctic winter. This meant a maximum particle number

www.atmos-chem-phys.org/acp/4/1869/ Atmos. Chem. Phys., 4, 1869-1883, 2004
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Table 2. Definition of the sensitivity runs conducted regarding the number of size bins, the total particle number density at the end of the
simulation, the particle number concentrations in each/gip), and the initial diameter.

Definition of No. size Total particle Number density Initial
the model run bins number density per size i diameter im)
(1x10~%cm™3)  (1x10°partscnr3)
I Base 5 2.3 5.75 0.2
I Equilibrium a. 0 2.3 N/A 145
b. 0 2.3 N/A 8.0
Il Number density 5 0.4-4 1-10 0.2
IV Number of bins 5-18 23 1.60-5.75 0.2
(see Figs. 3a—3d)
\% Size spectrum 7 2.3 Varying 0.2
(see Fig. 3e)

density of 5.7510~° cm~3 could exist for any of the first4 4 Results

size bins. For NAT particles with>10um the fifth bin was

introduced to ensure model stability (i.e. to account for any4.1 The base run
overflow from the 4th bin). For a comprehensive descrip- ] )
tion of how thenpi, values are used in each approach the4-1.1 Particle sizes

reader is referred to Sects. 2.3 and 2.4 above.The black Iinle:. 4 deshowth di idb
in Fig. 3a shows the maximal size distribution allowable in igures 4a, c and e show the average diameter perg‘r‘| Doxon
the base run. the6=430K level after a 10-day model run using the “Fixed-

Dens” approach for 20 January, 3 February and 26 February,
respectively. We have chosen this format so that direct com-
parisons can be made with similar figures shown by Carslaw
et al. (2002) for the same periods. Here, the average diame-
ter (@) is obtained by weighting the diameter of particles that

To investigate the stability, performance and constraints of€Side in each respective size bin with the mass fraction of
both approaches, a series of sensitivity tests were performetptal NAT (hereafter referred to as [NAB)) present in each
and the resulting denitrification was examined. All sensi- Size€ bin according to Eq. (3):
tivity studies were performed for the first 10-day interval _ nenot - [NAT]n

of 10-20 January 2000, where the unusually low temperad = anl dy - NAT T’
tures ensured the existence of NAT particles in the model for [NAT ot
the entire simulation period. The sensitivity studies can bewheren= the size bin number ang; is the total size bin
grouped into four main categories: (i) comparison againstnumber.

an equilibrium model which neglects NAT growth and trans-  The largest particles form during the first period, where the
port, (ii) the influence of theypi, limit, (iii) the influence of  minimum vortex temperature is continuously below 191 K at
the number of size bins (and thus tracers) and (iv) the influ-9=475K (see Fig. 2). The maximum values obtained for
ence of differently shaped size spectra. Details regarding théhe first period in the “FixedDens” run range from 18+28,
constraints of the sensitivity runs are given in Table 2 be-which is comparable to the maximum particle diameter mea-
low, while the related maximum possible size distributions sured by the MASP instrument-@0m) on the same day
are shown in Fig. 3. Figure 3a shows the maximum possibleat approximately the same altitude (Fahey et al., 2001). The
size distribution of the base run (black line) plus those usedmodel results of Carslaw et al. (2002),which were obtained
for the sensitivity tests with higher (blue) and lower (red) to- by applying the same growth/sedimentation algorithm in a
tal number densities, which are discussed in Sect. 4.2.2. Theagrangian model, show somewhat smaller particle sizes,
maximum permissible size distributions for the runs with 7, with a maximum diameter of 16—18n at betwee®=420—

10 and 18 size bins are shown in Figs. 3b—d, respectively, and40K (c.f. Fig. 2 in Carslaw et al., 2002). It should be noted
their results are discussed in Sect. 4.2.3. Figures 3e—g shothat the particle number concentrations at thigevel are

the differently shaped maximum size distributions, wherelower than those obtained by Carslaw et al. (2002>50%
each uses 7 bins and the maximum possible total numbeacross the entire size spectrum as a consequence of fixing
density equals 2:310~* cm~3 for r <10m, identical to the  the particle number density for each size bin in the “Fixed-
base run. The subsequent results are discussed in Sect. 4.23ens” approach (c.f. Fig. 3 in Carslaw et al., 2002). This has

3.3 Sensitivity studies

®3)
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Fig. 3. Plots of particle number concentration (chy.m~1) versus particle diameteg.(n) for all sensitivity runs performed for the “Fixed-

