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Abstract. Observations of high NO,/NO, ratios (overall 40% larger than modelled values) during
the Polar Ozone Loss in the Arctic Region in Summer campaign have led us to re-examine the
heterogeneous chemistry of stratospheric aerosol particles during the polar summer period, using
the Integrated MicroPhysics and Aerosol Chemistry on Trajectories model. The warm summer
temperatures (up to 235 K) imply very concentrated sulphuric acid solutions (80 wt %). On the one
hand, these solutions are more likely to freeze, into sulphuric acid monohydrate (SAM), reducing
the efficiency of the N,O; hydrolysis reaction. Including this freezing process increases NO,/NO,
ratios but does not improve model/measurement agreement: in polar spring, SAM formation causes
the NO,/NO; ratio to be overpredicted whereas freezing has a much smaller effect on nitrogen
chemistry during the continuous solar exposure of polar summer. On the other hand, if sulphate
aerosols remain liquid, the high acidity may promote acid-catalysed reactions. The most important
reaction is CH,O+HNO;, which effectively increases NO/NO, ratios across a wide range of
conditions, improving agreement with measurements. Furthermore, the production of HONO can
either enhance gas-phase OH concentrations or promote secondary liquid reactions, including
HONO+HNO,; and HONO+HCI. Primary uncertainties include the uptake coefficient of CH,0O
relevant to reaction with HNO,, the amount of HONO available for secondary reaction, and the
relative rates of HONO reaction with HNO; and HC1. The fate of the formic acid product, whose
presence in the stratosphere may be an indicator for the CH,O reaction, and the impact on the

stratospheric hydrogen budget are also discussed.

1. Introduction

The majority of stratospheric aerosol particles are composed of
aqueous sulphuric acid solutions [Turco et al., 1982, and references
therein]. Two heterogeneous reactions have been shown to be
effective on sulphate aerosols throughout the stratosphere:

(R1)
(R2)

N,Os4(g) + H,0(aq) - 2HNO,(aq)
BrONO,(g) + H,0(aq) - HOBr(g) + HNO,(aq)

Reaction (R1), in particular, has been shown to have a widespread
impact on stratospheric nitrogen (NO,) partitioning, increasing the
reservoir species, HNO,, at the expense of active nitrogen such as
NO and NO, (NO,) [McElroy et al., 1992; Fahey et al., 1993;
Wilson et al., 1993]. Reaction (R2) leads to HOBr formation,
especially at night, causing a morning release of OH radicals
[Hanson and Ravishankara, 1995; Lary et al., 1996).

While these reactions are now commonly included in
stratospheric chemistry models, it is not yet clear that our
understanding of stratospheric nitrogen chemistry is complete. In
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particular, observations made during the Polar Ozone Loss in the
Arctic Region In Summer (POLARIS) campaign consistently found
NO/NO, ratios greater than could be explained by existing models
[Gao et “al., 1999; Osterman et al., 1999; K.K. Perkins et al.,
manuscript in preparation, 1999]. Since sulphate aerosols have
already been shown to affect the NO/NO, ratio, viareaction (R1),
this paper will examine recent theories on sulphate behaviour which
may further affect modelled nitrogen partitioning.

Several other reactions are known to occur on sulphate aerosols
but have been shown to have little effect at temperatures above
200 K, for example:

(R3) CIONO,(g) + H,0(aq) - HOCI(g) + HNO;(aq)
(R4) CIONO,(g) + HCl(aq) - Cl,(g) + HNOs(aq)
(RS) N,Os4(g) + HCl(aq) - CINO,(g) + HNOs(aq)
(R6) HOCI(g) + HCl(aq) ~ Cl,(g) + H,0(aq)

However, these reactions share one characteristic: they are all
promoted by the availability of water, either because H,O is a
reactant or because HCl is a reactant, and HCl requires H,O to
dissolve in solution [Hanson et al., 1994, Hanson and
Ravishankara, 1994]. All were initially investigated because of
their effectiveness at cold temperatures, where condensed water
is readily available.
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For typical conditions at midlatitudes, however, the sulphate
solutions are more concentrated in H,SO, than for cold polar
regions [Steele and Hamill, 1981]; consequently, water is less
available for reaction, reducing the efficiency of reactions such as
(R3)-(R6). Reactions (R1) and (R2) are exceptions that are able
to remain equally effective across a wide range of sulphuric acid
compositions. Mechanistic explanations for these reactions
[Robinson et al., 1997] have invoked a second reaction mechanism,
promoted by increasing solution acidity, that balances the water-
catalysed mechanism.

Other acid-catalysed reactions also exist, which can become
more effective as solutions become more concentrated. Reactions
with stratospheric potential include [Horvdth et al., 1988; Fenter
and Rosst, 1996, Zhang et al., 1996; Iraci and Tolbert, 1997,
Longfellow et al., 1998]:

(R7) CH,0(aq) + HNO,(g) -~ HONO(aq) + CHOOH(aq)
(R8)  HONO(aq) + HNO;(g) - 2NO,(g) + H,0(aq)
(R9) HONO(aq) + HCI(g) - CINO(g) + H,0(aq)

In each case, the reactions are promoted by reactants (HONO and
CH,0) that become more soluble in acidic solutions [Becker et al.,
1996, Longfellow et al., 1998; Tolbert et al., 1993; Iraci and
Tolbert, 1997]. These reactions have not previously been
investigated in any stratospheric chemistry models.

Increased sulphate solution acidity can also promote substantial
compositional changes in stratospheric aerosols, in particular,
possible phase changes. Such a phase change can dramatically alter
the efficiencies of all heterogeneous reactions, and therefore also
needs to be considered to fully evaluate the chemical impact of
sulphate aerosols.

The first such process to be proposed was the formation of
nitrosyl sulphuric acid (NSA or NOHSO,) [Burley and Johnston,
1992]. Laboratory studies have confirmed that HONO dissolves
in acid solutions through formation of the nitrosyl ion (NO¥)
[Becker et al., 1996; Zhang et al., 1996]:

(R10) HONO(g) + H;0"(aq) ~ NO*(aq) + H,0(aq)

If nitrosyl builds up in solution, it can reach its solubility limit and
precipitate out as solid NSA [Burley and Johnston, 1992]:

(R11)  NO*(aq) + HSO, (aq) - NOHSO,(s)

This compound has been tentatively identified in stratospheric
aerosols [Farlow et al., 1977]. Studies have shown that reaction
of HCI, producing CINO, is very efficient on NSA [Fenter and
Rosst, 1996]; other reactions have not been studied. But Saastad
et al. [1993] showed that the heterogeneous HONO formation
mechanisms proposed by Burley and Johnston [1992], involving
NO and NO,, were not efficient. Also, laboratory studies have
shown that HONO, while soluble, will not be present in
stratospheric aerosols at the concentrations necessary for NSA
precipitation [Becker et al., 1996; Longfellow et al., 1998].
Therefore, NSA formation has generally been discounted.

Another possibility is that warm temperatures can, seemingly
paradoxically, cause stratospheric sulphate aerosols to freeze
[Zhang et al., 1995]. As the acidity increases, the solutions
approach the composition of sulphuric acid monohydrate (SAM).
Measurements show that the formation of this solid compound is
thermodynamically favoured, and it forms in the laboratory more
readily than other sulphuric acid hydrates [Zhang et al., 1995].
Reaction (R3) and especially reaction (R1) have been measured to
be less efficient on SAM than on liquid solutions [Zhang et al.,
1995].
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This paper will investigate the likelihood of SAM and NSA
formation and examine the impact of reactions (R7)-(R9) on the
composition of the lower stratosphere. These processes are all
promoted by the same conditions, namely the increased aerosol
acidity which occurs at warm stratospheric temperatures. The
POLARIS campaign primarily sampled polar stratospheric summer
conditions, when elevated temperatures occur. Furthermore, the
observed NO/NO, ratios, consistently 40% higher than model
predictions, demonstrate that current models do not properly
account for stratospheric nitrogen chemistry. The wealth of
measurements available on NASA's ER-2 aircraft allows for
thorough evaluation of these various processes, to examine which
may be occurring and how they may interact.

