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Abstract. Space borne infrared limb emission measurement88rONO, from the lower stratosphere by incorporation of
by the Michelson Interferometer for Passive AtmosphericHNO3 from the gas phase and subsequent sedimentation.
Sounding (MIPAS) reveal the formation of a belt of polar This denitrification leads to a slower conversion of active
stratospheric clouds (PSCs) of nitric acid trihydrate (NAT) chlorine back to CION@.
particles over Antarctica in mid-June 2003. By mesoscale In the Antarctic winter, Tabazadeh et al. (2000) have
microphysical simulations we show that this sudden onset oshown that denitrification occurs before significant dehydra-
NAT PSCs was caused by heterogeneous nucleation onice ition. In the Arctic vortex, Fahey et al. (2001) discovered
the cooling phases of large-amplitude stratospheric mountaitarge nitric acid containing particles (likely nitric acid trihy-
waves over the Antarctic Peninsula and the Ellsworth Moun-drate, NAT) that, via sedimentation, are now generally be-
tains. MIPAS observations of PSCs before this event show ndieved to be the major cause of denitrification.
indication for the presence of NAT clouds with volume den-  However, the nucleation processes of nitric acid hydrate
sities larger than about 0;8n%/cm® and radii smaller than  PSCs still remain unclear (Tolbert and Toon, 2001). Three
3 um, but are consistent with supercooled droplets of ternarypossible processes have been discussed: heterogeneous nu-
HoSOQu/HNOs/H,0 solution (STS). Simulations indicate that cleation on ice particles, homogeneous freezing of particles
homogeneous surface nucleation rates have to be reduced lof supercooled ternary #50,/HNOs/H,O solutions (STS),
three orders of magnitude to comply with the observations. and heterogeneous freezing induced by solid material other
than ice.

There is a wealth of evidence for the nucleation of nitric
acid hydrate particles on ice from observations of mountain
wave PSCs over the Scandinavian mountain ridge and the

Nearly twenty years ago, the important role of polar strato-€ast coast of Greenland (Carslaw et al., 1998; Wirth et al.,

spheric clouds (PSCs) in polar ozone depletion began t(}_gggi Tsias et al., 1999; ?Me et al.,, 2000; Vo.igt etal,
be appreciated (Solomon et al., 1986: Toon et al., 1986,2000’ Larsen et al., 2002b;dnbrack et al., 2002; Hu et al.,

Crutzen and Arnold, 1986). In addition to the activation 2002 Voigt et al., 2003, Luo et al., 2003; Fueglistaler et al.,
of chlorine from its reservoirs HCl and CIONO PSCs 20.03, Reichardt et al., 2004, Eck_ermann etal., 200_6). Mod-
can remove NQ i.e. total odd nitrogen defined as the elling by Carslaw et al. (1999) indicated that mountain waves

sum NO+NGQ+NO3+2N,05+HNOg+HONO»,+CIONG, +  Werea significant source of solid nitric acid-containing par-
ticles on a synoptic scale in the Arctic, persisting thousands

Correspondence tavl. Hopfner of kilometres downstream of the wave event that formed
(michael.hoepfner@imk.fzk.de) them. These clouds, which consist of a large number of
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anism in modelling of early PSC observations over northern
Scandinavia in December 2002. They found that a reduc-
tion of the freezing rates by a factor of 10—-20 was necessary
to produce agreement with the observations. Calculations
by Svendsen et al. (2005) indicate that lidar observations of
PSCs in the Arctic winter 1999/2000 can best be reproduced
by a combination of mountain wave-induced and homoge-
neous NAT formation. During the same winter, Drdla and
Browell (2004) argued that neither volume nor surface de-
pendent homogeneous freezing can reproduce observed PSC
development and denitrification. They concluded that an-
other freezing mechanism, such as heterogeneous freezing
on solid impurities, was needed to explain early solid phase
02 ! ! ! ! ! ! ] formation. This is in agreement with Voigt et al. (2005) who
10 15 Cﬁ-?a diame?fmio 7923-60m_1/83236-§] L, 40 4.5 explained their observations of Hl\gl,(aontalnlng solid parti-

cles formed at low supersaturations by heterogeneous nucle-
Fig. 1. Mean spectral intensity in the interval 819-821cin  ation on meteoritic dust.
(I[819-821cnTl]) divided by 1[788.2-796.25cm!] versus In this paper we analyze hemispheric PSC measurements
[788.2-796.25 cm1]/I[832.3-834.4cm1] of MIPAS PSC ob- by the Michelson Interferometer for Passive Atmospheric
servations in May/June 2003 for tangent altitudes between 16 an&ounding (MIPAS) on Envisat (Fischer and Oelhaf, 1996;
25km. The colour scale of the data points denotes their reIativeESA, 2000). MIPAS is a limb-sounder which measures the
position with respect to the different regions in the plot and is usedjg-infrared spectral radiance emitted by the constituents of
t_o describe MIPAS measurements and simulations in the foIIowmgthe Earth’s atmosphere with high spectral resolution and cov-
figures. ering a broad spectral range. MIPAS measurements contin-

uously monitor PSCs throughout the polar stratosphere even

) ] ] at night.