Dens” and “FixedRad” approachesi) base run (black), with the higher (bluex20~% cm~3) and lower (red, 410~° cm™3) total number

density spectra overlaigb) 7 bins,(c) 10 bins,(d) 18 bins,(e) and(f) 7 bin model run with differently shaped size distributions: negative

(blue) and positive slope (red) and observed (by Fahey et al., 2001) distribution (green) (see Sect. 4.2.2 for more details). The total number
density for runs (b—g) was similar as for the base run.
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a. "FixDens", 2000-01-20 b, "FixRad", 2000-01-20 value 0.4um larger than the corresponding “FixedDens” run
PR - T (c.f. Figs. 4c with d). Moreover, for the third period the dif-
T : T TR A ference ind is even larger, with the “FixedRad” approach ex-
ceeding the “FixedDens” by (8n (c.f. Figs. 4e with f). The
integrated area over which large NAT particles are present
is generally larger for the “FixedRad” runs compared to the
“FixedDens” runs. However, even though larger particles ex-
ist over a wider area, the actual number of such particles can
be rather small (e.g. the mass of the second largest particles,
NAT tracer number 4, is between 0-100 pptv at pressures
<30hPa). In fact during the analysis of the data a filter was
applied to Eq. (3) to avoid including extremely small (NAT)
concentrations. When the NAT total number density was less
than 5¢10~° cm~2 the data were effectively ignored. Three
separate effects are responsible for the observed differences
between both approaches. For the first period the differences
originate mostly from the particle size discretization which
occurs in the “FixedRad” approach. During cold periods,
where strong particle growth occurs, the radius is artificially
reduced towards the average bin radius at the start of each
time-step (i.e. the rate of particle growth is slowed) whereas
for the “FixedDens” approach any increase in radius is pre-
served between time-steps. This results in larger particles
occuring for the “FixedDens” approach after 10 days of sim-
ulation. [JEW: The second effect is more important for the
second and third periods, where the temperatures fluctuate
around the NAT formation temperature, thus evaporation of
NAT mass occurs for selected days. In the "FixedDens” ap-
Fig. 4. Grid box average NAT particle diameterarf)) on the  Proach, this evaporation manifests itself as a reduction in the
0=430K level, after 10-day simulations with the end dates 20 Jan-Siz€ of all particles in each respective size bin, resulting in
uary, 3 February and 26 February, using both the “FixedDens"a lowerd value. For "FixedRad" ,the loss of NAT mass re-
and the “FixedRad” approaches. A comparable figure is shown bysults in lowempi, values across the entire range of size bins.
Carslaw et al. (2002, Fig. 2), who applied a Lagrangian model of This results in a smaller decrease in thealues. The third
NAT growth and transport for identical periods. effect, which is the effect of atmospheric mixing processes,
accentuates such changesain both approaches for sim-
ilar reasons. The particle transport results in a dilution of
consequences regarding the growth rate of the NAT particleshe NAT mass between time-steps which affectssifg for
(see Sect. 4.2.2.). For the other simulation periods, which ex“FixedRad” and- for “FixedDens”, as governed by their def-
perienced higher temperatures and thus less NAT formationinitions. The cumulative effect of all three influences results
the maximumd values are smaller than those obtained in thein larger NAT patrticle sizes for “FixedRad” on the second
first period by 1-xm. This results in a larger absolute dif- and third end dates.
ference with Carslaw et al. (2002) when comparing particle Figures 5a and b show the development of the lardest
diameter sizes for the respective end dates, 3 and 26 Febryalues in the vortex over the entire 10-day simulation pe-
ary. These differences in maximufrusing the “FixedDens”  riod between 10-20 January 2000 for both approaches, with
approach and those obtained by Carslaw et al. (2002) we feeh;=12h. By analysing the results in this way such plots
are acceptable, considering the difference in the treatment dighlight the growth rate and sedimentation of the largest
particle transport and the large uncertainties associated WitlNAT particles with respect to time. The plot starts 12 h af-
both the particle number density and size distribution. ter initialization of the model. Within two days, maximum
Figures 4b, d and f show the corresponding plots of theparticle sizes between 10—Ln diameter are reached at a
d values when using the “FixedRad” approach for identi- pressure level of 25 hPa. This is comparable with the findings
cal dates. For the first interval is somewhat smaller than from the box model by Carslaw et al. (2002), who calculate
that obtained for the “FixedDens” run, with the maximdm  particles with a diameter of 1@m after 2 days, starting at
being~18um. However, the difference in maximushin- the same altitude and HNQOmixing ratio, with a tempera-
verses between the two approaches for the second simulatidmre of 188 K. The coinciding lowest atmospheric tempera-
period, with the “FixedRad” approach having a maximdm ture during the first two days of our runs is somewhat lower,