In addition, a survey of previous ER-2 campaigns revealed that
the ER-2 had also sampled similar temperature conditions in the
Antarctic, at the end of the Airborne Southern Hemisphere Ozone
Experiment and Measurements for Assessing the Effects of
Stratospheric Aircraft (ASHOE/MAESA) campaign. These data
will be used to supplement the POLARIS data, providing insight
on whether similar behaviour is seen in the Southern Hemisphere
and extending the temperature and NO/NO, regimes.

2. Measurements

The POLARIS campaign sampled the arctic polar region during
the summer of 1997 through a series of ER-2 flights, using a wide
range of instruments, as described in this special issue. Table 1 lists
the measurements and data products that have been used in this
study, either for model initialization or for comparison with model
results. Table 2 provides a list of flight dates that have been used
in the analysis, with a few key characteristics of the flights; the
selection of data points will be described in more detail in
section 3.

The POLARIS campaign focussed on ozone loss during summer
in the norther polar regions and consequently tended to sample air

Table 1. ER-2 Measurements Used in this Study.
Measurement

Reference

Measurements Used for Model Initialization
Sulphate aerosol ~ Wilson et al. [1992]
surface area

H,0 Hintsa et al. [1999] or May [1998]
(for ASHOE/MAESA: Kelly et al. [1993])
NO, Gao et al. [1999]
0, Proffitt et al. [1993]
Cly Montzka et al. [1996]
Br, Wamsley et al. [1998]

Column ozone McPeters et al. [1998] and McElroy [1995]
Surface reflectivity McPeters et al. [1998] and McElroy [1995]

Additional Measurements Used for Model Initialization*

N,O Loewenstein et al. [1990]
CH, Webster et al. [1994]
Measurements to Which Model Data are Compared
NO Gao et al. [1999]
NO, K K. Perkins et al., manuscript in preparation, 1999
(not available during ASHOE/MAESA)
or Del Negro et al. [this issue]
OH T.F. Hanisco et al., manuscript in preparation, 1999
ClOo Stimpfle et al. [this issue]
CIONO, Stimpfle et al. [this issue]
(not available during ASHOE/MAESA)
HC1 Webster et al. [1994]

*Measurements in this list were used when available; however, simulations
were still done in the absence of these data, using estimated values.
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Table 2. Summary of Flights Being Simulated, Flight Conditions, and Model/Measurement (NO+NO,)/NO, Discrepancies for Key Model

Scenarios

Average flight conditions Average (NO+NO,)/NO, Discrepancy (Model/Measured)

Date Number  Latitude Solar ~ Temperature, Aerosol Sam Baseline SAM Scenario C1:  Scenario C2:
of Zenith K H,SO, K (100% at Reactions Reactions

Modelled Angle Content, Ssam=0K) (R7), (R8), (R7), (RY),
Points wt % and (R9) and (R9)

(Yoo = 1) (Tolbert ¥ yyy)
ASHOE/MAESA Flights

941010 16 -57.6 57.2 2294+19  77.7x1.1  32.7+52 0.91+0.12 1.31+0.21 1.23x0.16 1.03x0.12
941013 17 -56.5 56.5 230.5£1.6  78.1x0.7 34.3%£3.2 0.93+0.09 1.44+0.12 1.25£0.15 1.06+0.10
941016 17 -56.9 54.7 233.7x49  79.1x19  34.7+6.6 0.98+0.08 1.46+0.14 1.32+0.20 1.10£0.13
941020 14 -56.6 49.7 226.7£2.3  76.4x1.6 27.1x10.0  0.99+0.10 1.18+0.16 1.32+0.24 1.08+0.15
Overall 64 0.95+0.09 1.36+0.16 1.28+0.18 1.07+0.12

POLARIS Flights

970422 46 25.1 31.1 205.3£3.0 644226  0.00.0 0.73+0.04  0.73+0.05 0.95+0.08 0.76+0.04
970424 35 51.2 45.1 219.7+48  73.6x2.7 154129 0.70£0.07  0.80+0.10 0.92+0.11 0.76+0.06
970426 53 71.7 68.9 224.7+3.1  757x19 25.0«10.1  0.68+0.06  0.81+0.10 0.88+0.10 0.73+0.07
970430 41 64.2 922 228.0£1.2  76.9+0.8 29.9+53 0.73£0.05  0.97+0.12 1.01£0.08 0.82+0.05
970502 50 69.6 61.4 228.4+1.0 77.6x05 34.1x2.1 0.75+0.04 1.02+0.06 1.01+0.06 0.82+0.04
970506 44 72 59.4 2309+1.8  78.2+0.8 34.8+£32 0.72£0.05  0.96+0.04 1.01£0.08 0.81+0.04
970509 37 64.5 91 228.4+05 77.4+03 32.6x1.8 0.73+0.03 1.05+0.03 1.03+0.10 0.83+0.04
970513 19 74 59 230.1x1.7  77.7x1.0 32.1+5.3 0.75£0.06  0.96+0.07 1.04+0.14 0.84+0.07
970626 46 66 49.1 226.3x1.9 76509  28.6x5.0 0.72£0.05  0.82+0.07 1.11x0.13 0.82+0.05
970629 20 57.7 36.8 224 .8=x1.1 75.8£0.7  25.8x5.0 0.72+0.09 0.85+0.10 1.07£0.14 0.82+0.08
970630 21 64.9 433 2258+1.3.  75.6x1.6  23.1+9.3 0.66+0.08  0.77+0.12 1.09+0.14 0.79+0.07
970704 57 59.3 42 2242+28 754224  24.1+89 0.73£0.07  0.85+0.10 1.05+0.11 0.82+0.05
970707 55 77.4 57.9 230.8+1.3  78.3x0.8 35.1+3.7 0.75+0.03  0.84+0.02 1.07+0.08 0.83+0.02
970710 3 65.3 432 228.3+0.7  76.2+0.4  25.0£2.3 0.71£0.05  0.98+0.05 1.25+0.23 0.90+0.11
970908 50 76.7 74.6 222.8+1.6  75.0£0.6 21.6+3.9 0.72+0.07 1.08+0.13 1.00+0.08 0.82+0.05
970911 27 64.5 87.4 222.4+0.8 74902 20.8+1.9 0.61x0.04 1.04+0.07 0.88+0.12 0.71£0.06
970914 42 64.4 88 219.3x04  73.3x0.7 10.4x29 0.71x0.08  0.97+0.12 0.99+0.19 0.80+0.10
970915 45 64.6 87.6 220.0+04  73.7x0.6  13.3%3.2 0.74+0.05  0.99+0.11 1.02+0.13 0.83+0.04
970918 52 78.1 79 221.1£1.5 743204 17.6x29 0.72+0.09 1.08+0.08 0.97+0.11 0.81+0.07
970919 46 64.5 67.8 224.0x1.0  75.6x0.3 24.7x1.6 0.78+0.04 1.12+0.11 1.02+0.03 0.85+0.03
970921 37 39 43.6 214.0+44  70.7x3.0  3.3x47 0.76+0.14  0.92+0.18 1.01+0.20 0.82+0.15
970923 33 6.8 294 207.5£2.6  67.0x3.2  0.0+0.0 0.72£0.03  0.72+0.03 0.97+0.05 0.76+0.04
Overall 859 0.72+0.06  0.93+0.09 1.00£0.11 0.80+0.06

Ranges represent data variability (one standard deviation). Dates are in Y YMMDD format.

with temperatures higher than typical midlatitude conditions in the
lower stratosphere. Figure 1 illustrates the range of measured
temperatures, placing them in the context of the sulphuric acid
phase diagram by using the simultaneous water vapour
measurements to calculate the equilibrium sulphuric acid
composition [Steele and Hamill, 1981]. Also shown is a curve
representing how sulphate aerosols in an air parcel with a fixed
water content representative of the ER-2 data (3x10™* mb, or 5 ppm
at 60 mb) would respond to temperature variations. The warm
temperatures, up to 235 K, correspond to sulphuric acid equilibrium
compositions of nearly 80 wt %. The data at weight percents below
70 were all collected at midlatitudes and the tropics (on the flights
of 970422, 970424, 970921, and 970923).