relatively small particles, may lead to the formation of pro- Spang et al. (2005) describe MIPAS PSC observations dur-
gressively larger NAT particles and subsequent denitrifica-ing the Arctic winter 2002/2003. MIPAS also probed the

tion through a mechanism proposed by Dha”iYa'a et al'development of PSCs over Antarctica in 2003 quasi con-
(2092) gnd Fueglistaler gt al. (2002). Recently, using paramy uously apart from 19-20 May, 25 May—4 June and 5-7
eterizations based on this scheme, Mann et al. (2005) Showeé;ptember when no measurements were available. In the

that a large part of the air with temperatures below the NAT

hreshold b lated with ic] di qf n{c)lresent study we concentrate on MIPAS observations in May
threshold can be populated with particles sedimente rOMhnd June 2003 to investigate the initial phases of PSC forma-
these clouds. Such “mother cloud” NAT growth and sedi-

X : tion in the Antarctic polar stratosphere.
mentation processes (Fueglistaler et al., 2002) could account

for up to 80% of the observed denitrification in their model
simulations of the 1999/2000 Arctic winter. 2
Despite the evidence for NAT formation through hetero-
geneous nucleation on ice, there are observations which cann a companion paper, ¢pfner et al. (2006) demonstrate
not be explained by this process (Pagan et al., 2004; Irighow the composition of PSCs can be inferred from MIPAS
etal., 2004, Larsen et al., 2004; Voigt et al., 2005) and, thusspectra. In particular a prominent spectral band at around
require freezing mechanisms operating above the ice frosg20cnt?! facilitates detection of NAT particles. dpfner
point. et al. (2006) show that unambiguous identification of NAT
Tabazadeh et al. (2001) predicted a “polar freezing belt’and ice observations is possible by use of a colour-ratio
forming at temperatures of 190-192 K around the edges ofnethod introduced by Spang et al. (2001a,b, 2002); Spang
Antarctica at 20 km altitude on the basis of homogeneousand Remedios (2003); Spang et al. (2004). Comparisons
nucleation of nitric acid trihydrate (NAT) or nitric acid dihy- between PSCs simultaneously measured by MIPAS and a
drate (NAD) from STS. The magnitude of the applied freez- ground-based aerosol lidar at McMurdo station during 2003
ing rates, however, have been disputed by Knopf et al. (2002Jeveal consistent correlations between NAT, STS, and ice
which has been rebutted by Tabazadeh (2003). Tabazadefomposition identified by MIPAS and Type la, Type 1b
et al. (2002) proposed a surface-based homogeneous nuclend Type 2 PSCs, respectively, identified in lidar aerosol
ation from reanalysis of laboratory data. Using this pro- backscatter and depolarization.
cess measured amounts of denitrification in the Arctic strato- Figure 1 plots colour-ratios for all the MIPAS PSC obser-
sphere could be reproduced (Irie et al., 2004). Howeveryations over Antarctica during May/June 2003. The differ-
Larsen et al. (2004) parameterized this surface based meclent regions R1-R4 represent the typical colour-ratio classes

Radiance ratio 820 cm™/792 cm™*

Identification of PSC composition
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Fig. 2. Distribution of PSC types derived from MIPAS measurements at tangent altitudes corresponding to potential temperatures around
490K (max. range 460-525K), i.e. around 21 km altitude. The colour scale of the data points is defined as in Fig. 1: red/orange squares are
NAT particles with radii<3 um, blue triangles are ice and blue-green circles are probably STS, but could also be NAT particles with radii
>3 um or thin ice clouds. The contour lines are based on ECMWF analyses and enclose the ice existence region in blue, the STS region in
green and the NAT region in red. Black dots are PSC-free observations.