Atmos. Chem. Phys., 4, 1869-1883, 2004 www.atmos-chem-phys.org/acp/4/1869/



M .M. P. van den Broek et al.: Implementing NAT particles in a global Eulerian model 1877

a "Fi>$Dens", NAT diame}er 10_20‘ Jan 2000 Average diameter [um] at 80 degrees N
"FixDens" "FixRad"
10, .
g
< 2
= B
Ay 5
= a
= Q4
[5) o
-
3
% 70 um
& 24 100 1 r
22 26|
20 299, 20000120 ) ) 2414, 2000-01-20
22
18 10
I T N B 16 20
12 14 16 18 20
14 T 20 18
Day of the year 2000 z
12 ) 16
>
b. "FixRad", NAT diameter, 10-20 Jan 2000 10 g4 14
T T T T 8 [-% 12
70
6 L | =ho
100 1
4 8
<
A 2 200]b. 2000-02-03 ® le.200002.03
= 0.2 10 : : . 4
[
= 2
w)
5] 20 2
= —
[aW) &
=
£ 40
g
< 70
100 B s |
Day of the year 2000 2000 5000-02-26 . 20000226

\ -
-100 0 100 -100 0 100
longitude longitude

Fig. 5. Vertical cross section of the grid box average particle diam-

eterd (um). _At eagh time (12-hour intervals) and altitude du_ring Fig. 6. Vertical cross section at 8N of the grid box average NAT

the 10-day simulation between 10-20 January the vortex maximumy,aicie diameter/(m) after 10-day simulations with the end dates

4 is plotted for(a) “FixedDens” and(b) “FixedRad 20 Januarya+d), 3 February(b+e) and 26 Februaryc+f), using
both the “FixedDens” (a—c) and the “FixedRad” (d—f) approaches.

i.e. 185 K, which may explain the slightly larger particle sizes

in our runs. Extremely largei(-22m) particles are found seen that the area of large NAT particles is more extensive

at the bottom of the vortex for both approaches. However, itin the “FixedRad” approach even though the largest particle

should be noted that a constant Hj@ixing ratio of 8ppbv  size occurs for “FixedDens” (c.f. Figs. 4a and b). In line with

was applied for these simulations, which is unrealistically the Fig. 4., Fig. 6 shows that for the end dates of the second

high in the lower stratosphere. and third period larger particles occur for “FixedRad”. As
By comparing Figs. 5a and b, several striking differencesexplained above, this effect can be attributed to the different

become evident between both of the approaches. Firstly, thtreatment of NAT evaporation and atmospheric mixing be-

initial growth occurs faster for the “FixedRad” approach (e.g. tween both approaches. Further, it is interesting to note that

by the end of the second day the maximum particle diamethe base level at which NAT occurs drops with respect to the

ter at 50 hPa reaches 14—if for “FixedRad” whilst the  simulation date due to descent of air within the vortex.

corresponding value for “FixedDens” is 12—i#h) Over the

next few days, particle growth then slows down for “Fixe- 4.1.2 Denitrification

dRad” resulting in larger particle sizes for “FixedDens”. Sec-

ondly, “FixedDens” exhibits a more stratified setd¥alues  Figure 7 shows a direct comparison of the percentage change

as a consequence of the particle radii being allowed to varyn HNO3 calculated by each of our methods against equiva-

across a wider range of values. lent latitude for the three chosen simulation periods. Here,
Figure 6 clearly illustrates the differences which occur in (de)nitrification is shown on potential temperature levels,

the vertical distribution of particle sizes between both the ap-against equivalent latitude.