Areview of previous ER-2 campaigns found that similarly warm
temperatures were also measured during the ASHOE/MAESA
campaign [Gaines et al., 1995]. In particular, four flights south
from Christchurch, New Zealand, in October of 1994 sampled
temperatures above 225 K; on the 16th of October, stratospheric
temperatures above 240 K were sampled. These points are also
shown in Figure 1. These four flights complement the POLARIS
data, by providing a view of the southern hemisphere and also by
demonstrating polar spring a few weeks earlier than the POLARIS
measurements. Generally similar instrumentation was available
during ASHOE/MAESA; key differences are noted in Table 1.

A dominant feature of the POLARIS campaign was elevated
NO/NO, ratios; the measurements were on average 40% higher
than model estimates using standard gas-phase chemistry [DeMore

et al., 1997}, as shown in Figure 2. Measured (NO+NO,)/NO,,
referred to here as the NO /NO, ratio, is determined from separate
measurements of NO, NO,, and NO, (see Table 1). As discussed
elsewhere [Del Negro et al., this issue; K.K. Perkins et al.,
manuscript in preparation, 1999], the two NO, measurements differ
by 6% on average; for simplicity, the two measurements have been
averaged for this study. ASHOE/MAESA data is also included in
Figure 2, demonstrating the lower NO/NO, values and better
model/measurement agreement observed during the earlier
campaign.

Since the POLARIS campaign, several laboratories have
reexamined the rates of two key gas-phase reactions. Under
stratospheric conditions, it has been found that the reaction of OH
with NO, is 10-30% slower than recommended by DeMore et al.
[1997] [Brown et al., 1999a; Dransfield et al., 1999]; the reaction
of OH with HNO; is 20-30% faster [Brown et al., 1999b]. Both
these reaction rate changes have the effect of increasing the
computed NO/NO, ratio and substantially improving the agreement
with the measured ratio [Gao et al., 1999; Osterman et al., 1999].
In our own sensitivity studies using these reaction rates,
improvement with measured NO/NO, ratios was also achieved, but
the model was unable to account for the highest measured values
(i.e., NO/NO, > 0.15), falling 10% short on average. Similar
results were reported by Gao et al. [1999] based on an analysis of
the same ER-2 observations of NO/NO,. Osterman et al. [1999]
showed that a 35% decrease in the rate coefficient of the OH+NO,
was required to best match MKIV balloon-borne measurements of
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Figure 1. Sulphuric acid phase diagram [Gable et al., 1950]. Curve
shows evolution of a stratospheric air parcel with 3x10* mb of
H,0. Superimposed are the equilibrium sulphate compositions
corresponding to the POLARIS (solid circles) and ASHOE/MAESA
(open circles) data points modelled in this study. The SAM
stability region is shaded gray.

NO/NO,, which is larger than the 10-30% change in the rate
suggested by the new laboratory data. However, use of both the
Dransfield et al. [1999] rate for OH+NO, and the Brown et al.
[1999b] rate for OH+HNO; leads to agreement (e.g., differences
less than 10% at most altitudes) with the same MkIV measurements
(G.Bo. Osterman and R.J. Salawitch, private communication,
1999). In summary, if these new laboratory rates for OH+NO, and
OH+HNO,; are valid, measured and modelled NO /NO, ratios tend
to agree within the combined uncertainties of the measurements
and models, although a systematic discrepancy still seems to be
present for the largest ER-2 observations of the NO/NO, ratio.
Better definition of the rates of these two key reactions is required
before we can determine whether or not additional changes to
stratospheric nitrogen chemistry are required.

3. The IMPACT Model

The Integrated MicroPhysics and Aerosol Chemistry on
Trajectories (IMPACT) model was originally developed for
simulations of polar stratospheric clouds, and therefore contains
detailed treatments of aerosol microphysics and heterogeneous
chemistry [Drdla, 1996]. Furthermore, the model’s photochemistry
and ability to simulate specific ER-2 data sets make it ideal for
studies of aerosol effects on stratospheric chemistry.

The size distribution of sulphate aerosols is modelled using 51
size bins (~0.001 to ~100 pm radius) which grow and shrink as the
solution changes composition. Diffusion-limited dissolution of a
wide range of species (HCI, HNO,, HONO, CH,0, and CHOOH)
is calculated for each individual bin; separate components, for
example NSA, can also be present within the same particle. NSA
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precipitation will occur if its solubility limit [Burley and Johnston,
1992] is exceeded. Freezing and melting to/from SAM aerosols is
explicitly calculated, with a second set of size bins for frozen
aerosols.

Heterogeneous chemistry is calculated for each particle type and
size bin. The baseline model includes reactions (R1)-(R6);
reactions (R7)-(R9) and additional reactions discussed later are
included in specific runs. To model these reactions, the solubility
(according to the effective Henry’s law coefficient, H') and
diffusionis explicitly calculated. The fraction of the total diffusive
flux available for reaction is specified by the reaction probability,
v; the overall reaction rate is limited by the availability of both the
reactants. Parameters used for these reactions are listed in Table 3;
the combinations used in the various model scenarios are provided
in Table 4.

The default reaction probability for reaction (R9) used here is
0.02, which is based on the laboratory measurements by Zhang et
al. [1996] for a 71 wt % solution at 223 K. More recently, this
reaction has also been studied by Longfellow et al. [1998], who
measured details of the reaction kinetics, including solubilities and
aqueous-phase reaction rates. In sensitivity tests (see Table 3),
their parameterization of reaction (R9) has been implemented, with
fixed values for the parameters Hyg, D, and k" (using the values
measured for 70 wt % solutions at 215 K). Longfellow et al.
[1998], however, found a much smaller reactivity (y~2x107) than
Zhang et al. [1996). Fenter and Rossi [1996] have also studied
reaction (R9) but concluded that no reaction occurs for acidities
greater than 65 wt %. This wide variability among the laboratory
data has yet to be resolved. Furthermore, all the studies found the
reactivity to be very sensitive to solution acidity and temperature,
but no measurements of the reaction probability have been made
atthe high acidities relevant for POLARIS. (Note that even though
the predicted HCI solubility in these concentrated solutions is low,
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Figure 2. Cross plot of modelled and measured (NO+NO,)/NO,
ratios, for the baseline model. See Table 1 for details of the
measurements. POLARIS data is shown as solid circles;
ASHOE/MAESA as open circles. All simulated points (see
Table 2) are included. The line represents the least squares fit to
the data.
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Table 3. Parameters Used to Model Heterogeneous Reaction Rates

Parameter Option Value Reference
(R1): N,O«(g) + H,0(aq) ~ 2HNO4(aq)
YN20s Liquid 0.1 DeMore et al. [1997]
SAM 0.001 Zhang et al. [1995]
(R2): BrONO,(g) + H,O(aq) - HOBr(g) + HNO4(aq)
Y BroNo2 Liquid 0.8 DeMore et al. [1997]
SAM 0.0r 0.8
(R7): CH,0O(aq) + HNO4(g) - HONO(aq) + CHOOH(aq)
H o Default 10’ M/atm Iraci and Tolbert [1997]
Y cmzo Default 1
Tolbert max(0.015, -0.529 + 8.13x10"x,1550,) Tolbert et al. [1993]
Y HNO3 Default 0.01 Iraci and Tolbert [1997]
(R8): HONO(aq) + HNO4(g) ~ 2NO,(g) + H,0(aq)
H yono Default Fit to laboratory data Longfellow et al. [1998]
Becker eqn (13) of Becker et al. [1996] Becker et al. [1996]
Y HoNo Default 1
Zhang -0.335 + 0.00537xyy5504 Zhang et al. [1996]
Fenter exp(-16.4 + 0.166x,50,) Fenter and Rossi [1996]
Y103 Default 0.01 Iraci and Tolbert [1997]
(R9): HONO(aqg) + HCI(g) - CINO(g) + H,O(aq)
H'yono  see entries for (R8)
Yoo see entries for (R8)
Yual Default 0.02 Zhang et al. [1996]
Longfellow 4H R Tm _ Longfellow et al. [1998]
firyk [HONO], /D))
Oper
(using values measured at 215 K, 70wt %)
(RI12): CHOOH(aq) -~ CO(g) + H,O(aq)
H'yoon  Default 2.1x10° M/atm Iraci and Tolbert [1997]
Y CHOOH Default 1
k! Default 4.7x10%s™ Smith et al. [1983]
(R13): CHOOH(aq) + HNO4(g) ~ HONO(aq) + CO,(g) + H,O(aq)
H'oou  Default 2.1x10”° M/atm Iraci and Tolbert [1997]
Y cHooH Default 1
Y o3 Default 0.0005 Horvdth et al. [1988]
Fast 0.01

For Yy Xisos 1 H,SO, weight percent and [HONO],  is aqueous HONO concentration, M. Other parameters are

as defined by Longfellow et al. [1998].

the laboratory data shows that reaction (R9) does occur on solutions
with low HCl solubilities.) We have chosen to adopt the Zhang et
al. [1996] value as a default, primarily because it does not require
extrapolation of multiple parameters to high weight percents.
Ultimately, more laboratory data, preferably providing the weight
dependence of all the physical chemistry parameters, will be needed
to resolve these questions; until then, any model treatment of this
reaction is at best an approximation.