which have been assigned to different PSC compositionghis area of possible STS existence defined by this tempera-
(Hopfner et al., 2006). R1 contains NAT particles with mean ture contour. There are very few PSCs detected between the
radii smaller than &m. Ice PSCs are located in R3. R2 data NAT and the STS threshold temperature contours in Fig. 2.
are most likely STS, but large NAT or thin ice layers can- On 10 June (not shown) there is the first clear evidence for
not be excluded. In R4 it is difficult to distinguish among NAT in one MIPAS limb-scan east of the Antarctic Penin-
ice, STS and large NAT. The colour scale of the data pointssula. From Fig. 2 we see that on 11 June MIPAS observed
in Fig. 1 is used in the plots to depict the location of eachan extended zone of NAT between°A% and 45 E at lati-
measurement or model result on this colour-ratio graph.  tudes of about 70S. On 12 June, a belt of NAT particles has
formed that surrounds half of the Antarctic continent, extend-
ing to a length of about 7000 km. On 15 June this NAT belt
3 The Antarctic NAT belt is nearly closed right around the continent. Throughout the
rest of the winter, NAT PSCs were present in MIPAS obser-
We have used MIPAS observations in May and June 2003 tavations throughout the polar vortex and often were the most
investigate the initial phases of PSC formation in the Antarc-abundant type of PSC.
tic polar stratosphere. Figure 2 shows the geographical dis- We have investigated this sudden onset of NAT PSCs
tribution of PSCs at an altitude of around 21 km for selectedover Antarctica during 10—-12 June. It is striking that NAT
days. PSCs were first observed on 21 May. On that day anéirst appeared slightly downstream of the Antarctic Penin-
during the following period until 10 June, there is no sign of sula (Fig. 2), while upstream of the Peninsula there was no
NAT patrticles. (No MIPAS data were acquired from 25 May evidence for any PSCs despite very similar synoptic strato-
until 4 June so we cannot exclude NAT formation during this spheric temperatures. Further, nearby and slightly east of
period. However, the McMurdo Lidar detected no solid par-the coastline of the Peninsula, ice was observed on 11 and
ticles during a PSC observation on 2 June.) The PSC map$2 June in regions which correlate with an oscillatory struc-
at these times are populated with blue-green colour-ratiogure in the frost point contours based on temperatures from
of region R2 in Fig. 1, and thus appear to be mostly STS.the ECMWEF analysis. Such structure was probably due to
The green contour in Fig. 2 shows the STS formation threshsome explicitly-resolved long-wavelength gravity waves in
old temperature, derived from European Centre for Medium-the analysis.
Range Weather Forecasts (ECMWF) analysis. It is remark- Since gravity waves are poorly resolved in global anal-
able how well the region of detected PSCs is enclosed withiryses (Hertzog et al., 2002; Fueglistaler et al., 2003; Eck-
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Fig. 3. MWFM-2 hindcast of peak mountain wave temperature amplitudes at 40 hPa for various days in June 2003 at 12Z, #edISn 1
36-level analyses from NASA's Global Modeling and Assimilation Office. Blue contours show synoptic temperatures, green contour shows
the local NAT formation temperature based on a calculation using 10 ppbv oBHIN®S5 ppmv of HO.
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Fig. 4. Colour-coded MWFM-3 hindcast mountain-wave temperature perturbations for 12:00 UT on 1@Jamel 12:00 UT on 11 June

(B). Overlaid backward trajectories (white lines) start at the times and locations of MIPAS NAT observations (squares) on 11 June (A) and
12 June (B) and end at 00:00 UT on 10 June (A) and 00:00 UT on 11 June (B). Note that the MWFM-2 solutions in Fig. 3 show peak wave
amplitudes only, whereas the MWFM-3 runs in this figure provide both amplitude and phase.

ermann et al., 2006), we have assessed the mountain wavean et al. (2003): see Eckermann et al. (20b5aJhese
contribution using the Naval Research Laboratory Mountaincodes are hereafter referred to as MWFM-2 and MWFM-
Wave Forecast Models (MWFM). The simulations were per-38, respectively. The Fourier-ray MWFMg3dynamical
formed using both the standard validated version 2 spatiatore offers significant advantages over MWFM-2, including
ray model (Eckermann and Preusse, 1999; Jiang et al., 2004},

and a developmental next-generation version 3 model based * Eckermann, S. D., Broutman, D., Ma, J., and Lindeman, J..

on the high-resolution Fourier-ray solution method of Brout- Fourier-ray modeling of short wavelength trapped lee waves ob-
served in infrared satellite imagery near Jan Mayen, Mon. Wea.