proaches by showing at 8 N on the end date of each cho-  The 10-20 January model run results in the greatest

sen simulation period. Comparing Figs. 6a and d it can beAHNO3 of all three chosen simulation periods, with the
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a. "FixDens", 2000-01-20 & "FixRad". 20000120 4.2 Sensitivity studies
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As discussed in Sect. 3.2, a number of prescribed model pa-
rameters were used for the base run simulation, where the
- choice of such parameters could influence performance of
=t the algorithms to describe NAT growth and transport. For
- s this reason we have tested the model sensitivity towards such
R TR T parameters to quantify the robustness of our approaches. The
_ A simulation period of 10-20 January was used exclusively for
b. "FixDens", 2000-02-03 e. "FixRad", 2000-02-03 . .
T T T T T TR this purpose due to the occurrence of large NAT particles as
1F | (& 1 described earlier. The prolonged period of low temperatures

also ensures that NAT was present throughout the entire pe-
1 1 riod, making differences between the sensitivity runs more
b D — easily discernible. For brevity we limit our discussion to the
1b T main categories as defined in Sect. 3.3. In addition, we have
g also tested several other model parameters which resulted in
negligible differences in NQre-distribution for both meth-
£ "EixRad", 2000-02-26 ods, these being: the number of vertical layers used in the
T A model; the type of advection scheme employed (first order
S or second moments); doubling the radius of the initial size
E bin, i.e. the nucleation rate; and increasing the supersatura-
] tion of HNOsz needed for NAT formation to 10. It should
o, 7 be noted that these results pertain to a chemically passive
\C version of TM5 and the sensitivity should be re-tested when
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4.2.1 mparison with th ilibrium roach
Fig. 7. The percentage (de)nitrification on potential temperature Compariso th the equilibrium approac

0 against equivalent latitude fqa+d) 20 January 2000(b+e) 3 . . S .
February 2000 anft+f) 26 February 2000. The left column shows To allow a direct Comparlsorl of the equ'“b”um method W',Fh
the results for the “FixedDens” approach, the results for the “Fixe-th€ base runs, the total particle number densities and radii for

dRad” approach are shown on the right. all NAT particles were set constant in two different runs. For
the first sensitivity run, the number density and radius were
2.3x10*cm~3 and 7.25.m, respectively, which equals the
maxima being~10 and~25% for “FixedRad” and “Fixed-  ayerage values found by Fahey et al. (2001). These sizes
Dens”, respectively (c.f. Fig. 7a and d) due to the persis-yere observed on 20 January after a persistent cold period.
tence of unusually low temperatures allowing the growth of gince the equilibrium approach assumes a constant radius,
large particles. For the second period, between 24 January—gsing the observed radius throughout the integration period
February, denitrification is somewhat lower, with the corre- may overestimate denitrification. Therefore, smaller radii
sponding maxima being5 and~10% (c.f. Figure 7band e). were assumed in the second sensitivity run, io% Again,
For the final period, between 16-26 February 2000, practiNAT formation was calculated usingikr based on the Han-
cally no (de)nitrification is predicted by both approaches, de-son and Mauersberger criterium (1988) at each model time
spite the maximurd between 12—-1fm that was calculated  step (900s). Figures 8a—d show the vertical redistribution
for the end dates (c.f. Figs. 4e, f, 6¢ and f). (De)nitrification of total HNO; at 80 N latitude across all longitudes for the
in the second and third periods also occurs at lowkvels  «FixedDens”, “FixedRad” and both equilibrium runs, respec-
compared to the first simulation period as a consequence afyely. From Fig. 7c it becomes apparent that after a 10-day
the descent of the coldest region in the vortex (see Fig. 2). simulation nearly 100% denitrification is simulated using the
For all periods, “FixedDens” results in much more equilibrium approach with large particles. This is an ex-
(de)nitrification than “FixedRad” by a factor of2. This  aggerated repartitioning, given that an estimated 20—-60% is
is due to the faster rate at which larger particle sizes occuthought to occur over the entire Arctic winter (Santee et al.,
when using the “FixedDens” approach which allows more 2000; Popp et al., 2001; Kleidbl et al., 2003). However,
repartitioning of HNQ as a result of the particles falling fur- the magnitude of the calculated denitrification is critically
ther. However, it should be noted that the limited period overdependent on the values assumed for the prescribed radius
which these simulations were performed restricts the concluand particle number density. By comparing Figs. 7c and d it
sions which maybe drawn when integrating over an entirecan be seen that a smaller radius dramatically reduces denitri-
winter. fication. Tuning these parameters may thus lead to fortuitous
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Fig. 8. HNO3 volume mixing ratio (ppbv) at 80N on 20 January  Fig. 9. De- and nitrification (%) on 20 January at°@9 equiva-

after a 10-day simulation(a) “FixDens”, (b) “FixRad” and(c—d) lent latitude, at 475 K and 380K, respectively, using different total

the Equilibrium method. number densities (see Table 2) and both approaches; “FixedDens
(dotted line) and “FixedRad” (solid line).

