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Three-dimensional model interpretation of 
measurements from the lower stratosphere 

Ian Folkins, x'2 A. J. Weinheimer, x Guy Brasseur, x Franck Lef;•vre, 3 Brian A. 
4 and R. F Pueschel 5 Ridley, • James G. Walega, 1 James E. Collins, . 

Abstract. A three-dimensional off-line chemistry transport model, driven by 
European Centre for Medium-Range Weather Forecasts winds and temperatures, 
is used to interpret measurements of NO and N02 taken from the DC-8 during 
the second Airborne Arctic Stratospheric Expedition. The model was run in three 
configurations: gas phase chemistry alone, inclusion of the N205 aerosol reaction, 
and inclusion of both N•O, and C10N02 aerosol reactions. The run including the 
N20, aerosol reaction alone usually agreed best with measured NO•/NO• ratios in 
midlatitude air masses. The NO•/NOu ratios of the run with both aerosol reactions 
were always too low, while the gas phase ratios were usually too high, especially 
during March. All three simulations generated extremely low NO2/NOu ratios in air 
parcels that had spent several days or more in the polar night. Measured N O2/NOu 
ratios in these types of air masses were sometimes equally low but could also be 
considerably higher. Observed NO/NO2 ratios differed strongly from known theory. 

Introduction 

Two airplanes participated in the second Airborne 
Arctic Stratospheric Expedition (AASE 2). The ER-2, 
usually flying at heights of 18-20 km, was able to take 
measurements in air masses recently exposed to chemi- 
cal processing by polar stratospheric clouds. The DC-8, 
flying at altitudes of 10-12 km, sampled air masses at 
the lowest levels of the stratosphere. This paper uses 
a three-dimensional model, incorporating the meteoro- 
logical conditions through which the DC-8 flew, to in- 
terpret the DC-8 NOr (NO+NO2) measurements. 

There were 19 DC-8 flights. The first took place 
on January 8, 1992, and the last on March 20, 1992. 
A variety of Arctic, midlatitude, and tropical upper 
tropospheric air masses were sampled. Aerosol lev- 
els in the stratospheric air through which the DC-8 
flew were considerably above normal, attributable to 
the eruption of Mount Pinatubo the previous summer 
[Pueschel et al., 1992]. There is strong evidence that re- 
actions on aerosols lower NOr/NOy ratios in the strato- 
sphere [Granier and Brasscur; 1992, Kawa et al., 1993, 
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Fahey et al., 1993]. Although this may imply that 
the NOr concentrations measured during the campaign 
were atypical, it did provide an interesting opportunity 
to determine the response of this region of the atmo- 
sphere to high aerosol loading. 

The two sulfate aerosol reactions whose stratospheric 
importance has been most discussed are the reaction 
of gaseous N205 with water on the surfaces of sulfuric 
acid droplets, with the subsequent evaporation of two 
nitric acid molecules to the gas phase, and the reaction 
of C1ONO2 with water on the aerosol surface, with the 
evaporation of an HOC1 and nitric acid molecule. 

N205 + H20 -• 2HNO3 (R1) 

ClON02 + H20 • HNO3 + HOC1 (R2) 

The N205 reaction lowers NOr/NOy because nitric acid 
photolyzes much less readily than N205. One reason 
for the current interest in clarifying the status of this 
reaction is that total ozone concentrations in models be- 

come more sensitive to changes in total chlorine levels 
when this reaction is included [Rodriguez et al., 1991; 
Granier and Brasscur, 1992]. This is the first investi- 
gation of (R1) using NOr measurements taken immedi- 
ately above the tropopause. As such, it is of particular 
significance for the effects of aircraft emissions on NOr 
levels. 

The probability that a C1ONO2 molecule colliding 
with an aerosol will subsequently react with a water 
molecule depends strongly on the water content of the 
aerosol. The chemical signature of the C1ONO2 reac- 
tion is expected to be too small to detect under most 
circumstances because the aerosols are too acidic. Its 

status has therefore been more uncertain than the N205 
reaction. However, a recent report has attributed large 
OC10 column abundances observed in the Antarctic fall 

to this reaction [Solomon et al., 1993]. Another re- 
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cent study has noted that the reaction probability of 
the C1ONO2 reaction will usually be largest just above 
the Arctic winter tropopause [Hofmann and Oltmans, 
1992], the region of the stratosphere where aerosols tend 
to be most dilute. Since aerosol surface areas were con- 

siderably above normal during the flight period, the 
DC-8 measurements provide a good opportunity to look 
for the effects of this reaction. 

