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Abstract. The coupling of temperature, aerosol area density, and chlorine activation is studied
by comparing values from a three-dimensional chemical transport model with observed

rosol area density. and ClO data in the Arctic for the ti eriod December |
temperature, aerosol area density, and ClO data in the Arctic for the time period December 1,

1995, to January 9, 1996. The three-dimensional model uses United Kingdom Meteorological
Office (UKMO) winds and temperatures, run on pressure surfaces between 316 and 0.31 hPa,
and the model results are examined at 100, 68, 46, 31, and 21 hPa. Radiosonde values are
compared to individual UKMO temperature values to assess the impact of model temperature
errors upon heterogeneous chemistry reaction probabilities. Polar Ozone and Aerosol
Measurement (POAM II) aerosol extinction values are transformed into area density values and
compared to model daily averaged time trends. The model is run with gas phase chemistry only,
gas phase plus sulfate aerosol chemistry, and the case where gas phase, sulfate aerosol, and polar
stratospheric cloud reactions are active. Results from these calculations are used to examine the
sensitivity of chlorine activation to temperature biases, area density uncertainties, and the effects
of the reaction paths OH + ClO -> HCl + O, (4% yield) and HO, + CIO -> HCI + O3 (4% yield).

Sulfate aerosol is demonstrated to be very effective in activating chlorine in the Arctic polar
vortex. Time trends of five-day averages of model and Upper Atmosphere Research Satellite
(UARS) Microwave Limb Sounder (MLS) version 4 ClO over extended regions inside and
outside the vortex at 21 and 46 hPa agree within the experimental error.

1. Introduction

The conceptual framework of chlorine activation and
subsequent loss of ozone in the polar regions is well established
[World  Meteorological — Organization (WMO), 1995].
Heterogeneous reactions on cold aerosol particles convert
inactive chlorine molecules (CIONO,, HCI) into Cl, and HOCI,
which are then photolyzed into chlorine atoms. Cl and ClO are in
photochemical equilibrium during the day, while ClO is
transformed during the night into the chlorine dimer (Cl,0,).
Photolysis of the dimer regenerates active chlorine. Cl decreases
the O3 concentration in the polar regions by ~ 1% per day when
active chlorine is present [Salawitch et al., 1993]. Changes in the
ozone abundance are mainly due to chemical loss and to transport
from above. The chemistry takes place in polar vortices that are
dynamically isolated in the winter from other stratospheric
regions.

There are several studies, however, which report that model
calculations underestimate the amount of ozone loss which is
observed near the 460 K potential temperature surface in both the
southern and northern polar regions. (See Table 1 for the
correspondence between pressure and potential temperature for
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vortex averaged temperature values.) Chipperfield et al. [1996]
compare SLIMCAT three-dimensional chemical transport
calculations of ozone loss with Upper Atmosphere Research
Satellite (UARS) Antarctic data for September 1992.
Chipperfield et al. [1996, Figures 3 and 7] showed that C1O and
ozone loss are both underestimated in the inner vortex at 465 K,
though at 585 K, ozone loss is overestimated. Deniel et al.
[1998] compare REPROBUS (reactive processes ruling the
ozone budget in the stratosphere) three-dimensional chemistry
transport calculations of ozone loss with that observed by the
Polar Ozone and Aerosol Measurement (POAM II) solar
occultation instrument during the 1994-1995 Arctic ‘winter.
Observed ozone loss on the 400 and 650 K potential temperature
surfaces agrees well with model values. However, at both 430
and 470 K, the calculated ozone loss is underestimated by 30%.
These studies illustrate that there are unresolved quantitative
differences between observation and three-dimensional models.
Validation of the qualitative framework requires quantitative
comparisons of observation and model results at each cause and
effect link: (1) temperature, (2) generation of aerosol area
density, (3) conversion of inactive chlorine to active chlorine on
aerosol surfaces, and (4) ozone loss. Our initial intention was to
study the full time period from December 1, 1995, through
March 31, 1996, examine links (1) through (4) in a thorough
analysis, and to compare observed and model ozone loss inside
and outside of the vortex. However, calculations by W. Randel
and F. Wu (personal communication, 1998) demonstrated that
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our model vertical motion field, based on the analyses produced
by the United Kingdom Meteorological Office (UKMO)
stratospheric assimilation, displayed w* (transformed Eulerian
zonal mean) values which had a net upward component, in stark
contrast to an expected downward component of flow into the
vortex. We have therefore limited our study to a shorter time
period, from December 1, 1995, through January 9, 1996, to
minimize the effect of long-term vertical transport and to analyze
only links (1) through (3).

The focus of this paper is to examine the coupling between
temperature, aerosol area density, and the activation of chlorine
in the early Arctic winter. Model values of temperature, area
density, and ClO mixing ratios are compared to observations.
Calculations are carried out to examine the sensitivity of chlorine
activation upon uncertainties in temperature values, upon particle
composition type, upon the magnitude of the aerosol area density,
and upon differences in new and older heterogeneous rates of
reaction.

Our study is presented in the following manner. Section 2
discusses the observations which are compared to the model
values. The three-dimensional chemical transport model is
discussed in section 3. Vortex morphology is examined in section
4. Radiosonde temperatures are compared to UKMO
temperatures in section S in order to assess the sensitivity of
heterogeneous reaction probabilities to model temperature errors.
POAM 11 extinction data are transformed into area density values
and compared to daily averaged model area density values in
section 6. Model and Halogen Occultation Experiment (HALOE)
observations of HCI are examined in section 7. MLS ClO mixing
ratios are compared to model values in section 8. The influence
of w* upon the model calculations is also discussed in section 8.
Section 9 summarizes the previous sections and comments upon
whether or not the model can reproduce the observed magnitude
and rate of chlorine activation.

2. Observations

2.1. Temperature

The three-dimensional chemical-transport model (discussed
in section 3) is driven by UKMO wind and temperature fields
[Swinbank and O’Neill, 1994]. Since gas phase and
heterogeneous chemistry are temperature dependent, the model
(UKMO) temperature values are compared to radiosonde data in
order to assess the influence of model temperature errors upon
heterogeneous reaction probabilities. For this study we use the
radiosonde data which resides on the UARS Central Data
Handling Facility (CDHF). Statistical analysis is performed using
daily colocated UKMO and radiosonde temperatures to
determine temperature differences between the model and
radiosonde values.

The analysis of temperature differences is relevant because
earlier studies have noted that temperature uncertainties of
several degrees have important impacts upon the interpretation of
model and observation comparisons in the polar regions.
Schoeberl et al. [1993] and Douglass et al. [1993] obtained
better agreement between model and UARS ClO data
comparisons when temperatures were decreased by 2 K.