agreement between modelled N@rofiles and observations  of denitrification between an equilibrium and nonequilibrium
(Kleinbbhl et al., 2003; Sinnhuber et al., 2000). However, approach were also found by Mann et al. (2002) for the same
the recent observations of large NAT particles constrain thewinter.
assumptions that can be made regarding these constant pa-
rameters. 4.2.2 Total number density

Further differences between the equilibrium and nonequi-
librium approaches concern both the vertical and horizontalThe total number density of large particles (5+20 diame-
distribution of HNQs. For instance, the maximum amount of ter) as observed by Fahey et al. (2001) was3x 10~4 cm—3
denitrification is found at a higher pressure level for the equi-on 20 January. The estimated uncertainty of this measure-
librium approach {25 hPa for equilibrium compared with ment is+30% and may vary with the location inside the
~50hPa for non-equilibrium) and across a smaller longi-vortex. To test the model’s sensitivity to this parameter, the
tude range. This is a consequence of the substantial difmaximum allowable total number density was varied from
ference in particle number concentrations for the large par0.5 to 5<10~%cm~3, resulting in anpin between 0.1 and
ticles and the instantaneous production of such particles irlx10~%cm™3 per size bin, respectively. The shape of the
the equilibrium approach. For the other 10-day periods,size distributions in terms of particle number concentrations
which represent more moderate conditions in terms of tem-are depicted in Fig. 3a, with the blue, black and red line
perature, similar differences occur (not shown),with those indenoting the contraints for the high, standard and low total
the horizontal plane becoming even more marked. Thesé&umber density runs, respectively.
runs also highlight the problems introduced when selecting Figure 9 shows the resulting (de)nitrification at°®0
a single particle size for an entire winter, where the dif- equivalent latitude against the total number density for these
ferences in (de)nitrification are smallest compared with themodel runs ord levels 380K and 475K, respectively. Even
non-equilibrium approaches between the u&brun on 3 though the number density is variable within the “FixedRad”
February and 4m run on 26 February. It is encouraging to approach (i.ezpin is merely used to define a threshold instead
find that similar changes concerning the vertical distributionof a fixed number of particles) the algorithm is still sensitive
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80N eq.lat. model denitrification. Figure 10 shows the (de)nitrification at
30F ‘ ‘ 80° N equivalent latitude calculated using an increasing num-
. : ber of size bins on identical levels as those shown in Fig. 8
_ 20 ‘ ' bos80 K for both model approaches. Due to the substantial increase in
il - /“‘f\{ the redistribution of HN@ with increasing particle number
= 10 / - E density (see Sect. 4.2.2.), the total number density was kept
5 FixedRad constant throughout at 23.0~4cm~3, as prescribed in the
:ié 0 7 , FixedDens 7 base run. Since the size bin limits were not identical for each
E 6 \/\ E sensitivity run, the shape of the resulting size distributions
Q =275 Kk 1 varies depending on the number of bins used (c.f. Figs. 3a—
= 0 3 e o Y d). However, it can be seen that the size spectrum essentially
L T becomes flat once 7 or more bins are prescribed.
30k X X ‘ X ] A pronounced result is that the methods are quite robust in
6 8 10 12 14 16 18 calculated denitrification, since only small differences occur
Number of size bins when the amount of size bins is doubled. The “FixedDens”

_ o _ approach results in more (de)nitrification than the “Fixe-
Fig. 10. De- and nitrification (%) on 20 January at®@ equivalent  Raqd” approach regardless of the number of size bins used.
latitude, at 475 K and 380K, respectively, using a different number ut, remarkably, the differences in the vortex averaged val-
of size bins (see Table 2) and both approaches. The crosses mar% ' X

R ) ' ues between both approaches fall below 10% when the num-

the number of size bins in the integrations that were done. . . e - oo
ber of size bins exceeds 7. “FixedRad” is less sensitive and
only varies between 8 and 12% across the range of the cho-

to this parameter, although less so than for the “FixedDensS€n number of size bins, while the “FixedDens” denitrifica-
approach. (De)nitrification increases with increasing,  ton clearly decreases with an increasing number of size bins,

due to an associated increase in the fraction of Hiar- from '25% in the 5 bin simulation .to 15% in the ;8 bin run.
titioned into NAT. This is due to the fact that the “FixedDens” particle growth