Instrumentation 

NO, NO2, NOy (including peroxy acetyl nitrate), and 
Os were measured using a four-channel chemilumines- 
cence instrument [Walega et al., 1991]. Signals were 
accumulated and recorded over 2-s intervals; 1-min av- 
erages are reported here. Levels of NOy and Oa were 
well above the detection limits of the instruments, and 
overall uncertainties including known, quantifiable er- 
rors were generally less than 10 and 5 % , respectively. 
Levels of NO and NO2 were frequently near detection 
limits, so error estimates are critical for some of the 
comparisons to be made later. Errors are variable, but 
some typical values of the 1-sigma errors in 1-min values 
are presented here. At 10-12 km and for low levels of 
NO the precision of the NO instrument is 5 ppt, and the 
overall uncertainty is better than 10 ppt. For NO2 the 
errors depend on ambient NO. For the range 0-30 ppt 
NO and low NO:•, the NO:• precision is 10 ppt, and the 
overall uncertainty is about 25 ppt. Thus when NOy 
is 1500 ppt and NO and NO2 are near zero, the preci- 
sions in NO/NOy and NO:.•/NOy are 0.003 and 0.007, 
and the overall uncertainties are 0.007 and 0.017. For 

the comparisons that follow, the systematic (sensitivity 
and artifact) error is most important and is generally 
about half the overall uncertainty. 

The NO2 measurement relies on broadband photoly- 
sis for the conversion of ambient NO2 to NO prior to 
detection. Thus there is the potential of interferences 
from other species. Using the spectrum of the Xe arc 
lamp [Kley and McFarland, 1980] and current cross sec- 
tions [deMore et al., 1992], the degree of photolysis of 
potential interferents can be calculated. Fractions pho- 
tolyzed during the 5-s residence time in the photolysis 
cell are 0.7 % for N205, 0.8 % for ClONO2, 0.2 % for 
HO2NO2, and 16 % for HONO. A filter which attenu- 
ates light of less than 320 nm is used to prevent photol- 
ysis of HNO3. Homogeneous thermal dissociation can 
also be calculated (using deMore et al. [1992]) for both 
the 5 s in the photolysis cell (at 5 øC) and the 0.2 s in 
the heated inlet (35 øC). For N205 and HO2NO2, total 
fractions dissociated are each 2-3 %. Thus interference 

due to homogeneous processes is small. However, het- 
erogeneous dissociation is also possible and has yet to 
be tested in the laboratory, so the NO2 measurements 
must be regarded as upper limits. 

e! al., 1994]. The main modification was to change the 
vertical domain from 10-50 km to 6-16 km, in 2-km pres- 
sure height intervals. The northern hemisphere was cov- 
ered with 20 resolution in the meridional direction and 

2.50 in the zonal. Horizontal winds and temperatures 
were linearly interpolated in time from stored 12 hourly 
European Centre for Medium-Range Weather Forecasts 
(ECMWF) data, which had 2.50 resolution in both hor- 
izontal directions and nonuniform vertical resolution, so 
that some interpolation to the model grid was required. 
The vertical winds were solved, at each time step dur- 
ing the model run, from the continuity equation using 
the interpolated horizontal winds. 

The 40 model species were divided into two cate- 
gories: 28 transported species and 12 short-lived species 
determined from photochemical equilibrium expressions. 
With the exception of atomic nitrogen the 12 short-lived 
species were grouped together into five transported fam- 
ilies: O• (OLD, O, and O3), HO• (OH and HO2), 
NO• (NO and NO2), C10• (C1 and CIO), and BrO• 
(Br and BrO). The sum of the transported reactive ni- 
trogen compounds, which in addition to NO• included 
HNOa, N20,, NOa, HObNOb, C1ONO•, C1NO•, and 
BrONO2, was normalized at every time step (every 7.5 
min) to the transported value of NOy, as were the trans- 
ported reactive chlorine compounds, C1ONO•, C1NO•, 
C10•, OC10, HCI, HOC1, Cl•, BrC1, and Cl•O2, to 
ely. Total bromine, defined as the sum of BrOw, 
BrCl, BrONO•, HOBr, and HBr, was fixed at 0.54 
% of Cly [World Meteorological Organization, (WMO) 
1992]. The remaining transported species were N:•O, 
CH4, H20, CO, CFC-11, CFC-12, H20•, and aerosol 
surface area, which was transported as a passive tracer. 