The model photochemical solver is based on Elliott et al. [1993],
which uses a family approach with forward integration to provide
stability with one-hour model time steps. For these studies, the
model was configured with 57 species, grouped into 28 families,
using 165 gas-phase reactions (of which 38 are photolysis
reactions) with reaction rates based on DeMore et al. [1997].
Photolysis rates were calculated using the radiative transfer model

of Salawitch et al. [1994a] and Prather [1981]. Effects of Rayleigh
scattering are considered, but aerosol scattering is ignored owing
to the relatively low aerosol loading conditions that prevailed at
the time of observation. The ozone column at each point along the
back trajectory was determined from the Earth Probe Total Ozone
Measuring Spectrometer (TOMS) measurements [McPeters et al.,
1998]. Ozone profiles were derived from these ozone columns by
scaling climatological ozone profiles; the values were also scaled
to match, at the final trajectory point, the Composition and
Photodissociative Flux Measurements (CPFM) of the ozone column
above the ER-2 [McElroy, 1995]. For the albedo, the TOMS
reflectivity was used, and the pressure level of the reflecting
surface was assumed to be 1013 mb; CPFM measurements of
albedo and cloud height were used in place of the TOMS data for
the final 12 hours of the trajectory.
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Table 4. Liquid Reaction Model Scenarios

DRDLA ET AL.: SULPHATE CHEMISTRY AT WARM TEMPERATURES

Scenario H'yono R7): (R8): (R9): Other Reactions
Y20 Y HoNo Yua
HONO Uptake and Reactions (Section 5.1)
Al Default 0 0 0
A2 Becker 0 0 0
A3 Default 0 0.01 0
A4 Default 0 0 0.02
CH,O Uptake and Reactions (Section 5.2)
B1 Default 1 0 0
B2 Default Tolbert 0 0
B3 Default 1 0 0 (R12)
B4 Default 1 0 0 (R13), Default
BS Default 1 0 0 (R13), Fast
Combined Effects of Reactions (R7), (R8), and (R9) (Section 5.3)
C1 Default 1 0.01 0.02
C2 Default Tolbert 0.01 0.02
C3 Default 1 0.01 0
C4 Default 1 0 0.02
Cs5 Default Tolbert 0.01 0
C6 Default Tolbert 0.01 0 (R13), fast
C7 Default Tolbert 0 0.02
C8 Default 1 0 Longfellow

See Table 3 for further details on parameters. Reactions (R1)-(R6) are included in all scenarios. Reactions (R12)
and (R13) are not included unless specified in "Other reactions."

Simulations have been done for this study using backtrajectories
provided by NASA Goddard [Schoeberl et al., 1993]. For
POLARIS flights, these trajectories are spaced about every 70 km
along the flight track; for ASHOE/MAESA, they are spaced about
every 320 km. All trajectories for which sufficient initialization
data are available have been used in the analysis; Table 2 provides
the numbers of trajectories used for each date. More than'90% of
these points are above 100 mb; lower altitude points are found in
aircraft descents, ascents, dives, and on stacked flights.

The model is initialized at the start of the trajectory using ER-2
measurements of long-lived tracers, as shown in Table 1, in a
manner similar to previous investigations of ER-2 observations
[i.e., Salawitch et al., 1994a; Gao et al., 1999]. The NOJNOy ratio
is initialized from the measured value at the end point. Since the
model repartitions NO, according to the chemistry over the ten-day
trajectory, the final model NO/NO, ratio is effectively independent
of the initialization, allowing for meaningful comparisons between
model and measurement values.

4. SAM Formation

Although stratospheric sulphate aerosols are generally observed
to be liquid solutions, these liquid solutions are indeed supercooled
(Figure 1) [Gable et al., 1950; Turco et al., 1982]. For typical
stratospheric aerosols (40-70 wt %), the most stable phase for
sulphate is sulphuric acid tetrahydrate (SAT). However, the
extreme difficulty of nucleating SAT [i.e., Koop et al., 1997]
explains the presence of liquid solutions in preference to the
thermodynamically stable solid phase.

Figure 1 also shows that the composition of the sulphate aerosol
determines the solid phase into which a given solution will freeze.
Composition, in turn, is a function of both the ambient water
vapour pressure and the temperature, because the solution must
maintain equilibrium with respect to the water vapour pressure.
For example, temperature increases cause evaporation of water and
therefore more acidic aerosols. At the temperatures experienced
during POLARIS, Figure 1 shows that the most stable solid phase
is sulphuric acid monohydrate (SAM), instead of SAT. (For

intermediate conditions, near 70 wt %, sulphuric acid dihydrate and
trihydrate may also be stable, but their formation is not considered
in this study.)

Laboratory studies [Zhang et al., 1995] have found that SAM
freezes more readily than SAT. Even at the warm temperatures
necessary for acidic aerosols, substantial supercoolings of SAM
(Ssam) are possible; values of S, up to 38 K were encountered in
this analysis. Parameters such as freezing rates and critical solution
activity products have not been determined for this system, which
would be necessary to accurately predict when freezing will occur.
Instead, this study will use a simple freezing parameterization,
based on Sg,y,, to evaluate several freezing scenarios and their
impact on model chemistry.

Figure 3 demonstrates the evolution of temperature and H,SO,
weight percent for a single air parcel along a sample trajectory,
corresponding to that sampled by the ER-2 at 75600 UT seconds
on May 6, 1997 (970506). The initial temperature of 210 K is
outside of the SAM stability regime, but as the temperature
increases, the trajectory crosses into the SAM stability region and
SAM becomes increasingly supercooled. (The SAM melting point
can be determined in two distinct ways. The melting point of a
fixed composition solution is the one relevant for calculating the
SAM supercooling, i.e., the vertical difference in Figure 1. For
SAM to be stable, the temperature must be less than this melting
point. However, since stratospheric aerosols vary in composition
as the temperature is altered, their composition will follow a curve
such as that shown for 3x10* mb in Figure 1. Along this curve,
the SAM stability region is exited at a very different point,
identified here as the "SAM stability limit." Temperatures warmer
than this stability limit indicate SAM stability.) The supercooling
increases very rapidly initially, so that only an 8 K temperature
increase is necessary to reach 30 K supercoolings.

Several possible scenarios for SAM formation are illustrated
in Figure 3c. Uncertainties include the point at which freezing
occurs, the proportion of particles that freeze, and the rapidity with
which freezing occurs. The most widespread SAM formation is,
of course, predicted if 100% of the particles instantaneously freeze
when the melting point is crossed (0 K supercooling).
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Figure 3. Evolution of a sample air parcel, demonstrating possible
SAM formation scenarios. The air parcel corresponds to the
trajectory for 970506 at 75600 UT. (a) Trajectory temperature and
SAM stability limit (calculated for a fixed water vapour pressure).
(b) SAM supercooling, Ss,\, (see text for details). (c) Surface area
of SAM aerosols, according to several possible scenarios for SAM
critical supercoolings and freezing rates. (d) Modelled NO/NO,
ratios (where NO, = NO+NO,+2N,0,+HONO+NO;) for each
scenario.