However, the maximund value becomes lower with in- IS more sensitive to the resolution of the size spectrum (i.e.
creasingnpin (decreasing from 23,8m for 1x10-5cm3 number of bins). The full content of the size bin is moved
per bin to 18.2um for 1x10~%cm3 per bin ah=430K us-  UP OF down during either growth or evaporation, while in the
ing the “FixedDens” approach (not shown)), indicating that “FixedRad” approach the mass transport occurs only once

the growth of NAT particles is somewhat moderated by thethe thresholdupiy is exceeded. The use of more size bins,
choice ofnpin. This is due to a related increase in par- with each of them a lower number density than the size bins

ticle mass fm, ) in Eq. (2). This change is non-linear in the standard run, results in a more concise and variable

with respect taupin due to the increase in [NAF}. Inall  distribution of the mass over the size bins.
cases, the [NATg; for the “FixedDens” method exceeded ) o
that of the “FixedRad” approach by 30-40%. This increase?-2-4 The shape of the size distribution
in (de)nitrification withnpin, would eventually reach a max- . . R

imal value due to the associated reduction in the availabIeThe particle size d|str|but|orj§ measured by Fahey .et
[HNOs,)] within the vortex. The latter would result in a a!. (2_001) suggest that constraining the model with a flat size
limitation to particle growth, especially when a non-uniform d_|str|k_)L_1t|0r_1 across the entire size spectrum maybe ah over
HNOg, profile is considered. However, this situation would SIMPlification (as performed for the 7, 10, 15 and 18 bin sen-

only be reached when prescribing high number densities'=,itivity runs, c.f. I_:igs. 3b—d). T_o prov.ide further insight into
or during longer model runs. Moreover, temperature fluc-the extent to which the prescribed size spectrum has on the

tuations would also limit the extent of the (de)nitrification c;lculatio_n O; dgnitrification, we chosebto aI]Eer the s:':apeh(_)f
by introducing periods where the evaporation of particlest e permitted size spectrum in a number of ways. For this
would hinder the sedimentation. Varyimgi, from 0.25 to purpose, we have performed runs with 7 bins using three

1x10-4 cm~3 per bin, which is equivalent to halving or dou- distinctively different size distributions: one with decreas-

bling the total number density, leads to an increase in denii"9 and one with increasingpin values from bin 2 to bin 7

trification from 12 to 34% at an equivalent latitude oP0  (Créating a negative and a positive “slope”, respectively) and
and9=475 K for the “FixedDens” run, and from 5 to 15% for °N€ based on the distribution observed by Fahey et al. (2001).
the “FixedRad" run (see Fig. 8) The shapes of these size distributions are shown in Figs. 3e—f

and defined as the standard flat (black line), negative (blue),
4.2.3 The number of size bins positive (green) and observed (red) distribution, respectively.
Figures 1la and b show comparisons of the result-
To make the algorithm as efficient as possible, it is impor-ing (de)nitrification at6 levels 380 and 475K versus
tant to know how many size bins (i.e. tracers) are required taeequivalent latitude for the “FixedDens” and “FixedRad”

Atmos. Chem. Phys., 4, 1869-1883, 2004 www.atmos-chem-phys.org/acp/4/1869/



M .M. P. van den Broek et al.: Implementing NAT particles in a global Eulerian model 1881

a. "FixedDens" (de)nitrification b‘."Fixe‘dRad"‘ (de)n‘itrifica‘tion
E L L L B L I L L L L I L B

30F e 30F E

(De)nitrification [%]
(De)nitrification [%]

— Standard

—— Standard

E Neg.Slope Neg.Slope — ]
-20F — Pog.S\oge -208 — Pos.Slope =475 K E!
f—— Observed —— Observed
—-30 ; \é _30F é
S i A AR IR B P S S A AP RN AR
50 55 80 65 70 75 80 50 55 60 65 /0 /5 80
Equivalent latitude Equivalent latitude

Fig. 11. De- and nitrification (%) along equivalent latitudes, at 475 K and 380 K, respectively, depending on the shape of the size distribution
(see Figs. 3e-3f). Fdr) the “FixedDens” approach ar{td) the “FixedRad” approach the number of size bins and total number density are
fixed to seven and 2:3L0~4cm™3, respectively.