Species were advected by the winds using a semi- 
Lagrangian scheme. Reaction rates were based on 1992 
Jet Propulsion Laboratory recommendations [DeMore 
e! al., 1992]. Methane chemistry was included to the 
extent that it is a sink of OH, O 1D, and Cl, but none 
of the intermediates in its oxidation to CO were repre- 
sented. The reaction probability of the N20, aerosol 
reaction was taken to be 0.1 [DeMore et al., 1992]. The 
dependence of the ClONO2 aerosol reaction probability 
on aerosol water content was the same as that from Fig- 
ure I of Granier and Brasscur [1992]. Photolysis rates 
for the model species were obtained from a lookup ta- 
ble specifying the rates as a function of pressure, so- 
lar zenith angle, overhead ozone column, and surface 
albedo. The ozone column at a particular grid point was 
calculated by subtracting from the Total Ozone Map- 
ping Spectrometer column values [Gaines et al., 1992], 
the amount of ozone between this grid point, and the 
bottom model level. A correction of 18 Dobson units 
was further subtracted from this result as an estimate 

of the amount of ozone below 6 km. The albedo was 

everywhere set equal to 0.3. 

Model Description 

The model was a modified version of a chemistry 
transport model previously used to assess the extent 
of ozone depletion during the 1991-1992 winter [Lef•vre 

Initialization 

To analyze airplane measurements taken within weeks 
of the start of a model run, it is necessary that the initial 
distributions of the long-lived chemical species be real- 
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istic. We use a modification of the initialization proce- 
dure discussed by Douglass et al. [1990]. This technique 
exploits the high degree of correlation of most long-lived 
species mixing ratios in the stratosphere with potential 
temperature (PT) and potential vorticity (PV) [Schoe- 
berl et al., 1989]. PT and PV were calculated at ev- 
ery grid point of the two starting dates (January I and 
March 1) using the initial winds and temperatures. Val- 
ues of N20, Os, H20, NOy, aerosol area, and CO were 
then assigned to each grid point using a mapping be- 
tween the mixing ratios of each species with PV and PT. 
These mappings were generated from the ER-2 and DC- 
8 measurements of these species available on the AASE 
2 CD [Gaines et al., 1992]. The average number of 
flights used to generate each mapping was around 12 
and each flight was usually within 3 weeks of the start 
date of the run. Correlations of methane, CFC-11, and 
CFC-12 with N20 [Prather and Remsberg, 1993] were 
used to generate initial distributions of these species. 
Total inorganic chlorine Cly and HC1 were initialized 
using relationships with N20 obtained during AASE 
2 [Webster et al., 1993]. The balance of Cly was as- 
sumed to be mostly C1ONO2. The initial partitioning 
of NOy minus C1ONO2 was taken to be 70% HNOa, 
20% NOs, and 5% N205. The mixing ratios of the re- 
maining species were set to small values. 

Two sets of model simulations were done. One set 

started on January 1 and was run until January 23. 
The other started on March I and was run until the last 

DC-8 flight on March 20. The February flights were not 
studied. Because the solar illumination of this month 

is intermediate between January and March, it was not 
thought that the NOs measurements from these flights 
would provide insights in addition to those gained from 
analyzing the January and March flights alone. Three 
runs were done for each set: a run with gas phase reac- 
tions alone (the gas case), a run which also included the 
N205 aerosol reaction (the N205 case), and a run with 
both N20• and C1ONO2 aerosol reactions (the C1ONO2 
case). For the March runs but not those in January the 
initial chemical state was subjected to 20 days of chem- 
istry and no transport before the start of the simulation. 