Alternatively, only a fraction of the particles may freeze; the model
preferentially freezes the largest particles first, so that when 30%
of the number of particles is frozen, about 50% of the surface area
is on frozen particles. Most homogeneous freezing processes do,
however, require supercooling. Even at that point, freezing may
be gradual. To represent gradual freezing, a fixed freezing rate is
set once a given supercooling threshold is reached (10° cm™s™ at
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Seam > 20 K, 10" cms™ at S,y > 30 K). The probability of an
individual particle freezing is calculated by multiplying its volume
by the freezing rate [Drdla, 1996]. The freezing rates were chosen
to require about ten days at S5,,>20 K and two days at Sg,>30K
for the majority of the aerosols to freeze. Slower freezing
timescales cannot be properly evaluated with trajectories limited
to ten days in length. Even this scenario is a crude approximation
of the actual freezing microphysics, but is sufficient to evaluate
how SAM formation would affect the nitrogen chemistry.

The surface area of SAM particles is predicted to be very similar
to that of the liquid sulphuric acid solutions. The particle mass
decreases on freezing, by up to 17%, owing to loss of excess water.
Volume growth is not possible because all the H,SO, is already in
the condensed phase in the middle stratosphere. Even in a case
where only a fraction of the particles freezes, the SAM particles
cannot grow at the expense of the liquids because H,SO, vapour
pressures are too low to allow efficient mass transfer; this differs
from the situation in cirrus clouds, for example, where higher water
vapour pressures allow efficient mass transfer.

This negligible change in aerosol surface area limits the
techniques available to directly detect SAM formation. Without
a statistically significant change in the aerosol size distribution,
optical aerosol counters cannot distinguish the phase change. The
low backscatter ratios associated with background aerosol limit the
sensitivity of lidar to changes in depolarization; highly aspherical
particles would need to be produced for an observable
depolarization signal. Therefore, specialized detection techniques
may be necessary to conclusively determine whether SAM is
present.

This study has instead focussed on the effect of SAM formation
on heterogeneous chemistry. N,Os hydrolysis decreases by two
orders of magnitude, from 0.1 to 0.001, when sulphuric acid
aerosols freeze into SAM [Zhang et al., 1995]. In turn, the
NO/NO, ratio responds (Figure 3d). (In this figure only, NO,
includes NO, NO,, N,0Os, NO,, and HONO to minimize the diurnal
cycle.) In the baseline model, the NO/NOy ratio decreases in
response to the temperature increase. Aerosol freezing causes the
NO,/NO, ratio to increase relative to the baseline case, with the
extent of the increase proportional to the surface area of the frozen
particles.

4.1. Effect of SAM Formation on 970506

The increase in the calculated NO/NO, ratio due to SAM
formation can cause substantial improvement between the model
and the measurements, as shown in Figure 4 for the flight of May
6". The baseline model, in which all particles are liquid solutions,
underpredicts the measurements by about 30% on this date.
Assuming all the particles freeze at S5,y = 0 K increases the
NO/NO, ratio to values very close to the measurements, along the
entire flight. Evenintwo dives, at 73000 and 77000 UT, the model
agreement is noticeably improved, with little variation in the
NO/NO, ratio across the first dive, but a slight variation during the
second dive. The improvement in the calculated NO/NO, ratio
depends, however, on complete particle freezing at low SAM
supersaturations. The various sensitivity tests all reduced the
magnitude of the NO/NO, impact.

Comparisons with other measured quantities (C1O, OH, and
HO,) also show good agreement. The greatest discrepancy is with
OH (Figure 4c), which is underpredicted by on average 20% for
SAM formation. Low modelled OH concentrations are a prevalent
feature of POLARIS, especially for models that reproduce NO/N O,
ratios [Wennberg et al., 1999]. The tendency of models to
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Figure 4. Model/measurement comparison along the flight of
970506 for several SAM formation scenarios. (a) Measured
temperature and calculated SAM stability limit. (b) (NO+NO,)/NO,
ratios, both measured and modelled. (c) OH mixing ratios,
measured and modelled.

underestimate measured NO, and NO using standard chemistry
leads to an improper overestimate of the HO,/OH ratio; models that
force agreement with measured NO, (or NO) tend to calculate
uniformly lower HO, values for most of POLARIS.

This flight is one of the best dates for model agreement when
SAM is included. The overall impact of SAM formation is
assessed in Figure 5, which should be compared to the baseline case
in Figure 2. Also, Table 2 presents average model/measurement
comparisons for each flight. These results show the maximum
possible NO/NO, effect due to SAM, i.e. for the scenario with
100% freezing at Sg,y, = 0 K.

The effect of SAM is greatest at low NO/NO, ratios; at values
up to ~0.1, SAM formation increases modelled NO,/NO, by up to
50%. This large effect tends to cause model overprediction, and
the scatter is increased. The ASHOE/MAESA flights provide
particularly stringent constraints on SAM freezing probabilities.
Baseline simulations of these dates agreed well with measurements,
but the flights also experienced the warmest temperatures of the
whole database. Therefore, extensive SAM formation is predicted,
with resultant overprediction of the NO/NO, ratio. Especially on
941016, more than 90% of the particles must remain liquid past
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supercoolings of 35 K, in order to maintain model/measurement
agreement. One alternative explanation would be a slow freezing
rate (<10° cm™s™), since the extremely warm temperatures only
occurred within the last two days.

However, at high NO/NO, ratios SAM formation has a distinctly
smaller impact. The 12% increase in NO, levels at high values is
less than necessary to match the measurements; the model
underprediction at high NO/NO, ratios is in strong contrast to the
overprediction at low NO/NO, ratios. The different behaviour can
be attributed to the continuous solar exposures necessary to allow
elevated NO/NO, ratios. Without the usual diurnal cycle, N,O;
is not able to form at night and transform NO, species back to
HNO,. Therefore, reaction (R1) plays an increasingly small role
even in the baseline case, and turning off this reaction has a small
effect.

4.2. Effect of SAM Formation on 970430: The BrONO,+H,0
Reaction

The effect of SAM freezing on heterogeneous reactions besides
N,O; and CIONO, hydrolysis needs to be evaluated. In particular,
the other reaction of importance on liquid aerosols at these
temperatures, namely BrONO, hydrolysis (reaction (R2)) has not
been measured on SAM. The effect of this reaction is primarily
apparent at sunrise when the HOBr product, after building up
overnight, photolyzes and produces a burst of OH [Hanson and
Ravishankara, 1995; Lary et al., 1996]. During POLARIS, sunrise
measurements of OH were made on the flight of 970430, in
conjunction with SAM supercoolings of 30 K. As with the flight
of 970506, if SAM freezing is assumed to occur, NO,/NO,
model/measurement agreement is improved (Figure 6b).

Figure 6¢ shows that OH levels are sensitive to the value used
for the reaction probability of BrONO, on SAM. If this reaction
is assumed to be inefficient (y=10"), the model severely
underpredicts OH, in particular at the zenith angles near 90°, where
HOBr photolysis is most effective. However, for a reactivity of
0.8, OH levels very similar to the baseline case are predicted. The
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Figure 5. Cross plot of modelled and measured NO/NO; ratios,
for simulations in which 100% freezing to SAM occurs at Sg,y, =
0 K. Other details are as for Figure 2.
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remaining model/measurement discrepancy is a problem shared by
other models [Wennberg et al., 1999]. Uncertainties in the HOBr
cross section at long wavelengths and in the Br, budget may be
partly responsible, but a full explanation of OH levels, at sunrise
and through the day, is still under investigation [Wennberg et al.,
1999]. A further complication is that even for liquid sulphate
aerosols, the assumed model reactivity of 0.8 exceeds laboratory
measurements for these sulphate solutions (near 77 wt %): Hanson
et al. [1996] found that at weight percents above 70, the reaction
probability decreased. Sensitivity tests (not shown) have been
performed in which yg ono, Was calculated according to equation
(4) of Hanson et al. [1996]; at zenith angles near 90°, a 75%
decrease in OH (relative to the baseline case) resulted. Clearly our
understanding of the BrONO, hydrolysis reaction and its role in
stratospheric chemistry is not yet complete.

5. Liquid Aerosol Reactions
5.1. HONO Uptake and Reactions

Several recent studies have examined the interactions of HONO
with sulphuric acid solutions [Becker et al., 1996; Fenter and Rosst,
1996; Zhang et al., 1996; Longfellow et al., 1998]. All agree that
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the uptake and solubility of HONOQ increase with increased solution
acidity past about 55 wt %, due to HONO dissolution as a base,
rather than an acid, forming NO* ions (reaction (R10)) or H,ONO*
ions [Longfellow et al., 1998). This dissolution has been
incorporated into the model, with various treatments of the
composition-dependent solubilities and uptake coefficients
(Table 3). If the predicted nitrosyl sulphuric acid (NSA) solubility
limit is exceeded [Burley and Johnston, 1992], NSA will precipitate
out of solution, producing a mixed-phase aerosol. Furthermore,
two HONO reactions, (R8) and (R9) have been incorporated into
the model.