2.2. Aerosol Extinction

POAM 1I aerosol extinction data are transformed into area
density values in order to compare time trends of observed and
model area density values. POAM 1I is a solar occultation
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experiment which measures mixing ratios of O; and NO, in
addition to aerosol extinction at 0.352, 0.442, 0.600, 0.781,
0.921, and 1.06 pm with 1 km vertical resolution. The 1.06 um
channel is the primary aerosol channel. The POAM II instrument
is discussed by Glaccum et al. [1996], and Lumpe et al. [1997]
discuss the version 5 POAM II retrieval algorithm. Orbital
geometry of the SPOT 3 satellite, which carried POAM I, gave
rise to occultations between 63° and 65° latitude during the
1995-1996 northern winter.

Randall et al. [1996] present an overview of POAM II
aerosol measurements at 1.06 pm and demonstrate that POAM 11
data between 15 and 24 km agree well with coincident
Stratospheric Aerosol and Gas Experiment (SAGE) II extinction
values at 1.02 um. POAM 1I version 5 data at 1.06 um is used in
this study. Random measurement errors of the version 5 1.06 um
extinction are between 10 and 20% between 15 and 25 km
altitude, and the systematic errors are in the 10-15% range
[Lumpe et al., 1997].

POAM 1I extinction data at 1.06 um were transformed using
equation (5) of Massie et al. [1998] and the “average”
transformation coefficients of Massie et al. [1998, Tables 4-6].
These coefficients are based on least squares fits to theoretical
extinction values calculated using the Polar Stratospheric Cloud
(PSC) and sulfate aerosol size distributions measured by the
forward-scattering spectrometer probe (FSSP 300) during the
Airborne Arctic Stratospheric Experiment. The least squares fit
(for the transformation from theoretical extinction to observed
area density) matches the FSSP-300 area density data at 1 um to
within 20%. This transformation yields area densities within 19%
rms of those calculated with the middle-latitude sulfate aerosol
transformation of Thomason et al. [1997] for 1 um extinction
values between 1 x 1075 and 2 x 10-3 km! (i.e., area densities
between 0.2 and 5 micron? cm-3). The transformation error is
assigned to be 25%.

Error bars for the area densities are assigned based upon the
following considerations. A systematic error of 30% is calculated
from the square root sum of the version 5 systematic error of 15%
and a transformation error of 25%. The random error is 15%
based upon Lumpe et al. [1997]. Model calculations are also
carried out with sulfate aerosol area densities which are 30%
lower than the standard case (discussed below in section 3) in
order to examine the sensitivity of chlorine activation to values of
initial sulfate area density and to acknowledge the imprecise
nature of the transformation between extinction and area density.

2.3. HNO;

Model calculations are initialized with version 4 Microwave
Limb Sounder (MLS) HNO; data. A 6-year climatology of this
data set is presented by Santee et al. [1999] and has been applied
in PSC microphysical studies for Antarctic conditions [Santee et
al., 1998] and for Arctic conditions [Massie et al., 1997].

Validation studies illustrate that the version 4 MLS HNO;
mixing ratios are useful on the 100, 46, and 21 hPa retrieval
surfaces, with single profile precisions of 2.0, 3.0, and 4.5 ppbv
[Santee et al., 1998, W. Froidevaux et al., UARS MLS Data
Quality Document, Version 4 ‘Data, available at
http://mls.jpl.nasa.gov.]. The MLS HNO; data agree well with
UARS Cryogenic Limb Array Etalon Spectrometer (CLAES)
HNO; values at 100 hPa but are usually 0-2 ppbv lower at 46
hPa and 0-4 ppbv higher at 21 hPa [Santee et al., 1998]. The
timing and overall morphology of the buildup of HNO; in the
northern polar vortex are in excellent agreement in-the CLAES
and MLS data sets [Santee et al., 1999].
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24. HC

Ideally, one would like to directly observe the depletion in the
polar vortex of HCl, CIONO,, and N,Os as they are converted
into reactive chlorine and HNO; and to intercompare model and
observed N,O and CHy as a check on the model wind field. As
noted by Geller et al. [1995], it is difficult to find days in which
both MLS and HALOE are looking at the same time into the
winter hemisphere at latitudes where polar processing is
occurring. CLAES observations ceased in May of 1993 when the
instrument cryogen was depleted and the HALOE viewing
geometry was such that it only began to observe HCI northward
of 30° after December 14, 1995. The northernmost latitude
observed by HALOE in the December 1, 1995, and January 9,
1996, time period is 48°. Therefore a direct comparison of
observed and modeled HCI values throughout and adjacent to the
polar vortex during this time period is not possible. Comparisons
of HALOE HCI with model values for the latitude range from 30°
to S0°N are presented in section 7.

The HALOE instrument is described by Russell et al. [1993].
Validation studies of HALOE HCl and CH, mixing ratios are
presented by Russell et al. [1996] and Park et al. [1996]. The
mean difference between HALOE and 14 midlatitude balloon
correlative measurements of HCI ranged between 8 and 19%
throughout most of the stratosphere, and the HALOE mixing
ratios usually were lower than the correlative measurements
[Russell et al., 1996]. In the 0.3-50 mb region the total CH,
mixing ratio error is of the order of 15% [Park et al., 1996].

2.5. Cl1O

Version 4 MLS ClO mixing ratios are compared to model
results at 21, 46, and 100 hPa. The MLS instrument is discussed
by Barath et al. [1993], and Waters et al. {1996] discuss the
validation of version 3 ClO. Version 3 and 4 MLS ClO data were
retrieved at 100, 46, 21, 10, 4.6, 2.2, 1.0, and 0.46 hPa. We only
used MLS CIO data if the quality indicator sign was positive (i.e.,
the a priori was not the dominant influence in the retrieval).

The orbital geometry of UARS allowed MLS to obtain
approximately 400 observations northward of 40° latitude each
day. The local times and the solar zenith angles, however, varied
throughout each day. Therefore the diurnal solar zenith angle
dependence of atmospheric ClO complicates the direct
comparison of model and observed CIO values. In addition,
UARS underwent a yaw maneuver on December 27, 1995, so
MLS did not observe poleward of 34° north latitude from
December 27, 1995, to January 26, 1996, when UARS again
viewed the northern polar regions.

Determinations of the error bars for the version 4 ClO mixing
ratios are based upon the recommendations by L. Froidevaux et
al. available at http://mls.jpl.nasa.gov. Random errors for

individual profiles are 0.3, 0.4, and 1.0 ppbv and accuracies (1
sigma) are 0.1, 0.1, and 0.3 at 21, 46, and 100 hPa, respectively.

3. Three-Dimensional Model

Observational data are compared to three-dimensional
transport-chemical model values at 21, 31, 46, 68, and 100 hPa.
The three-dimensional transport-chemical model, called ROSE, is
similar to that described and applied by Brasseur et al. [1997].
The model is run on pressure coordinates between 316 and 0.31
hPa, in 37 equal divisions of log pressure, with a latitude spacing
of 5° from 87.5°S to 87.5°N, and a longitudinal increment of
5.6°. UKMO temperature and wind fields [Swinbank and
O’Neill, 1994] drive the model.