The variations of the main NOy and ely species dur- 
ing the 20-day March initialization at the 12 km 37 øN 
and 12.5 0 E grid point are shown in Figure 1. The mix- 
ing ratios of water, NOy, ely, and ozone at this grid 
point were 6 ppm and 2.2, 0.56, and 484 ppb. The 
aerosol surface area density was 12/•m2/cm a and the 
temperature 215 K. Although Cly was initially parti- 
tioned about equally between HCI and C1ONO2 (as 
given by the ER-2 measurements [Webster et al., 1993]), 
the model runs drive HC1/Cly to about 0.9. This in- 
consistency between the model Cly partitioning and the 
AASE 2 HCI measurements appears to be a generic fea- 
ture of models. HO2NO2 is not shown in Figure I but 
occupies about 2% of N Oy in all runs. 

The gas phase HNOa/NOy ratio in Figure i decreases 
throughout the 20-day initialization period, despite the 
fact that the fraction of NOy in the form of C1ONO2 
is also steadily decreasing. The HNOa decrease is 
very slow because 24-hour-averaged HNOa photolysis 

timescales in midlatitudes are about 50 days. Neverthe- 
less, NOs/NOy ratios appear to be within a few percent 
of steady state at the end of the 20 days. In the aerosol 
case, HNOa/NOy rapidly increases as first N205, and 
then NOs, is converted to nitric acid. The NOs/NOy 
ratio undergoes little change between day 5 and day 20 
of the initialization run. 

The absence of a January chemical initialization is 
unlikely to have affected modeled NOs/NOy ratios for 
the two aerosol runs. Provided one starts with an excess 

of NOs (as was done), the conversion of NO2 to HNOa 
via the aerosol pathway is sufficiently rapid to drive 
NOs/NOy to steady state within a few days. For the gas 
phase run, the absence of an initialization may have led 
to an underestimate of NOs/NOy in those regions where 
the initial NOs was below its photochemical equilibrium 
value. But since the first January flight analyzed here 
occurs 14 days after the start of the run (as opposed 
to 10 days in March), this underestimate is likely to be 
small. 

The C1ONO2 lifetime associated with (R2) was 110 
hours at the grid point discussed above. This was con- 
siderably longer than the photolysis lifetime, so that the 
effect of (R2) on Cly and NOy partitioning was small. 
The importance of this reaction increases toward the 
pole. C1ONO2 within the polar night was almost en- 
tirely converted to HOC1 during the initialization. 

Saturation 

The reactions that generate N20• have a direct bear- 
ing on NOs/NOy ratios in both gas phase and aerosol 
cases. They are 

k3 

NO2 + 03 • NOs + O2 (R3) 

k4 

NOa+ NO2 + M -• N20• + M (R4) 

where M refers to the involvement of a third molecule. 

The second reaction effectively operates only at night 
because NOs photolyzes rapidly. The lifetime of an NO•. 
molecule against conversion to NOs via (R3), given by 
(ka[Oa]) -1 where [03] is the ozone number density, was 
80 hours at this grid point. At night the only NOs sink 
in the model is (R4). It can be shown that the NOs life- 
time associated with this reaction is much shorter than 

80 hours unless the NO2 concentration is extremely 
small. For the most part, it can be assumed that the 
production of NOs from NO2 is immediately followed 
by conversion to N205, so that (R3) represents the loss 
of two NO2 molecules, giving rise to an effective NO2 
lifetime of 40 rather than 80 hours. 

When the lifetime of an NO2 molecule associated with 
conversion to N20• via (R3) and (R4) is much longer 
than the lifetime of N205 to subsequently heteroge- 
neously convert to HNO3, it is clearly the gas phase 
reactions that will limit the rate at which HNO3 can be 
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Figure 1. The variation of the major members of the 
NOy and Cly families during the 20-day initialization 
period at the start of the March simulations (perpetual 
March i conditions, no dynamics) at the 37 0 N and 12.5 
øE grid point on the 12-km pressure level. ClONO2 is 
expressed as a fraction of Cly but is included in NOy 
also. N205 is hard to see in the aerosol case because it 
is so small. Most of the balance of NOy, not included 
in the sum of HNOs, NOs, 2'N205, and CIONO•, is in 
the form of HO2NO•. 

produced via the aerosol pathway. Under these circum- 
stances the NOs/NOy ratio should be insensitive to the 
N•O• aerosol reaction probability and surface area (ig- 
noring possible effects on this ratio from the CIONO• 
reaction). This phenomenon is referred to as saturation 
[Fahey et al., 1993]. The disparity in lifetimes at the 
grid point discussed above was an order of magnitude 
(40 versus 4 hours). Since the ozone number density, 
aerosol surface area, and temperature at this grid point 
were not atypical, it is likely that the lower stratosphere 
was saturated throughout the flight period. 