Rev., in review, 2005a.
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use of unsimplified high-resolution topography, correction of in Hopfner and Emde (2004). For STS, refractive indices of
spatial ray caustics, direct simulation of wave phase, fullBiermann et al. (2000) have been used. Compositions were
free and trapped wave solutions, and more accurate wavealculated for thermodynamic equilibrium (Carslaw et al.,
action (amplitude) solutions (Eckermann et al., 2005a 1994) based on ECMWF temperature analysis, 0.3 ppbv of
For the MWFM-3 runs centred over Antarctica we used HoSOy, and high-latitude mid-May mean profiles fonL®
a 2048<2048 point Cartesian mesh centred over the Southrand HNG; from MIPAS. The latter two have been derived
Pole with a 6<6 km horizontal resolution and 0.5 km verti- with the scientific MIPAS processor at IMK. The retrieval
cal resolution from the surface up to 30 km altitude. To in- procedure for HO has been described by Milz et al. (2005)
clude a realistic geographical variation in wind and temper-and for HNG by Mengistu Tsidu et al. (2005). NAT obser-
ature profiles across the domain, we subdivided this domaitvations have been simulated with the refractive indices de-
into 12x12 (144) component subdomains each of 2700 rived from Biermann (1998) as described ibpiner et al.
grid points. We then performed 144 separate 202@48 (2006) and ice has been simulated using the data of Toon
Fourier-ray calculations using the ECMWF wind and tem- et al. (1994).
perature profile at the centre of the specific subdomain in  The DMI model results, which have been colour-coded in
question for initialization. Then, only the solution within the same manner as the observations, are shown in Fig. 5
this 170x 170 point subdomain was retained. Using this “jig- for the model run using ECMWF temperatures without cor-
saw puzzle” approach, we were able to synthesize a finatection and including the MWFM mountain-wave tempera-
2048x 2048 point mountain wave solution from these 144 in- ture corrections. In these runs NAT was set to nucleate only
dividual runs using the additive linear properties of Fourier- via the ice phase. We could reproduce the NAT observations
ray solutions, which incorporated realistic geographical vari-only in the case where the mountain wave temperature cor-
ations in the wind profiles across the domain. For validation,rection was applied. In the run where purely synoptic tem-
we also conducted companion MWFM-2 runs to assess th@eratures were used no extended area of NAT was formed.
robustness of the final results. Comparison of the observation and simulation in Fig. 5
Figure 3 shows MWFM-2 peak ray temperature ampli- over the central Antarctic region reveals that on 11 and 12
tudes at 40 hPa for various days in June at 12:00 UT based ogune the DMI PSC model produces clouds with lower values
ray-tracing through an atmosphere specified by analysis fromdf the cloud index (darker blue) compared to the measure-
NASAs Global Modeling and Analysis Office. A strong ments. This is caused by formation of water ice PSCs in the
mountain wave event over the Antarctic Peninsula starts ormodel. The measurements, however, indicate ice confined
9 June and lasts until 13 June with maximum peak wavemainly near the Antarctic Peninsula, very probably caused
amplitudes of~15K on 10 and 11 June. Figure 4 shows by the mountain wave activity there (see Fig. 3). From com-
that backward trajectories starting at the position of MIPAS parison with radiosondes a cold bias efl to —3K has
NAT observations on 11 and 12 June encountered areas dfeen found in the ECMWF temperatures between 490 and
strong temperature perturbations due to stratospheric mourg70 K potential temperature (P. von der Gathen, pers. comm.,
tain waves hindcast by MWFMg3over the Antarctic Penin-  Hgpfner et al. (2006)). Model calculations incorporating this
sula and Ellsworth Mountains. The lack of NAT observa- sonde-derived correction of the ECMWF temperatures pro-
tions before this event is consistent with the absence of stronguce fewer ice PSCs and agree better with the measurements
mountain wave activity (Fig. 3). in the central vortex region (Fig. 5). A mountain wave-
We also simulated the observations with the Danish Meteinduced NAT belt also appears in this case, however, the cor-
orological Institute (DMI) microphysical PSC model (Larsen respondence with the NAT observations is somewhat worse
et al., 2002b) running on vortex-filling trajectories (Larsen than for the uncorrected run. We assume that this is caused
et al., 2002a; Knudsen and GrooR, 2000) based on ECMWHy errors induced by application of a constant ECMWF tem-
analysis data. Diabatic descent along the trajectories waperature bias independent of geolocation. The limited ra-
calculated with the ECMWF radiation scheme (Morcrette, diosonde data and comparison of ECMWF temperatures with
1991). The model was initialized with MIPAS high latitude radio occultation measurements (Gobiet et al., 2005) in fact

mean values of D and HNQ from 17 May, a few days show a bias that is larger near the pole than away from the
before the first PSCs were observed by MIPAS. Simulationgpole.