Gas phase chemistry is specified for 106 two and three body
reactions, and 31 photolysis reactions. DeMore et al. [1997] two
and three body reaction rates are used. - There are 14 short
lifetime species (e.g., O(3P), O3, C10, BrO) and 27 long-lifetime
species (e.g., H,O, CHy, N,O, HNO;, HCI). The long-lifetime
species concentrations change due to chemistry and are advected
by application of the Smolarkiewicz and Rasch [1991] semi-
Lagrangian formulation. The time step is 7.5 min. Photochemical
equilibrium expressions are used to partition “chemical family”
species into individual species concentrations.

The model is initialized with two-dimensional model mixing
ratio fields [Brasseur et al., 1990] and MLS mixing ratio fields of
Os. Table 1 specifies initial values of vortex averaged Cl, (CIO +
Cl1 +0C10 + 2C1,0, + 2Cl, + HOCI + CINO, + HCI + CIONO,
+ BrCl), HCl, CIONO,, Bry (BrO + HBr + BrONO, + HOBr, +
Br + BrCl), and BrONO,. The aerosol area densities are
initialized with the SAGE two-dimensional climatological
aerosol distribution displayed by World Meteorological
Organization (WMO) [1991, Figures 3-5], multiplied by a factor
of 0.60. The multiplicative factor of 0.60 was used to normalize
the sulfate aerosol area densities to those inferred from the
POAM 11 observations for positions both inside and outside the
polar vortex during the first 12 days of the model simulations.
The need for a multiplicative factor is not surprising, since the
sulfate aerosol loading varies by a factor of 100 between
background conditions and those shortly after a major volcanic
eruption.

The model uses the six heterogeneous reactions for sulfate
aerosol particles, the five heterogeneous reactions for Type 1
PSCs, and the five heterogeneous reactions for Type II PSCs, as
cited by Brasseur et al. [1997, Tables 2b and 2a]. These reactions
are

CIONO,; + H,0(s) -> HOC1 + HNO;3, - 1)

CIONO, + HCl(s) -> Cl, + HNO;, @

Table 1. Initial Values of Vortex Averaged Chlorine and Bromine Reservoirs, and the Correspondence
Between Pressure and Potential Temperature (8) for Average Vortex Temperature Values

Pressure, <) Cly, HC,

X CIONO3y, Bry, BrONO3,
hPa K ppbv ppbv ppbv pptv pptv
21 603 3.1 22 0.8 17 12
31 545 2.9 2.1 0.8 16 11
46 494 2.6 1.8 0.6 14 8
68 453 2.1 1.5 0.5 11 5

100 415 1.4 1.1 0.3 8 3
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N,05 + H,0(s) -> 2HNO, 3)
N,Os + HCI(s) -> CINO, + HNOs, @)
HOCI + HCI(s) -> Cl, + H,0, (5)
BrONO, + H,O(s) -> Cl, + HNO;, (6)
HOBr + HCI(s) -> BrCl + H,0. )

The (s) symbol refers to a species which is incorporated in the
aerosol particle. Reaction probabilities for each reaction are
specified for each type of particle composition (i.e., sulfate, nitric
acid trihydrate (NAT), ternary, and ice) and follow, except for the
cases discussed below, the recommendations of DeMore et al.
[1997].

Model runs are carried out for the following cases: (1) only
gas phase reactions are active, (2) gas phase and heterogeneous
reactions on sulfate aerosol droplets are active, (3) gas phase and
heterogeneous reactions on sulfate and ternary droplets are
active, and (4) gas phase and heterogeneous reactions on both
sulfate and NAT particles are active. For case (2) the aerosol area
densities do not increase as temperatures drop below 195 K (i.e.,
high extinction PSCs are excluded from this calculation). For
case (3) the area densities increase with decreasing temperature
as specified by the aerosol physical chemistry model (APCM)
model of Tabazadeh et al. {1994]. For case (4) the NAT area
density is calculated according to the microphysical model of
Chipperfield et al. [1993].

The reaction probabilities (y) on sulfate (H,O/H,SOy), NAT,
and ternary droplets have been revised during the last several
years. For example, the reaction probability for reaction (2) at
195 K at a pressure of 46 hPa and 5 ppmv H,O has been revised
from 3.2 x 10-3 [Hanson et al., 1994] to 3.6 x 10-2 [Hanson and
Ravishankara., 1994, Hanson, 1998]. The newer formulation has
a steeper temperature dependence than the original Hanson et al.
[1994a] formulation. The differences in the reaction probabilities
are due to new values of the water activity and HCI solubility in
solutions containing < 50% wt H,SO, [Hanson, 1998]. This
increase in the reaction probability prompted Ravishankara and
Hanson [1996] to note that heterogeneous reactions on sulfate
can proceed at a rate comparable to that over solid Type 1 PSCs.
The Hanson [1998] laboratory measurements also demonstrated
that the presence of HNOj; in a sulfate droplet lowers the reaction
probability by a factor of 0.5.

Model calculations are carried out using both the Hanson et
al. [1994] and Hanson [1998] reaction probabilities for reactions
(1) and (2) on sulfate particles. Donaldson et al. [1997] reaction
probabilities are utilized for reaction (5) on sulfate particles. The
sulfate version of reaction (3) is given a constant value of 0.09
(i.e., the slight temperature dependence cited by DeMore et al.
[1997] is not incorporated in the model).

In addition to the reactions utilized by Brasseur et al. [1997],
the pathways

OH + CIO -> HCl + O, (4% yield), 8)

HO, + Cl10 -> HCl1 + O3 (4% yield), )

and

OH + BrO -> HBr + O, (2.5% yield) (10)

MASSIE ET AL.: CHLORINE ACTIVATION

are used in the model. Model calculations are also carried out
without these pathways.

Pathway (8) is discussed in terms of midlatitude
photochemistry by McElroy and Salawitch [1989] and Michelsen
et al. [1996]. As discussed by Santee et al. [1996], pathway (8)
has been shown to improve the agreement between
photochemical models and observations of ClO, HCI, and O3 in
the upper stratosphere. Chipperfield et al. [1996] used HCI
production branches (8) and (9), which improved agreement
between model and HALOE HCl values for the Southern
Hemisphere vortex for September 1992.

Reaction (8) HCI production rates are given by the laboratory
measurements of Kegley-Owen [1998, private communication,
1999]. These production rates and those of Kegley-Owen et al.
[1999] are 1 and 4% lower, respectively, than those of Lipson et
al. [1999] between 200 and 220 K. The range of measured yields
for reaction (9) are discussed by DeMore et al. [1997].
Chartrand and McConnell [1998] present observational evidence.
for the production of HBr by reaction (10).