The January Flights 

After two short test flights on January 8 and 11 the 
DC-8 flew from Moffett Field, California, to Anchor- 
age, Alaska, on January 14 and from Anchorage to Sta- 
vanger, Norway, two days later. These flight paths are 
in Plate 1, together with NOs/NOy on the 12-km model 
level for January 15. Both gas phase and NaO• runs 
show an extensive region of low NOs/NOy centered on 
the north pole. The location in the model runs of the 
boundary between low NOs polar air and higher NOs 
midlatitude air is correlated with geopotential height. 
This can be seen from the plot of ECMWF geopoten- 

tim height at 12 km shown in Figure 2. Since NOs 
is conserved with a timescale of several days and the 
geopotential contours are approximately parallel to the 
flow streamlines outside the tropics, the tendency of the 
flow is to bring NO• into alignment with the geopoten- 
tiM. The anticyclonic flow of the high-pressure system 
over England and the cyclonic flow of the low pressure 
system west of England over the Atlantic are reflected 
in the model as "double-swirl" patterns in NO•. The 
stretching and folding of material contours occurring 
within these systems enables mixing between polar and 
midlatitude air. 

Observed and modeled aerosol surface area, ozone, 
NOy, and NO•[NOy for the January 14 flight are com- 
pared in Figure 3. Model values along the DC-8 flight 
track were obtained by reading in the flight coordinates 
as the model was run. At each model time step, a value 
at the flight position was obtained by a linear interpo- 
lation to the DC-8 position from the model values at 
the eight surrounding grid points. The comparison is 
shown starting at 16 hours, shortly after the plane en- 
tered the stratosphere. With the exception of the highly 
variable tropospheric segments during the dip to 6 km 
between 18.5 and 19 hours, and after 21.5 hours, aerosol 
surface area is reasonably well reproduced during this 
flight. It is not anticipated that the model will repro- 
duce observed NO•/NOy in the troposphere because of 
the absence from the model of tropospheric processes. 
Model ozone and NOy are effectively conservative trac- 
ers for the duration of the runs, so that the deviations 
from the measured values seen in Figure 3 reflect either 
errors in the initialization procedure, the wind fields, or 
the advection routine. With the exception of the spike 
just after 19 hours the model tracks these two species 
reasonably well. 

Observed NOs]NOy ratios during the January 14 
flight agreed quite well with the gas phase results during 
the first half of the flight but were intermediate between 
the gas phase and NaO• runs during the second hall So- 
lar zenith angles between 16 and 22 hours were between 
85 and 89 degrees. Figure 4 shows both NO/NOy and 
NOa[NOy along the flight track. With the exception of 
the tropospheric segments the NaO• run reproduces the 
observed variation of NO/NOy very well. The discrep- 
ancy in NO•/NOy for this model run is entirely due to 
an underestimate of NOa/NOy. All three model runs 
overpredict the observed NO]NOa ratio. 

The January 16 flight from Anchorage to Stavanger 
occurred almost entirely within the polar night. The 
data for this flight are shown in Figure 5. It gives 
NO2/NOy rather than NOs/NO• since the absence of 
sunlight meant that measured NO levels were zero to 
within the uncertainty of the instrument. Low ozone 
and NOy mixing ratios between 7 and 7.5 hours indi- 
cate a dip to the troposphere. Observed NOa/NOy was 
consistently higher than all three model runs in both 
the stratosphere and the troposphere. 

Although not reproduced by the model, some of the 
observed NOa/NOy features appear related to varia- 
tions in recent exposure to sunlight. Eight-day back 
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Plate 1. Model NO•/NOy on the 12 km surface at 0000 UT on January 15 for the (a) gas phase 
run and (b) N20• run. Note the differing color scale. The paths of the January 14 flight from 
Moffett Field to Anchorage and the January 16 flight from Anchorage to Stavanger are shown. 
The numbers along the flight track in the gas phase case correspond to the time in hours that 
the plane was at that position. 