approaches, respectively. In summary it can be seen thalay periods during the Arctic winter 1999/2000, and the re-
the (de)nitrification changes by8% for both approaches sulting particle sizes and number concentrations were found
indicating that they are relatively robust with respect to theto agree favourably with those observed “in-situ” (Fahey et
prescribed shape. For the run with the observed size spe@l., 2001; Brooks et al., 2003). Comparisons made with the
trum the model became unstable using the “FixedRad” aptesults of a Lagrangian model study (Carslaw et al., 2002),
proach due to the last bin “overflowing” on the ninth day of from which the microphysical component of our algorithm
the integration. However, the amount of NAT formed be- was taken, reveals differences of between @mdfor the di-
came rather excessive R ppbv) in small regions of the vor- ameters of the largest NAT particle formed, depending on
tex (not shown) meaning that no further discussion of thisthe adopted approach (with the Eulerian model producing
run is warranted. Prescribing an observed size distributiorthe larger sizes). Considering the differences in the perfor-
has the inherent weakness that the size distribution must renance and underlying concepts of both models we feel that
main similar during the entire winter period. Unfortunately agreement withinc20% is a satisfactory result. Although the
the size distributions shown in Northway et al. (2002b) indi- results of the non-equilibrium approaches can only be tenta-
cate that the both the total number density and size distributively compared with observations due to the restricted simu-
tion change between 20 January and 3 February in the Arctitation periods, it is encouraging to find that the resulting den-
vortex for this winter. Therefore constraining the model with itrification for such periods lies within the range of measured
an observed size distribution would only be possible if manyvalues (20—60%) for the Arctic winter 1999/2000 (Popp et
more measurements were available, during the whole winteral., 2001; Kleinldhl et al., 2003; Santee et al., 2000). Clearly,
which is not feasible. further simulations are needed using realistic HNiEofiles,

with a full stratospheric chemistry scheme.

5 Discussion and conclusions Substantial differences were found in both the magni-
tude of denitrification and vertical/horizontal redistribution
In this study we present an efficient and concise algorithm forof HNOs, when compared against the results obtained using
the formation and sedimentation of NAT patrticles, which hasa simple equilibrium approach. Applying the equilibrium ap-
been implemented in a global Eulerian 3D chemistry trans-proach resulted in an unrealistically high removal of HNO
port model using a non-equilibrium approach. For this pur-when using an observed particle radius for 10-20 January.
pose the transport of such particles is achieved by segregatinDecreasing the particle radius tquh significantly reduced
the particles into distinct size bins, each of which is treated athe HNQ; removal, indicating the potential danger of using
an advected tracer. Two separate approaches were tested, osigch an approach. This large effect justifies the use of the
which prescribes a fixed particle number density per size bircomputationally more expensive, but more realistic, treat-
(“FixedDens”) and the other which prescribes a fixed particlement, of NAT particle growth and sedimentation. The re-
radius for each respective size bin (“FixedRad"). This algo-sulting particle sizes of the “FixedDens” and the “FixedRad”
rithm has been applied in simulations over three selected 10method differ due to three main reasons: (i) particle size
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discretization, (ii) treatment of NAT evaporation and (iii) di- Edited by: B. Karcher
lution of NAT mass by atmospheric mixing processes. When
integrating over the selected 10-day periods this results in a
difference in (de)nitrification between both methods of a fac-
tor~2.]