Adding just HONO dissolution to the model (scenario Al,
Table 4), has negligible effects, mainly because of the low
predicted concentrations of HONO. HONO mixing ratios are at
most 1 pptv, so that HONO concentrations in the solution are less
than 0.001 wt %, well less than the NSA saturation limit in the
solutions and too small to possibly be detected in the aerosols.
Furthermore, gas-phase HONO is not affected because less than
0.01% of the HONO dissolves. Similarly negligible results are
obtained using the Becker et al. [1996] solubilities.

Both reactions (R8) and (R9) are limited by HONO availability.
Even assuming a HONO reaction probability of one, these reactions
are of no importance, as evaluated in scenarios A3 and A4 (not
shown). The most significant effect, in scenario A4, is a 0.4%
increase in the CIONO,/HCI ratio. More realistic treatment of
reaction (R9), either using limited HONO uptake [Becker et al.,
1996; Zhang et al., 1996], or determining the reaction rate based
on aqueous concentrations [Longfellow et al., 1998], results in a
ten-fold decrease in the reaction rate.

5.2. CH,O Uptake and Reactions

Formaldehyde uptake by sulphuric acid solutions has been
shown to be a complex process. Initial equilibration involves the
formation of several possible solutes, including CH,(OH),,
HOCH,", and possibly HOCH,0SO,(OH), depending upon the
acidity of the solution [Jayne et al., 1996; Iraci and Tolbert, 1997].
Long-term irreversible uptake of formaldehyde is then possible,
owing to formation of short-chain polymers [Iraci and Tolbert,
1997].

Methane oxidation chemistry is part of the model’s standard
photochemistry, leading to formaldehyde mixing ratios of ~20 pptv
at ER-2 altitudes. Thus the CH,O pressure is three orders of
magnitude lower than those used in the formaldehyde
polymerization study of Iraci and Tolbert [1997]. Although the
reaction kinetics for polymerization in solution were not
determined, linear scaling from the laboratory timescales (10? s)
would suggest that at least 10® s are necessary for polymerization;
a second-order reaction is more likely and would require even
longer timescales. Furthermore, reaction with HNO, (reaction 7)
will compete with  polymerization. Therefore, CH,O
polymerization reactions have not been included in the model.

Instead, CH,Ouptake is simply treated with an effective Henry’s
law solubility of 10" M/atm, at the high end of measurements [Iraci
and Tolbert, 1997]. Even with this solubility, the condensed phase
concentration is limited to 107 wt %.

Reaction with HNO, is incorporated using the parameters in
Table 3. The most important parameter controlling this reactionrate
is the formaldehyde uptake. The probability of CH,Oreaction with
HNO,, i.e., Yoo, has not been measured; only the CH,O uptake
coefficient (in the absence of HNO,) has been measured.
Laboratory data shows that the CH,O uptake coefficient decreases
rapidly with time, owing to CH,O equilibration with the solution
[Tolbert et al., 1993; Jayne et al., 1996; Iraci and Tolbert, 1997].
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However, under stratospheric conditions, the model results show
that formaldehyde is efficiently removed from the solution by
reaction (R7). Therefore, the relevant uptake coefficient should
be the initial one, i.e., for a solution with minimal CH,O. This
value is not well constrained in existing laboratory studies [Jayne
et al., 1996]. In this study, two CH,O reactive probabilities have
been tested. First, to demonstrate the maximum possible effect of
this reaction, and thus determine whether further study is
warranted, a reactive probability of one was used in most model
runs. For a more realistic estimate, the uptake coefficients
measured by Tolbert et al. [1993] on stirred solutions at 223 K were
used in a second set of simulations. Even in this scenario, the
diffusion of HNO; to the particles far exceeds CH,O uptake, so that
all CH,O uptake leads to reaction. Therefore, the CH,O uptake
coefficient will be treated as its reactive probability in this study.
The HNO, reaction probability is based on the only available
measurement, namely the lower limit of 0.01 estimated by Iraci
and Tolbert [1997] for a 90 wt % sulfuric acid solution. This value
of 0.01 was assumed to be applicable for all conditions in this
study. Asjust mentioned, however, CH,O uptake always limits the
reaction rate, preventing the simulation from being sensitive to
Yunos- Effective HNO; reaction probabilities, taking into account
formaldehyde availability, are at least a factor of two smaller.
The effects of this reaction alone, scenarios Bl and B2, are
shown in Figure 7. Multiple direct effects are predicted, including
increases in the NO/NO, ratio, increases in HONO and thus HO,,
perturbations to the formaldehyde chemistry, and production of a
new species, formic acid (CHOOH). Each of these effects, and
factors influencing their magnitude, will be discussed individually.
The most important effect of this reaction is conversion HNO,
to NO,, increasing the NO/NO, ratio by up to 20% overall (for
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modelled.
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are results for all reactions (R1)-(R9) with yqy,0=1 (scenario C1).
(a) (NO+N02)/NOy ratios, measured and modelled. (b) OH mixing
ratios, measured and modelled.

scenario B1). Unlike SAM formation, this reaction is somewhat
more effective during continuous solar exposure, since
photochemical production of formaldehyde limits the reaction rate,
especially for yqo,0=1.

That the NO, product is HONO has several implications. First,
HONO is also a source of HO,. Therefore a net increase in OH is
predicted (Figure 7b), even though the NO, increase is acting to
decrease HO, levels (as seen, for example, in Figure 4c). The effect
on HO, is especially apparent for sunrise conditions, demonstrated
by the flight of 970430 (Figure 8). Predicted OH values for solar
zenith angles of 90° approach the measurements; furthermore, the
morning OH levels are almost insensitive to the assumed value of
Yeuzo- HONO photolysis is responsible for the OH burst in this
scenario, as originally proposed by Salawitch et al. [1994b],
although from a different heterogeneous reaction. This OH source
could provide an alternative explanation for hydroxyl
model/measurement discrepancies during POLARIS. However,
as discussed by Wennberg et al. [1999] and confirmed by
simulations (not shown) using scenario B1 for two POLARIS
sunset flights, a limitation of a HONO mechanism is that the
photolysis of HONO at even higher solar zenith angles (>90°) is
too slow to explain sunset measurements of OH and HO,.

The second effect of producing HONO is to greatly increase
HONO (and NO") concentrations in the condensed phase. The gas-
phase increase in HONO, by a factor of ten, increases the
equilibrium aqueous HONO concentration by the same magnitude.
In addition, aqueous HONO levels in excess of equilibrium are
predicted by the model. The model solves for the steady state
aqueous concentration, [HONO],, necessary to balance the HONO
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sources (heterogeneous production, P,.,, and HONO diffusion to
the particle, P) with HONO loss due to transport away from the
particle (L):

P+ Py -L=0 (1a)

or
P +4nrD[HONO], , - 4mrD[HONO], H'RT=0 (1b)

where r is the particle radius (cm), D is the diffusivity of HONO
(incorporating particle size adjustments, cm¥/s), [HONO] o 18 the
ambient gas-phase HONO concentration (cm™), H' is the effective
Henry’s law coefficient for HONO, R is the gas constant, and T is
the temperature. Note that in the case of no heterogeneous
production, this equation is equivalent to the diffusion equation,
with [HONO],, calculated according to Henry’s law. However, if
the reaction of CH,O is efficient, the HONO production rate is an
order of magnitude faster than the rate of HONO diffusion to the
particle. To balance this production, the aqueous HONO
concentration increases, permitting more rapid evaporational and
diffusional loss from the particle surface. Equation (1) provides a
method of estimating the magnitude of that increase, in the case
of Yeypo=1 predicting that the aqueous concentration is enhanced
relative to equilibrium by about a factor of ten. However, even
with this net two orders of magnitude enhancement in aqueous
HONO concentrations (relative to simulations without reaction
(R7)), the maximum HONO weight percent is still more than a
thousand times smaller than the NSA solubility limit. Other
implications of aqueous-phase HONO production, in particular
possible heterogeneous chemistry, will be discussed in section 5.3.