4. Vortex Morphology

Model results are presented in this paper in stereographic
contour maps and by line graphs of the time trends of vortex
averages. The vortex average of a variable in a line graph is a
geographical weighted average. The weight at a model grid point
is zero if the model point is outside the vortex and is equal to the
ratio of the model grid element geographical area divided by the
total vortex area if the model point is inside the vortex. Regions
inside and outside the vortex are determined from a simple
analysis of the potential vorticity (PV) field for each day,
calculated from the UKMO wind fields. Inspection of the daily
PV fields at each pressure level suggested a value of the PV
contour that marked the regions of largest PV gradients for each
day of the 40-day simulation. As noted by Deniel et al. [1998],
this procedure produces results fairly similar to those based on
the Nash et al. [1996] technique. Inspection of the model N,O
and CH, fields confirmed that the vortex was delineated by the
daily PV contour values.

Plate 1 and Figure 1 illustrate that photolysis reactions take
place in a portion of the polar vortex during some portion of each
day throughout December and January. This is important since
chlorine, when tied up in the Cl,0, dimer, does not destroy
ozone. Photolysis is needed to convert Cl,O, into reactive
chlorine. Plate 1 (left) displays the PV field on December 5,
1995, at 21 hPa. As in each of the contour graphs, latitudes
between 40° and 90°N are presented, and the Greenwich
meridian is near the “3 o’clock” position. The polar vortex in
Plate 1 is not circular and is not centered over the pole (see
Manney et al. [1994, Figures 1 and 2] for other examples). Plate
1 (right) of the present paper indicates the region in the polar
vortex for which the local noon time solar zenith angle is < 90°
(i.e., the region in which light penetrates during the day). There is
a collar region in the vortex for the full range of days simulated
by the model, for which the local noon time solar zenith angle is
less than 90°.

-Figure 1 displays daily values of the geographical area within
the vortex for which the local noon zenith angle is < 90°. Since
the hemisphere geographical area is 2.5 x 108 km?2, the
illuminated portion of the vortex is between 4 and 12%, and the
full vortex is between 7 and 14%, of the full hemispherical area.
It is therefore apparent that the illuminated region in the vortex at
all pressure levels varies by ~ 50% over the 40 day simulation.
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Mate L. ilefty UKMO potential voriecity walues ol 21 hifa for December 5. 1995, The heavy line marks the voriex
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The values presented in Plate 1 and Figure 1 can be placed
within a larger context by reference to the climatology of the
vortex geometry calculated by Waugh and Randel [1999].
Waugh and Randel used elliptical diagnostics to calculate the
area, center, elongation, and orientation of the Arctic and
Antarctic stratospheric polar vortices for 1978-1998. At 490 K,
which corresponds approximately to the 46 hPa surface, the
average vortex geographical area is 1.6 x 107 km? for January
[Waugh and Randel, 1999, Figure 3], while the January 1996
vortex area is approximately twice as large. The 1995-1996
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Figure 1. Geographical areas within the polar vortex which have

solar zenith angles at local noon less than 90° at 21, 31, 46, 68,
and 100 hPa.

northern polar vortex at 500 K is among the largest in the 1978-
1998 time period, though the vortex elongation is close to the
climatological average (W. Randel, personal communication,
1998).

5. Vortex Temperatures and Heterogeneous
Reaction Rates

Gas phase and heterogeneous chemistry are dependent upon
temperature. In this section we examine temperature trends inside
the vortex, compare radiosonde temperatures to the UKMO
values, and illustrate the temperature sensitivity of the
heterogeneous chemistry reaction probabilities to model
temperature biases.

The effective first-order rate constant (s-!) for heterogeneous
reactions is expressed as

k=108 y A v/4 an

where y is the reaction probability (unitless) of the heterogeneous
reaction, A is the aerosol area density (micron2 cm-3), and v is the
mean molecular speed (cm/s). The area density A increases with
decreasing temperature when ternary, NAT, or PSC II (ice)
particles form. The value of y also increases for reactions (1), (2),
and (5) as temperatures decrease.

Figure 2 displays daily vortex averaged temperatures and the
minimum temperature within the vortex for each day. The
average temperatures are of the order of 200, 202, 205, 212, and
215 K at 21, 31, 46, 68, and 100 hPa, respectively, and the
minimum temperatures are usually 10 K colder. While the vortex
average temperatures oscillate about a mean value at each
pressure level, the minimum temperatures exhibit a downward
trend. Minimum temperatures, however, only occur for a small
fraction of the full vortex region (see Figure 3). For example,
10% of the vortex at 46 hPa is at a temperature between 200 and
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Figure 2. Vortex averages and minimum temperatures within the vortex for December 1, 1995, to January 9, 1996, at

21, 31, 46, 68, and 100 hPa.

202 K for days between December 6 and December 10, 1995,
while only 4% is near 195 K. The geographical area fractions at
the colder temperatures increase with time throughout December.

Coincident radiosonde temperatures were compared to the
UKMO temperatures to assess the magnitude of the effect of
model temperature biases on the heterogeneous chemistry
reaction probabilities. Table 2 presents averages and standard
deviations of the temperature differences (Tragiosonde - T ukmo) for
the time period December 1, 1995, to January 9, 1996. The
average temperature bias is between -1.0 and -2.2 K for
pressures between 100 and 21 hPa. A graph (not shown) of the
temperature differences at 46 hPa, displayed as a function of
Tradiosonde> Shows that the -1.9 K average temperature difference
at 46 hPa is representative for the full temperature range from
190 to 230 K.

Both the UKMO and National Center for Environmental
Prediction (NCEP) temperature analyses show statistically
significant differences from radiosonde data. Manney et al.,
{1996, Table 1] cites UKMO temperature biases of -0.6, -1.0, -
1.85, and -0.5 K for four 3-day periods between December 1994
and February 1995 for the Arctic between 36 and 54 hPa.
Temperature differences (Tsonge-Tuxkmo) ©f -1.7 and -1.6 K were
calculated at 475 and 550 K for the 1994-1995 Arctic winter by
Pullen and Jones [1997]. They note that errors in temperature
analyses can lead to an underestimation of PSC area densities and
that the timing of chlorine activation in model simulations may
lag behind that of the real vortex.

A temperature decrease of 1 K increases the reaction
probability by 24 and 38% at 46 hPa and 195 K for reactions (1)
and (2), respectively. Since these sensitivities are fairly large, our
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Figure 3. The distribution of temperature within the vortex at 46
hPa for December 6-10, December 11-15, and December 26-30,
1995.

model results likely underestimate the reaction probabilities for
reactions (1) and (2) due to the UKMO temperature biases. In
order to assess the sensitivity of ClO production to model
temperature biases, a model calculation is carried out such that
temperatures are decreased by 2 K at all pressure levels.

A further complication is due to the presence of gravity wave
and mountain wave perturbations of temperature which are
embedded in the larger-scale flow [Carslaw et al., 1998].
Temperature perturbations of up to 15 K are possible over
mountainous regions. These perturbations can locally alter
reaction probabilities and aerosol composition, which enhances
chlorine activation and ozone depletion. Such processes are not
included in the present study.