started on 16 May. The model output of particle size dis-

tributions for NAT, STS, and ice at each measurement time

and location was used to simulate the limb-radiances that Homogeneous NAT nucleation

would be detected by MIPAS in the spectral regions used

for the colour-ratio plots in Fig. 1. These calculations were Due to the smooth synoptic temperature distribution preced-
performed with the Karlsruhe Optimized and Precise Radia-ing such a strong mountain wave event, the Antarctic polar
tive transfer Algorithm (KOPRA). KOPRA has been used in vortex is an ideal natural laboratory to constrain NAT nucle-
previous studies to simulate MIPAS measurements of PSCation rates above the ice frost pointdl. For this purpose
(Hopfner et al., 2002; Bipfner, 2004) and has been validated we performed DMI PSC model runs in which homogeneous

www.atmos-chem-phys.net/6/1221/2006/ Atmos. Chem. Phys., 6, 1221-1230, 2006
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‘ Model with mountain waves, ECMWF bias corrected ‘

Fig. 5. MIPAS measurements on 11 and 12 June in comparison with DMI microphysical PSC box model simulations at the time and location
of the observations. The colour scale is the same as in Fig. 2. In the 2nd row the ECMWF temperatures are used, whereas model runs
shown in the 3rd row add the mountain wave corrections from MWFM-3. Rows 4 and 5 show equivalent runs, but on basis on ECMWF
temperatures which have been corrected for a bias with respect to radiosondes (see text).

surface freezing of NAT out of liquid STS was included as temperatures aboveicE. Homogeneous surface dependent
representative of a size-selective nucleation mechanism atucleation of NAD (Tabazadeh et al., 2002) was included in

Atmos. Chem. Phys., 6, 1221-1230, 2006 www.atmos-chem-phys.net/6/1221/2006/



M. Hopfner et al.: Antarctic NAT belt caused by mountain waves 1227

20030609

C E

‘ Model with homogeneous nucleation x 0.05 ‘ ‘ Model with homogeneous nucleation x 0.0005 ‘

Fig. 6. MIPAS PSC observations at 570 K potential temperature (about 24 km) on 9 June 2003 in comparison with PSC model calculations
including particle sedimentation. IB) NAT formation was possible only via the ice phasgC—E): homogeneous surface dependent
nucleation of NAD (Tabazadeh et al., 2002) assuming an instantaneous conversion of NAD to NAT is included. In (C) surface nucleation
rates of (Tabazadeh et al., 2002) have been multiplied by a factor 0.05 as derived from measurements in the Arctic (Larsen et al., 2004).
Further reductions are 0.005 in (D), and 0.0005 in (E). Due to effective denitrification in the model runs (C) and (D) PSC existence is strongly
suppressed compared to (B) and (E). For all model runs ECMWF temperature data have been corrected for a bias with respect to radiosonde
(see text). The colour scale of the data points is defined as in Fig. 1.

the model by assuming an instantaneous conversion of NACas was seen in our observations (Fig. 6). We had to reduce
to NAT. Various surface nucleation rates have been testedthe nucleation rate further (by a factor of 2000 with respect
the original rates by Tabazadeh et al. (2002) have been reto Tabazadeh et al., 2002) to comply with the observations.
duced by a factor of 20 according to Larsen et al. (2004), by

200, and by 2000.

In the model run which is compatible with rates deduced5 Conclusions

from Arctic observations (Larsen et al., 2004) NAT PSCs ap-

peared with particle radi-3 um as early as 23 May. By 5 We could explain the sudden formation of vortex-wide ar-

June, most of the modeled PSC region was populated witleas of NAT PSCs around Antarctica during 10-12 June only
NAT PSCs, which, due to their large radius, cannot directly by stratospheric mountain wave activity forming ice over the

be distinguished from STS clouds in the MIPAS measure-Antarctic Peninsula and Ellsworth Mountains. The process
ments using the aforementioned analysis methods. Howevegperating here is the same mountain wave NAT formation
model results including sedimentation show that these largenodel originally proposed by Carslaw et al. (1999) for the

particles denitrify the upper PSC levels very quickly, pre- Arctic winter stratosphere. Yet significant mountain wave-

venting formation of extended regions of PSCs in mid-Juneinduced PSC formation has been largely discounted in the

www.atmos-chem-phys.net/6/1221/2006/ Atmos. Chem. Phys., 6, 1221-1230, 2006
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