The other reaction product is formic acid, a species not
otherwise predicted to be present appreciably in the stratosphere.
Oxidation of formic acid by OH is slow [DeMore et al., 1997).
Other gas-phase CHOOH sinks, for example reaction with Cl
[Wallington et al., 1990] or photolysis [Calvert and Pitts, 1966;
Wine et al., 1985], are orders of magnitude slower than the OH
reaction in the lower stratosphere. As a result, CHOOH builds up
to high levels: equilibrium concentrations of formic acid are
calculated to be 3 to 4 ppbv for Yc,,0=1. About one month would
be necessary for these concentrations to be reached; over the ten-
day trajectories used here, the concentration only reaches 0.8 ppbv
for Yeuyo=1.

Another potential sink for formic acid is the aqueous-phase
"Morgan reaction" [Smith et al., 1983]:

(R12) CHOOH(aq) -~ CO(g) + H,0(aq)

In scenario B3 this process was included in the model (Table 4).
Only minor depletion of CHOOH was calculated; a six order of
magnitude increase in either the rate or the solubility was necessary
to limit equilibrium CHOOH levels to 200 pptv. A limited
efficiency for this reaction is consistent with a reactive uptake of
at most 0.05 as determined by Klassen et al. [1997].

Another possibility is the further reaction of CHOOH with
HNO;:

(R13) CHOOH(aq)+HNO,(g) ~ HONO(aq) + CO,(g) + H,0(aq)

This aqueous phase reaction has been documented in nitric acid
solutions [Horvdth et al., 1988] but was at least an order of
magnitude slower than the reaction of formaldehyde with HNO,.
Reaction (R13) has been tested using an HNO, reaction probability
of either 0.01 (scenario B4) or 0.0005 (scenario B5). If ;;y0520.01,
the reaction rate is limited only by CHOOH production. HNO,
consumption and thus all predicted effects of reaction (R7) are
effectively doubled. Since all CHOOH is consumed, formic acid
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does not build up in the gas phase. However, y;,,,=0.0005 may
be more realistic, causing reaction (R13) to be about ten times
slower than reaction (R7), in accordance with Horvdth et al. [1988].
In this case, reaction (R13) has a moderate effect on NO, activation
levels (10% more HNO, is consumed than in scenario B1);
equilibrium CHOOH levels are reduced by 20% but are still at ppbv
levels.

In summary, while stratospheric sinks for formic acid have not
been fully explored, it seems likely that reaction (R7) will lead to
much higher levels of formic acid than would otherwise be
predicted. Even using Tolbert’s Y.y,o values (scenario B2),
equilibrium CHOOH levels are 0.5 ppbv. Stratospheric
measurements of CHOOH should therefore provide a stringent test
for the occurrence of reaction (R7).

Finally, reaction (R7) is also an efficient sink of formaldehyde.
The most obvious effect is a 40% decrease in modelled CH,O for
Yenzo=1; adiurnal cycle is also introduced, whereas in the baseline
model there are no nighttime formaldehyde sinks. This perturbation
to the formaldehyde chemistry has implications for the
stratospheric hydrogen budget. In the methane oxidation cycle, the
pathway of CH,0O degradation determines whether CH, is
ultimately converted to two H,0O molecules or to H,O and H,.
Hurst et al. [1999] have shown that with gas-phase chemistry, the
ratio of H,0 production (by CH, and H, oxidation) to CH, loss is
1.97, which is at the low end of the range observed by several in
situ measurements, 2.15+0.18. The formic acid produced by
reaction (R7) should ultimately yield H,O, whether via reaction
(R12), (R13), or reaction with OH. Thus, this reaction will tend
to increase H,O production; in these calculations the H,0 yield
from CH,O degradation alone increases from 40-45% to 70-85%.
However, methane oxidation is efficient at altitudes extending
above the sulphate layer. Evaluation of the overall impact of
reaction (R7) on methane oxidation will require calculations in a
two- or three-dimensional stratospheric model.

5.3. Combined Effects of Reactions (R7), (R8), and (R9)

By creating aqueous phase HONO, the formaldehyde reaction
provides a new pathway for the HONO reactions, (R8) and (R9).
In particular, since the HONO is created in the aqueous phase, the
rates of these reactions are no longer sensitive to HONO diffusion
or uptake. To model these reactions, we have assumed that all
HONO created by reaction (R7) will react with any available HCI
or HNO; (based on ¢, and Yyno3); HONO will only desorb to the
gas phase if insufficient HCl and/or HNO; are available for
secondary reactions. This assumption is supported by the measured
affinity of HONO for sulphuric acid solutions and the aqueous-
phase enhancement of HONO predicted by equation (1).

The relative efficiency of HCl versus HNO, reaction is
determined in the model by the relative uptakes of these two
species, taking into account gas-phase concentrations, diffusivities,
and uptake coefficients. For scenarios C1 and C2, reaction with
HNO,; is favoured by about 2:1 using this formulation. However,
note that Yy, is only a lower limit estimated by Iraci and Tolbert
[1997] for HNO; reaction with CH,O, rather than with HONO, and
therefore can be considered to have a large uncertainty. Also,
according to Longfellow et al. [1998], vy, is orders of magnitude
smaller under these conditions than the 0.02 assumed here; a
continued decrease in the HCl solubility with solution acidity would
further limit the HCI reactivity (since the Longfellow et al. [1998]
datais for 70 wt % solutions). Given these uncertainties, runs have
also been done with reactions (R8) and (R9) separately, to examine
the sensitivity to the relative efficiencies of these pathways.
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Figure 9. Model/measurement comparison along the flight of
970506, when reaction (R7) (CH,0+HNO,) is combined with
reaction (R8) (HONO+HCI) and/or reaction (R9) (HONO+HNO,).
In most cases y¢y,0=1; one simulation (scenario C2) is shown using
Tolbert et al. [1993] values for ycy,o. See Table 4 for a full
description of each scenario. (a) (NO+NO,)/NO, ratios, measured
and modelled. (b) OH mixing ratios, measured and modelled. (c)
CIONO, mixing ratios, measured and modelled.

The further reaction of HNO, with HONO enhances the effect
on NO/NO, ratios (Figure 9a), to the point where values are overall
very similar to the measurements if yc,,0=1. Higher resolution
NO/NO, data even show a "spike" analogous to the model in the
dive at 73000 UT. This agreement can also be seen in Figure 10a
for all the simulated flights, where the model/measurement least
squares fit is very near the one-to-one line. This demonstrates that
these liquid reactions can be effective over a wide range of
conditions, unlike N,O;s hydrolysis, which becomes less effective
during the continuous solar exposure of polar summer. In fact, the
CH,O0+HNO,; reaction becomes somewhat more effective during
polar summer, because of the 24-hour production of formaldehyde.
However, the overall scatter of the modelled points has increased,
especially at the high values of NO/NO,. Individual points in
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Figure 10a are far above the one-to-one line; for nine points,
modelled NO/NO, even exceeded 0.3. And the increase in
modelled NO/NO, levels extends to the ASHOE/MAESA flights,
worsening the lmtla]ly favourable model/measurement agreement.
Therefore y¢,0=1, which is probably unrealistically large based
on aerosol chemistry alone, is also too large to be consistent with
NO,/NO, chemistry. Any further HNO, processing via reaction
(R13) (which was not included in scenario C1) or changes in the
gas-phase reaction rates [Brown et al., 1999a, b; Dransfield et al.,
1999] would exacerbate the problem.

For a more conservative value of yy,, 2 more moderate effect
is of course predicted (Figure 10b); overall NO/N O, levelsincrease
by 8% if Tolbert et al. [1993] reaction probabilities are assumed
(scenario C2). A net 12% increase is predicted if only reactions
(R7) and (R8) are included (scenario C5, not shown); a 24%
increase is possible if reaction (R13) is also efficient (scenario C6,

03 —————————
(a) Scenario C1 (yco = 1.)