6. Aerosol Area Density Distributions

POAM 11 extinction data at 1.06 um were transformed into
surface area densities using equation (5) of Massie et al. [1998]

and the “average” transformation coefficients of Massie et al. -

[1998, Tables 4-6] for the time period from December 1, 1995,
through January 9, 1996, at 21, 31, 46, 68, and 100 hPa. Data
points for locations inside and outside the vortex are displayed in
Figure 4, which also presents area density values calculated using
the Carslaw et al. [1995] microphysical model for ternary
droplets and the thermodynamic data of Worsnop et al. [1993]
for NAT particles. Table 3 lists the inputs used in the theoretical
equilibrium calculations. Values of H,O are based upon 6-day
averages of MLS version 4 data for January 1-7, 1992, and
January 1-7, 1993, for latitudes greater than 60°N. The HNO;
values are based on averages of MLS version 4 data for January
1992 and January 1993.

Theoretical temperature thresholds for NAT formation at 100,
68, 46, 31, and 21 hPa in Figure 4 are 196, 195, 194, 192, and
190 K, respectively. In Figure 2 the minimum temperatures are
200, 195, 190, 186, and 185 K at the five pressure levels.
Therefore temperatures at 100 hPa are not cold enough for PSCs
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to form, while temperatures are cold enough for NAT particles to
form at 68, 46, 31, and 21 hPa.

At all pressure levels there is an appreciable scatter of the
sulfate area density values at temperatures above that of the NAT
threshold. While some of this variation is likely due to limitations
of the transformation coefficients and limitations due to the space
view, i.e., a patchy aerosol field is interpreted by the inversion
algorithm as a continuous distribution of aerosol along the
observation ray path, a portion of the variation is real. This
assertion is supported by in situ data. Massie et al. [1998, Figure
1] displays in situ forward scattering spectrometer probe (FSSP-
300) area densities, and there is a factor of three variation in the
area density at temperatures between 193 and 200 K for pressures
between 50 and 60 hPa.

There are POAM II data points in Figure 4 which are larger
than the model values by up to 3° above the theoretical NAT
temperature threshold. For example, near 194 K at 21 hPa there
are data points with area densities near 0.6 micron? cm-3 which
lie to the right of the NAT curve. These points may be consistent
with the NAT curve, owing to the differences (Trigiosonde -
Tukmo) discussed in section 5.

Overall, the model and the observations both display ‘an
increase in area density as temperatures decrease. PSCs are
apparent for area densities greater than 0.4, 0.5, and 1.0 micron?
cm3 at 21, 31, and 46 hPa. The PSC data points are closer to the
NAT curves than to the ternary curves.

Figure 5 displays daily averaged model and observed area
densities. Model values are presented for the gas + sulfate, gas +
sulfate + NAT, and gas + sulfate + ternary cases. The daily
averages were calculated with colocated data (i.e., POAM values
were compared to model values at the same latitudes and
longitudes), and the averages were weighted by the geographical
area of each grid point both inside and outside the vortex. At 100
and 68 hPa the values for the three model cases are identical
since temperatures were at or above the NAT and temary
thresholds.

The error bars are calculated from the equation

e=(e12+ (e NN)2) %, (1

where N is the number of observations used to form the average,
e) is the measurement accuracy, and e, is the random error. A
value of 30% is calculated for N=16, ¢;=30% and e,=15%.
Averages in Figure 5 (and the other figures) have error bars
which are dominated by systematic errors, since the number of
observations reduces the random components substantially.

Since the latitude coverage of POAM 1I was between 63° and
65°N, the averaging process used to create Figure 5 does not
sample the full vortex. Examination of contour graphs of model

Table 2. Average and Standard Deviations Between
Radiosonde and UKMO Temperature Values for
December 1, 1995, to January 9, 1996

Pressure, Tsonde-TUKMO 0,

hPa K K

21 -2.24 4.85
31 2.05 5.46
46 -1.88 241
68 -1.27 2.49
100 -0.99 2.45
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Figure 4. Comparison of POAM 1I area density values with NAT and ternary model values at 21, 31, 46, 68, and 100
hPa. Data points are both inside and outside the polar vortex and poleward of 40° latitude.

temperatures and area densities shows that the location of the
coldest temperatures and largest area densities can be over the
North Pole, such as on December 15. The dates of the peak
aerosol densities in Figure 5 and the dates of the peaks in the
time trends of the model vortex averaged area density (not
shown), however, are very similar.

Figure 5 demonstrates that sulfate is the predominant aerosol
during the first two weeks of December. On days 20 and 35
(December 20, 1995, and January 4, 1996) there are peaks in the
model daily averages at 46, 31, and 21 hPa due to the
development of PSCs. These peaks correspond to the dips in the
minimum temperature curves of Figure 2. Temperature has a
substantial influence on the area density as is evident from

inspection of the model and POAM observations presented in
Figure 4.

Figure 5 also reveals noticeable differences between model
and observation. At 31 and 46 hPa the model values (for the gas
+ sulfate + NAT case) are larger than the observations and peak
sooner than the POAM values.

At 68 hPa the POAM values display a larger variation in the
daily averages than the model values. These differences may be
due in part to temperature uncertainties in the UKMO
temperature field. Figure 6 presents a comparison of daily
averaged observed and model area density values (for NAT and
sulfate particles) at 68 hPa for the standard model calculation of
Figure 5 and one for which temperature values are decreased by 2
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inside and outside the vortex and poleward of 40° latitude.

K. The temperature decrease produces a noticeable increase in
the area density values for days near day 20 and 35, since the
minimum temperatures (see Figure 2) are near 195 K.

7. Model HCI

As noted in the introduction, the UKMO transformed
Eulerian mean vertical wind field (w¥) is positive, indicating a
net upward component in the UKMO vertical motion field. The
calculation time period of forty days in this study was therefore

selected to lessen this problem. One way to assess the effects of
this upward component on model mixing ratio fields of long
lived species (such as HCI) is by examining model time trends of
CHy4 and N,0O. CH,4 and N,O mixing ratio profiles decrease with
altitude, so that downward transport is expected to decrease the
CH, and N,O mixing ratios.

Table 4 presents model CH, and N,O values and percent
changes at the five pressure levels. For example, CH, averages
change by +0.7% between days 36-40 (January 5 - 9, 1995) and
1-5 (December 1 - 5, 1995) at 46 hPa. The changes in CH, and
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Table 3. Input Mixing Ratios for the Model
Calculations of Figure 4

Pressure, Hy0, HNO3,
hPa ppmv ppbv
21 55 11
31 52 12
46 4.3 10
68 44 7
100 39 4

N,O over a 40-day period for pressures between 68 and 46 hPa
correspond to a vertical displacement of the mixing ratio profile
of 0.7 km and an upwelling velocity of +0.02 cm s’1. However,
other calculations of w¥ for the Arctic [Schoeberl et al., 1992,
Figure 5] yield a value near -0.07 cm s™!. Though the upward
vertical displacement of 0.7 km is not large over the 40-day
period, the model wind field does not properly account for the
downward transport of HCI from above. Since the influx of HCI
is a source of active chlorine and this influx is not simulated by
the model when UKMO winds are used, the model may
underestimate the rate at which active chlorine is produced.