The _results from the sensitiv_ity stgdies .Sl.JggeSt that thE‘Bregman, A., Lelieveld, J., van den Broek, M., Fischer, H., Sieg-
model is rather robust and relatlygly insensitive to the NUM- " yind, P., and Bujok, O.: The4® and G relationship for mix-
ber of size bins used under conditions were the particle nUM- g hrocesses as represented by a three-dimensional chemistry-
ber density summed over size bins remains constant. The transport model, J. Geophys. Res., 105, 17 279-17 290, 2000.
“FixedRad” approach shows the smallest variation in deni-Bregman, A., Krol, M. C., Teyssedre, H., Norton, W. A., Iwi, A.,
trification when changing the number of size bins, with the  Chipperfield, M., Pitari, G., Sundet, J. K., and Lelieveld, J.:
differences between both approaches becomih@%s for 10 Chemistry-Transport model comparison with ozone observations
size bins or more. This has advantages in that just a limited in the midlatitude lowermost stratosphere, J. Geophys. Res., 106,
number of size bins (and thus tracers) are needed to account 17479-17 496, 2001. )
for nonequilibrium treatment of NAT and denitrification in a Brig.mgr:]' fﬁésuigeer:f‘ g.égilérlwvsl; r'\\//liﬁge&/iﬁa :gﬁd\s/airr]l \cl:ehlfahnc:ivs?rr;
full chemistry run. An_other |mp_o_rtant finding is that both ap- transport models, Atm. Chem. Phys.. 3, 447457, 2003,
proa(.:hes are also quite insensitive to the shape of the S'.Z? qlﬁ_rooks, S. D., Baumgardner, D., Gandrud, B., Dye, J. E., North-
tribution. However, both approaches show some sc_ansmvllty way, M. J., Fahey, D. W., Paul Bui, T., Toon, O. B., and
to the particle number density summed over size bins, with  Tojpert, M. A.: Measurements of large stratospheric particles
~17% increase in 10-day denitrification for the “FixedDens” i the Arctic polar vortex, J. Geophys. Res., 108, D20, 4652,
method upon increasing the particle number density per size doi:10.1029/2002JD003278, 2003.
bin with 250% (from 0.4 1075 to 1x 10—4cm—3). Again, Carslaw, K. S., Kettleborough, J. A., Northway, M. J., Davies, S.,
the “FixedRad” approach proved to be more robust towards Gao, R. S., Fahey, D. W., Baumgardner, D. G., Chipperfield, M.
this parameter, with the difference being lowera%. Here P., and Kleinbhl, A.: A vortex-scale simulation of the growth
it should be noted that these sensitivity tests were performed and sedimentation of large nitric acid hydrate particles, J. Geo-
during a prolonged period of low temperatures and therefore_ Phys- Res., 107, D20, 8300, doi:10.1029/2001JD000467, 2002.
can be considered to be a worst case scenario. For man@hlpperfleld, M. P..  Multiannual simulations with a three-

. . .~ dimensional chemical transport model, J. Geophys. Res., 104,
other periods temperature fluctations would lower the sensi- 1781-1805, 1999.

t!v'ty of both methOds t‘? th|§ parameter by mtroc!uc!r.]g par- Crutzen, P. and Arnold, F.: Nitric acid cloud formation in the cold
ticle evaporation. Considering the observed variability dur-  arctic stratosphere, a major cause for the springtime “ozone
ing 1999/2000,similar observations of the NAT total number  hole” Nature, 324, 651-655, 1986.

density would be beneficial for future Arctic winters to re- Davies, S., Chipperfield, M. P., Carslaw, K. S., Sinnhuber, B.-M.,
move any bias introduced by using a prescribed value, as well Anderson, J. G., Stimpfle, R. M., Wilmouth, D. M., Fahey, D.
as a continued effort in clarifying the details of the formation ~ W., Popp, P. J., Richard, E. C., von der Gathen, P., Jost, H., and
mechanisms of NAT. Our approaches do not require detailed Webster, C. R.: Modeling the effect of denitrification on Arctic

knowledge on the shape of the size distribution, at least for ©zone depletion during winter 1999/2000, J. Geophys. Res., 108,

. c . Drdla, K., Schoeberl, M. R., and Browell, E. V.: Microphysical
For a more rigorous validation of our algorithms we are modelling of the 1999—-2000 Arctic winter: 1. Polar stratospheric

Cur.rently preparing Simulations over the entire .Arctic V\_/inter clouds, denitrification, and dehydration, J. Geophys. Res., 108,
period of 1999/2000 with comprehensive chemistry active, as D5, 8312, doi-10.1029/2001JD000782, 2003.

well as for more moderate Arctic winters. Lagrangian model prqja, k., Turco, R. P., and Elliott, S.: Heterogeneous chemistry on
studies have already shown that the nonequilibrium treatment  Antarctic polar stratospheric clouds — a microphysical estimate
of NAT calculates significant denitrification in other, more  of the extent of chemical processing, J. Geophys. Res., 98, D5,
moderate winters (Mann et al., 2003). Using the Eulerian 8965-8981, 1993.

approaches presented here, we are now able to test the effdethey, D. W., Gao, R. S., Carslaw, K. S. et al.. The detection
of denitrification during such a more moderate winter period of large HNG;-containing particles in the winter Arctic Strato-
to try and assess whether these differences lead to additional SPhere, Science, 1026-1031, 2001.

ozone depletion that warrants the increase in computationdraney. D. W., Kelly, K. K., Kawa, S. R., Tuck, A. F., Loewenstein,
costs M., Chan, K. R., and Heidt, L. E.: Observations of denitrification

and dehydration in the winter polar stratospheres, Nature, 344,
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