°  ASHOE/MAESA
* POLARIS

- Least squares fit
02 -

0.1 (-

Model NO,/NO, Ratio (Scenario C1)

(b) Scenario C2 (Ycyyo = Tolbert)

°  ASHOE/MAESA
* POLARIS
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Model NO,/NO, Ratio (Scenario C2)

ol v
0 0.1 0.2 0.3

Measured NO, /NO, Ratio

Figure 10. Cross plot of modelled and measured NO /N O, ratios,
for simulations in which reactions (R7), (R8), and (R9) are all
included. (a) yg0=1 (scenario C1). (b) Yo is derived from
Tolbert et al. [1993] (scenario C2). Other details are as for
Figure 2.
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Figure 11. (a) MKIV temperature and water profile [Toon et al.,
this issue], measured over Fairbanks, Alaska, on July 8, 1997. (b)
Sulphate composition and SAM supercooling calculated from the
measurements.

not shown). Therefore, formaldehyde activation of HNO, can
influence stratospheric NO,/NO, partitioning even using a moderate
value for Y¢y,o, demonstrating that further research into this
reaction is warranted.

Including the secondary HONO reactions (R8) and (R9)
eliminates the release of HONO to the gas phase, so a positive
effect on HO, is not longer predicted. Instead, the NO, increase
promotes an indirect 20% decrease in OH (Figure 9b), worsening
agreement with the measurements. This effect was also shown for
sunrise conditions in Figure 8b, where the morning OH release is
diminished overall once the secondary reactions (R8) and (R9) were
included. Thus, improvements in model predictions of OH are only
possible via reaction (R7) if most of the HONO does desorb from
the aqueous phase.

The reaction of HONO and HCl causes a 20 to 50% increase in
CIONO,, at the expense of HCI (Figure 9c), which worsens model
comparisons to CIONO, measurements. This result, however, is
particularly sensitive to the relative partitioning between reactions
(R8)and (R9). The results in which HONO exclusively reacts with
HCI (scenario C3) have dramatic effects on chlorine partitioning,
which cause the model to far exceed measurements of CIONO, and
CIO (not shown). This extreme chlorine activation in turn
negatively impacts the NO/NO, ratio, by removing NO, to
CIONO,. Even using the slower Tolbert uptake coefficients for
CH,0 (scenario C7), 10% changes in the CIONO,/HCI ratio are
predicted if HONO+HCI is the sole secondary reaction. In another
test (scenario C8, not shown), the Longfellow et al. [1998]
parameterization was used, instead of a constant y,,=0.02. This
resulted in a ten-fold decrease of the reaction rate, and eliminated
the unrealistic chlorine activation. These results suggest that
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reaction with HNO; is favoured over reaction with HCI by more
than the 2:1 ratio assumed by the default reaction probabilities.

At the other extreme, complete reaction of the HONO with
HNO; can cause continued increases in the NO/NO, ratio. For
Yenzo=1, this increase drives the model values past the
measurements which is probably unrealistic. However, for the
lower CH,O reaction probability (scenario C5), this changes the
overall effect on NO/NO, ratios to 12%, as mentioned earlier in
this section.

6. Altitude Dependence

This analysis focussed on ER-2 data because of the availability
of a wide range of simultaneous measurements. However, many
of the processes discussed in this paper would be more effective
at higher altitudes. Figure 11a shows profiles of temperature and
H,O retrieved by the MKIV balloon-borne instrument during a
flight from Fairbanks on 970708, in conjunction with the POLARIS
campaign [Toon et al., this issue]. The sulphuric acid weight
percent and SAM supercooling calculated from this water and
temperature profile are shown in Figure 11b. Both values clearly
increase with altitude, because of both the increase in temperature
and the decrease in water partial pressure. Climatological data
shows the same temperature trend with altitude [Rosenlof, 1996].

Also evident in this plot is that the upper troposphere is too
moist for highly concentrated sulphuric acid solutions. Therefore,
we expect that acid-catalysed reactions will be more effective in
the stratosphere than the troposphere, although several studies have
proposed a role for these reactions in the troposphere.

7. Conclusions

We have done an initial analysis of the potential for alternative
theories of sulphate aerosol composition and chemistry to affect
our understanding of stratospheric chemistry at warm stratospheric
temperatures. The processes we investigated, including sulphuric
acid monohydrate formation, formaldehyde activation of HNO,,
and secondary reactions of the HONO product, have not previously
been included in models, in part because they are poorly
understood. However, these processes have been shown to have
effects in our photochemical model that are large enough to warrant
further study.

In particular, reaction (R7) of formaldehyde and HNO, [Iraci
and Tolbert, 1997] favourably affects model predictions of
NO/NO, ratios and OH concentrations. The HONO produced by
the formaldehyde reaction in turn promotes secondary reactions of
HNO; [Iraci and Tolbert, 1997] and HCl [Zhang et al., 1996;
Longfellow et al., 1998], which otherwise would not be effective
in the stratosphere. Using realistic CH,O uptake coefficients
(0.015-0.12, as measured by Tolbert et al. [1993]), an 8-24%
increase in NO/NO, is predicted, depending upon the extent of
secondary reaction. OH enhancements in agreement with
measurements are predicted both during the day and at sunrise, if
HONO from reaction (R7) is released to the gas phase. However,
the data suggest a limited role for the reaction of HC1 with HONO,
because this reaction would activate chlorine and increase
CIONO,/HCI ratios past observed values if Zhang et al. [1996)
reactivities are 13ed; much less chlorine activation is predicted,
however, using the Longfellow et al. [1998] reactivities, supporting
their lower values. One conclusive indicator of the formaldehyde
reaction may be formic acid, which is predicted to reach gas-phase
mixing ratios in excess of 0.5 ppbv. Even more extreme effects
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are shown to be theoretically possible if the CH,O reactivity is
increased.

Further laboratory data on several aspects of these reactions are
necessary to provide confidence in model results. The most
important parameter is the formaldehyde reaction probability,
which controls the rate of reaction (R7) in these simulations.
Measurements of this parameter in the presence of HNO, have not
been made; the only values available in the literature [Tolbert et
al., 1993; Jayne et al., 1996; Iraci and Tolbert, 1997] are uptake
coefficients measured after CH,O had begun to dissolve in the
sulphate solutions, limiting uptake. The dependence of the uptake
and reactivity on sulphuric acid composition is also uncertain.

Further uncertainties relate to the fate of the products of reaction
(R7). For HONO, questions include how much is released to the
gas phase and the relative efficiencies of reactions (R8) and (R9).
For example, detailed kinetic information such as Longfellow et
al. [1998] needs to be provided for reaction (R9) (HONO+HNO,)
and extended to 80 wt % H,SO, solutions. For CHOOH, more
information on its possible sinks is needed, in particular regarding
the efficiency of its reaction with HNO; in sulphuric acid solutions.
Other organic species also become soluble in concentrated sulphate
solutions (for example acetone, Duncan et al., 1998); the possibility
of such species reacting, in particular with HNO; should be
considered.

However, this study suggests a lesser role for several other
proposed sulphate processes. Buildup of formaldehyde polymer
chains seems unlikely with the low concentrations of formaldehyde
in stratospheric solutions, especially if the aqueous concentrations
are limited by efficient reaction with HNO,. Formation of solid
nitrosyl sulphuric acid (NSA) requires large aqueous phase
concentrations of HONO. While reaction (R7) can enhance
dissolved HONO, the largest predicted concentrations were still
three orders of magnitude lower than the NSA solubility limit.

Freezing of solutions to sulphuric acid monohydrate is
thermodynamically favoured but no clear evidence for its formation
can be found from the chemistry. Good baseline model agreement
with NO/NO, ratios was found on the flights where SAM was most
likely to occur; these flights imply that SAM formation requires
supercoolings greater than 35 K. Furthermore, this process is not
effective at influencing NO/NO, ratios during continuous solar
exposure, and any decrease in BrONO, reactivity on frozen
aerosols would lead to discrepancies with morning OH production.
However, higher SAM supercoolings (due to warmer temperatures
and lower water vapour pressures) do occur above ER-2 altitudes;
values of 45 K are predicted at 25-28 km on one sample balloon
profile. Further studies at higher altitudes are warranted. Even at
ER-2 altitudes, a small fraction (10%) of the aerosols could be
freezing without having a pronounced effect on the chemistry.
More extensive sampling in the Southern Hemisphere would also
be of interest, given observations that temperatures are warmer in
the Southern Hemisphere summer than in the Northern Hemisphere
[Rosenlof, 1996].
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