Table 5 presents model and HALOE observations of HCI as a
check upon the model initialization of HCl. HALOE viewed at
high latitudes in August and September 1995 and again in March
1996. The data in Table 5 are zonal averages between 65° and
75°N. The model and HALOE mixing ratios are within 0.2 ppbv
at 21, 31, and 46 hPa, though the model values are 0.5 ppbv
larger than the HALOE observations at 68 and 100 hPa, and the
two sets of data are separated in time by three months. The
comparisons at 68 and 100 hPa possibly indicate initial model
values of HC1 which are too large at these two pressure levels.

With these limitations in mind, Plate 2 examines the model
distributions of HCl at 46 hPa. The blue regions in Plate 2
highlight areas for which HCI is less than 0.4 ppbv. The model
predicts that HCl mixing ratios first decrease in a narrow band
(Plate 2, upper left) on December 5, with mixing ratios near 1.2
ppbv, which are less than the vortex averaged values of 1.8 ppbv.
This narrow band covers only a small portion of the polar vortex,
and from Figure 5, this decrease occurs prior to the appearance of
PSCs on December 20. By December 10 and December 15 there
are localized patches of substantial HCI depletion with values
near or less than 0.4 ppbv. By December 20 the area of depletion
for which HCl is less than 0.4 ppbv has grown in size.

Time trends of vortex averaged HCI (not displayed) show that
initial values of HCI are nearly constant during the first week of
the model simulation, while the model displays a substantial
decrease in N,Os. Vortex averages of model CIONO, are also
fairly constant. CIONO, mixing ratios are approximately 1.0, 0.9,
0.7, 0.5, and 0.4 ppbv at 21, 31, 46, 68, and 100 hPa,
respectively. The HCI and CIONO, time trends differ from the
N,Os time trends due to the temperature dependencies of
reactions (1) — (3). The reaction probabilities for reactions (1)
and (2) are highly temperature dependent, while that of reaction
(3) is not.

Depletion of HCI also takes place outside of the polar vortex,
since sulfate aerosol depletes HCl in the model simulations, and
the sulfate is present both inside and outside the polar vortex.
Validation of the model gas phase and heterogeneous chemistry
requires comparisons of observed and model mixing ratios both

inside and outside the vortex. Chemistry which produces
agreement inside the vortex, yet produces disagreement outside
the vortex, is incomplete.

Figure 7 presents observed HALOE HCI and model HCI
mixing ratios at 46 hPa for latitudes greater than 30° north in
order to compare model HCI values with observations both inside
and outside the polar vortex. As noted in Section 2, the HALOE
experiment just barely makes measurements within the polar
vortex during the December - January time frame. The dark
squares in Figure 7a are HALOE sunrise observations for model
days-15 - 39 (December 15, 1995 to January 8, 1996), and the
open squares are sunset observations for January 14 to February
1, 1996. HALOE sunrise observations were near 48°N latitude on
December 25, and HALOE sunset observations were near 50°N
latitude on January 24. In Figure 7a there are several points near
50°N where the mixing ratios are below 0.9 ppbv, which are
assumed to indicate the location of chemical depletion of HCI in
the vortex. In Figures 7b and 7c the model values, which
correspond to observations on December 25 and 26, are
presented with and without the HCI production pathways cited in
equations (8), (9), and (10). Figure 7d presents the differences in
the individual model values of Figure 7b and Figure 7c. If these
production pathways are not included (see Figure 7c) in the
model simulation, then the model overestimates the depletion of
HCI at latitudes between 40° and 50°N. If the pathways are
included (see Figure 7b), the model HC! values compare more
favorably to the observations, though the depletion is still
overestimated between 40° and 50°N.

8. Chlorine Activation

8.1. Contour Maps of Active Chlorine

Plate 3 presents mixing ratios of Cl, (CIO + 2CL,0, + Cl +
OCIO + 2Cl, + HOCI + CINO,) at 46 hPa on December 5, 10,

15—
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Figure 6. Daily averages of POAM II area density and model
values at 68 hPa. Averages are for inside and outside the vortex,
and poleward of 40° latitude. The model curves are for the case
where sulfate and NAT particles are present. The long dashed
curve is the same as in Figure 5, and the short dashed curve is for
the model simulation in which temperatures are decreased by 2 K.
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Table 4. CHy and NyO Model Mixing Ratios, Inside and Outside the Vortex
Pressure, hPa CHy, outside CHy, inside N0, outside N0, inside
ppmv %o ppmv % ppbv %o ppbv %

21 0.81 3.8 0.53 10.7 79 11.8 36 21.5
31 0.96 1.3 0.71 79 119 3.1 70 14.2
46 1.09 0.7 0.92 74 161 0.5 121 12.7
68 1.22 0.9 1.12 4.6 203 0.8 176 6.8

240 -1.1 220 3.0

100 1.39 -0.6 1.28 23

The mixing ratios are model averages for days 1-40. Percent change values are percent differences for the averages of days 36-40 and days 1-5.

15, and 20 to illustrate chlorine activation in the vortex. On
December 5 the Cl, is contained within the low latitude portion
of the vortex and overlies the region of HCI depletion presented
in Plate 2. On December 10 there are two portions of the vortex
which have Cl, values greater than 0.5 ppbv. The region of Cl,
greater than 1.6 ppbv is associated with the region of HCl in
Plate 2 which is less than 0.4 ppbv. By December 20 a large
portion of the vortex displays Cl, greater than 1.6 ppbv, which
clearly corresponds to regions of low HCl in Plate 2.

The model results suggest that active chlorine is not uniform
within the vortex several weeks after the initialization of chlorine
activation, although the distribution of chlorine activation is
anticorrelated with that of the HCI displayed in Plate 2. These
results are similar to those reported previously in other three-
dimensional model studies. Douglass et al. [1993] and Yudin et
al. [1997] both point out that sporadic polar processing initially
takes place in the Arctic polar vortex before a “permanent”
region of polar processing becomes established.

8.2. ClO Diurnal Variation

Figure 8 presents MLS version 4 C1O mixing ratios at 46 hPa
for 6 days during December 19 - 25. The MLS experiment is
viewing the Southern Hemisphere after December 25, so
December 19 - 25 is the last available week in which to examine
the development of ClO during the early chlorine activation
phase. Negative mixing ratios in Figure 8a indicate the noise
component of single MLS retrievals at 46 hPa. It is apparent from
Figure 8a that ClO values are appreciably higher during the
daytime. Model values of ClO (for the gas + sulfate + NAT case)
are presented in Figure 8b. The model and MLS values both vary
over a several ppbv range of mixing ratio. By averaging the MLS
and model values in 2° bins of solar zenith angle, the MLS noise

component is reduced substantially. Figure 8c presents these
averages, and those from the model run. The diurnal cycle for
both model and observation are fairly similar. Daytime averages
are of the order of 0.6 to 0.8 ppbv, while nighttime values are less
than 0.2 ppbv.

The increase in ClO as the solar zenith angle increases during
the day is not interpreted as a real feature of the. CIO diurnal
cycle since there are meridional gradients in C1O and solar zenith
angle. However; Figure 8 does show that there is a distinct
difference between day and nighttime values of C1O and that both
the model and observed CIO values are similar when graphed as
a function of solar zenith angle. The nighttime values in Figure 8
also indicate that comparisons of averaged version 4 MLS ClO
data with model values at the 0.2 ppbv level are meaningful.

Figure 8 supports the validity of the chemical framework used
in this study, which requires that there is a strong diurnal cycle
imposed upon ClO. If the nighttime MLS averages were
substantially larger than the nighttime model values, then the
chemistry would underestimate the production of active chlorine.
This is not apparent from the results presented in Figure 8.

Other studies have also examined the diurnal variation of
ClO. Figure 16 of Waters et al. [1996] shows the diurnal
variations of ClO during August 14-29, 1992, over the Antarctic
vortex at 21, 46, and 100 hPa. Averages of observations in which
ClO at 46 hPa was at maximum yield a diurnal variation in which
ClO is near 2.3 ppbv for zenith angles near 80° and near 0.1 ppbv
for zenith angles greater than 90°.

8.3. Five Day Averages of C10

Five day averages of MLS CIlO at 21, 46, and 100 hPa and
model CIO at 100, 68, 46, 31, and 21 hPa are presented in
Figures 9-12. Five-day averages were calculated in order to

Table 5. HALOE and Model HCI Zonal Averages

Pressure, hPa HALOE, ppbv Model, ppbv
sunrise sunset

21 2.1 23 2.1

31 1.8 21 20

46 1.5 1.6 1.7

68 1.1 1.1 1.5

100 " 06 0.6 1.1

The sunrise and sunset observations are from August and September 1995.
The model values are for December 5, 1995, and all zonal averages are for

latitudes between 65° and 75°north.
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Figure 7. (a) HALOE HCI (ppbv) mixing ratios at 46 hPa for December 14, 1995 through January 9, 1996, are
denoted by the solid squares. The open squares mark the observations for January 14 through February 1 (which
would correspond to model days 45-63). The vortex is sampled slightly near latitude 50°N. (b) Model HCI (ppbv)
mixing ratios at 46 hPa for December 25-26, 1995, the days when HALOE made observations near 48°N. Reaction
pathways (8), (9), and (10) are included in the model calculations. (¢) Model HCI (ppbv) mixing ratios at 46 hPa for
December 25-26, 1995. Reaction pathways (8), (9), and (10) are excluded from the model calculations. (d)
Differences in ppbv of the individual HCI values from Figures 7b and 7c.

reduce the noise component of individual values. MLS values
were used if the solar zenith angle of the observation was less
than 90°. Model values were used, at the model output times of
noon and midnight at Greenwich, if the solar zenith angle was
also less than 90°. The comparisons therefore are not for
colocated positions. The number of coincidences was small when
averages were calculated using colocated, simultaneous
observations, and these averages contained a substantial noise
component.

Error bars are calculated using equation (11) and the random
and systematic errors cited in section 2.5. Since the number of
observations is of the order of 80 for each daily average, the error
bars are essentially due to systematic errors.

Figures 9-12 do not compare model maximum values with
observed MLS maximum values. This type of comparison would
be difficult owing to the noise inherent in individual MLS
observations and owing to the limitations of the model output,
which is programmed at 0 and 12 UT. Maximum values of Cl,. in
Plate 3 at 46 hPa for days 15 and 20 are 2.4 and 3.1 ppbv, and
maximum model ClO values (not shown) are 1.8 and 1.8 ppbv,
respectively. Maximum values of ClO are therefore substantially
larger than the vortex averaged values presented in Figures 9-12.

Figure 9 displays 5-day averages of CIO mixing ratio inside
the vortex, and the influence of reaction probabilities and
reactions (8), (9), and (10) are examined for the sulfate + NAT
case. The open circles mark simulations in which the Hanson
[1994] reaction probabilities are used without reactions (8)-(10).
The triangles mark simulations in which the Hanson [1998]
reaction probabilities are used, and the open squares mark
simulations in which the Hanson [1998] reaction probabilities
and reactions (8)-(10) are used. The model ClO values after day
25, especially at 46 and 31 hPa, are ~ 0.2 ppbv lower than the
“older chemistry” model values when reactions (8)-(10) and the
Hanson [1998] reaction probabilities are utilized. The Hanson
[1998] reaction probabilities for reactions (1) and (2) have a
steeper temperature dependence than the Hanson et al. [1994]
reaction probabilities, so less active chlorine is produced at the
average vortex temperatures displayed in Figure 2. Reaction
pathways (8) and (9) increase HCI (see Figure 7) and decrease
ClO in the vortex, especially at 31 and 46 hPa after December 25.

At 46 hPa the model and observed ClO averages increase
with time in similar fashion. At 21 hPa the MLS average for
simulation days 16-20 is larger than the model averages, though
the comparison for days 21-25 is somewhat closer. At 100 hPa
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Figure 8. (a) MLS version 4 ClO (ppbv) within the vortex at 46
hPa for December 19 - 25, 1995. Negative mixing ratios are
indicative of the noise level present in the MLS retrieval at this
pressure level. (b) Model ClO values inside the vortex, for the gas
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(ppbv) within the vortex at 46 hPa for December 19-25, 1995,
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points within the vortex were used in the averaging process.
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the comparison is problematic owing to the large MLS error bars.

Figure 10 presents the baseline case (gas + sulfate + NAT
chemistry, reactions (8)-(10), and the Hanson [1998] reaction
probabilities) and two sensitivity calculations. In section 5 it was
noted that the UKMO temperatures are warmer than the
radiosonde data by ~ 2 K between 21 and 46 hPa. If temperatures
are uniformly reduced by 2 K at all pressure levels, then more
ClO is produced (see the open circles in Figure 10), especially at
21 and 31 hPa. The temperature sensitivity is much less
pronounced at 46, 68, and 100 hPa. The other sensitivity
calculation in Figure 10 is given by the triangles, for the case
where the sulfate aerosol has been reduced by 30% from the
baseline case. As expected, the amount of ClO produced is
reduced, by roughly 0.1 ppbv, between 31 and 68 hPa.

Figures 11 and 12 present 5-day averages inside and outside
the vortex, respectively, for three cases: (1) gas + sulfate
chemistry only (circles), (2) gas + sulfate + ternary chemistry
(triangles), and (3) gas + sulfate + NAT chemistry (squares). For
all three cases, reactions (8)-(10) and the Hanson [1998] reaction
probabilities were utilized. At 46, 68, and 100 hPa the gas +
sulfate chemistry alone provides the majority of the chlorine
activation inside the vortex. This result is consistent with the
conclusions of Portmann et al. [1996], who note that the long-
term changes in the magnitude of the Antarctic ozone hole are
modulated by variations in aerosol surface area connected to
volcanic sulfate aerosol loading and that the sulfate aerosol is
effective at converting chlorine from reservoir species to active
forms.

At 21 and 31 hPa the presence of NAT PSCs substantially
increases the production of ClO after day 15. The ternary case
produces less chlorine activation than the sulfate case since, as
noted in section 3, the Hanson [1998] laboratory measurements
demonstrated that the presence of HNOjz in a droplet lowers y by
a factor of 0.5. Outside the vortex, where there are fewer PSCs,
the gas + sulfate case provides most of the chlorine activation at
all pressure levels.

At 46 hPa the model and observed ClO mixing ratios increase
with time in a similar fashion both inside (Figure 11) and outside
(Figure 12) the vortex. At 21 hPa the time trends are fairly
similar both inside and outside the vortex. Comparisons at 100
hPa are problematic due to the larger error bars of the MLS data
at this pressure level. Overall, 11 of the 14 MLS averages in
Figures 11 and 12 at 21 and 46 hPa have error bars which
overlap with the gas + sulfate + NAT model values. Time trends
of these 5-day averages of model and version 4 MLS CIO inside
and outside the vortex at 21 and 46 hPa therefore agree within
the experimental error.

In Figure 11, the amounts of chlorine activation inside the
vortex at 21, 31, and 46 hPa for the NAT simulation are larger
than that of the ternary simulation. This result is fairly similar to
that reported by Sessler et al. [1996], who used box models and
the SLIMCAT three-dimensional chemical transport model to
study the chlorine activation and deactivation stages for the
1994/1995 Arctic winter. After a cold PSC event (T, < 190 K),
NAT and ternary cases produced similar amounts of chlorine
activation on the 465 K potential temperature surface. For higher
minimum temperatures, i.e., temperatures between the effective
ternary and NAT thresholds, the NAT case yielded more chlorine
activation. From Figures 2-5 it is apparent that the minimum
temperatures for the December 1995 to January 1996 time period
were between the effective ternary and NAT thresholds. These
conditions produced more chlorine activation in the NAT
simulation than in the ternary simulation.
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Figure 9. Five day averages of model and MLS ClO (ppbv) at 21, 46, and 100 hPa. The model values correspond to
the gas + sulfate + NAT case. All model values and MLS data points within the vortex, at latitudes greater than 40°N,
and for which the solar zenith angle was less than 90°, were used in the averaging process. UARS looked southward
of 35°N after December 27, 1995. “Older chemistry” uses Hanson et al. [1994] reaction probabilities, “updated
gammas” use Hanson et al. [1998] reaction probabilities, and “HCI paths” use the updated gammas and the HC1 paths

of reactions (8), (9), and (10).

9. Conclusions

Quantitative comparisons of observation and model results at
each of the following cause and effect links, (1) temperature, (2)
generation of aerosol area density, and (3) conversion of inactive
chlorine to active chlorine, were carried out for the time period
from December 1, 1995 through January 9, 1996. This time

period was selected owing to the availability of UARS mixing
ratios of HCl and ClO, POAM 1I aerosol extinction data, and
because stratospheric temperatures were very cold.

Minimum temperatures reached down to 195 K at 46 hPa by
December 7 (see Figure 2). The presence of cold temperatures
was expected to enhance the surface area of aerosol because of
the creation of PSCs. This link was examined by transforming
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chemistry and temperatures decreased by 2 K at all pressure levels.

POAM extinction data into area density values, which were
compared to model calculations for sulfate, NAT, and ternary
particles. PSC particles were observed in the POAM data at 46,
31, and 21 hPa. The POAM data matched the NAT model
calculations better than the ternary model calculations (see Figure
4). Variations of daily aerosol density averages for model and
observation at 31 and 46 hPa were in fair agreement (see Figure
5). As POAM averages increased, the model averages also
increased. Model values at 31 and 46 hPa, however, peaked

before the observed values, and the model values were larger
than the observed values.

The cold temperatures in early December initiated the
conversion of model unreactive chlorine (HCl and CIONO,) into
HOC] and Cl,. The large geographical area of the northern polar
vortex in December 1995 and January 1996 extended to latitudes
far enough south, such that photolysis was active inside the polar
vortex throughout December and January (see Plate 1).

Model calculations were carried out for four cases, (1) gas
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Figure 11. The averaging used is the same as in Figure 9. “NAT” model values are for gas + sulfate + NAT reactions,
Hanson et al. [1998] reaction probabilities, and the HCI paths of reactions (8), (9),and (10). “Ternary” values are for
gas + sulfate + ternary reactions, and “sulfate” values are for the gas + sulfate reactions.

phase reactions only, (2) gas + sulfate reactions, (3) gas + sulfate
+ ternary reactions, and (4) gas + sulfate + NAT reactions, to
assess the sensitivity of ClO activation to particle type. NAT
particles produced more ClO activation inside the vortex at 46,
31, and 21 hPa than ternary droplets (see Figure 11). From
Figures 11 and 12 it is apparent that the sulfate aerosol accounted
for a major portion of the chlorine activation at 46, 68, and 100
hPa inside the vortex and for most of the chlorine activation
outside the vortex at all of the pressure levels.

Calculations for the gas + sulfate + NAT case illustrated the
sensitivity of chlorine activation to reaction probability, reaction
pathway, temperature, and surface area specifications. Vortex
averaged activation of ClO decreased by 0.3 ppbv at 31 and 46
hPa (see Figure 9) when reaction pathways (8), (9), and (10) and
the Hanson [1998] reaction probabilities were utilized. The
sensitivity of ClO activation to temperature uncertainties
increased as pressure decreased (see Figure 10). A uniform
temperature reduction of 2 K enhanced peak vortex averaged Cl1O
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Figure 12. The averaging of the data includes latitudes between 40° North and the edge of the polar vortex. The
“NAT,” “ternary,” and “sulfate” values are for the chemistry as in Figure 11.

activation by 0.4 ppbv at 21 hPa. ClO activation decreased by ~
0.1 ppbv at 31, 46, and 68 hPa when the sulfate area density was
decreased by 30% (see Figure 10).

Time trends of 5-day averages of model and MLS version 4
ClO over extended regions inside and outside the vortex at 21
and 46 hPa agreed within the experimental error (near 0.1 ppbv)
for the majority of the averages presented in Figures 11 and 12.
The comparisons of model and observations at 100 hPa were
problematic because of the large error bars of the MLS ClO data.
An overall impression given by the calculations is that the gas

phase and heterogeneous chemistry utilized in this model can
adequately produce ClO in the Arctic polar regions since both the
magnitude and the rate at which ClO is generated by the model
agree fairly well with the MLS observations.
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