23,122 FOLKINS ET AL.: AASE 2 DC-8 NOx MEASUREMENTS 

GPHT of 182.0mb DAY- 15 HOUR- 0 

Figure 2. European Centre for Medium Range 
Weather Forecasts geopotential height at 0000 UT Jan- 
uary 15 on the 12-km surface. The contour interval is 
100 m. 

in darkness, its NOa/NOy should have gone down by a 
factor of about 100 since entering the polar night. Ther- 
mal dissociation of N205 and HO2NOa are far too slow 
under these conditions to be significant sources of NOa. 
The fact that all three model simulations consistently 
underestimated observed NOx/NOy appears to suggest 
either that the conversion of NOa to NO3 in the model 
is too fast or that there is a source of NOa in the polar 
night not included in the model. 

Figure 7 shows data from the January 23 flight. NO 
levels were always low because the flight occurred at 
night. Aerosol surface area was at times considerably 
higher than measured during previous flights and al- 
ways higher than the model. This has little effect on 
model-calculated NO•/NOy ratios because of the ex- 
tent to which saturation was in effect. Observed and 

modeled NO:•/NOy ratios are extremely low from 22.5 
hours, when the DC-8 entered the stratosphere, until 
26.5 hours. Between 24 and 25 hours the NO2/NOy 
ratio was zero to within the uncertainty of the instru- 
ment. The range of variability for the low NO• portions 
of this flight, from 0 to 3%, is similar to the I to 5% 
variability for the stratospheric portions of the January 
16 flight. 

The flight path and 8-day back trajectories for this 
flight are shown in Figure 8. The back trajectories dur- 
ing the period of low NO• have a high degree of curva- 
ture and have spent much of the past 8 days traversing 

trajectories for this flight are shown in Figure 6. These 
•. 50 

were computed with the NASA Goddard Space Flight • 40 
Center back trajectory model using National Meteoro- 
logical Center (NMC) winds. The circle centered on • 30 2O 

the north pole denotes the position of the terminator. 
Figure 5 shows that the highest levels of stratospheric • 0 
NO•/NOy occurred just before 6 hours. The back tra- a00 
jectory at this time leaves the polar night after 2 days, • 600 
ending up at the end of the eight days near the Great 
Lakes region of North America. It attains the most o 200 
southerly point of any of the trajectories. In contrast, 0 
air parcels intersecting the flight at 5 hours have spent 
the previous 5 days in darkness, never go far beyond 
the terminator when they do leave the polar night, and 
have much lower NO•/NOy. The back trajectory just 

0 
before 8 hours has spent the entire 8 days in the polar 
night and also has very low NO:•/NOy. In going from 
8 to 9 hours, the number of days spent in darkness de- 
creases from 9 to 2 but does not give rise to a significant 
increase in NO2/NOy. 

The low NO2/NOy ratios in the simulations can be 
accounted for by the rate at which the model converts 
NO•. to N205 in the dark [e.g., Ridley et al., 1987; 
Solomon et al., 1986]. Taking the trajectory just be- 
fore 8 hours as an example, use of an ozone mixing 
ratio of 380 ppb and a temperature of 209 K (from the 
NMC data) implies a lifetime for conversion of NO•. to 
NOa via (R3) of 94 hours. Assuming sufficient NO2 for 
rapid reaction of NOa with NO2 to make N20• via (R4) 
halves this to 47 hours, or approximately 2 days. Since 
the air parcel following this trajectory had spent 9 days 

January 14 Flight 

'1 .. 

12 F go• ph.•e co•e 
9/ ,,o, co.. 

6 

3.3 

0 
16 17 18 19 20 21 22 

UT 

Figure 3. Observed and modeled aerosol surface area, 
ozone, NOy, and NO•/NOy during the January 14 
flight. Only gas phase surface area, ozone, and NOy 
are given. These tracers are virtually identical in the 
other model runs. Observed NO•/NOy is obtained by 
adding 1-min averaged NO:• to 1-min averaged NO and 
dividing the sum by the NOy averaged over the same 
time interval. 
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Figure 4. Modeled and measured NO/Nay and 
NO•./NOy during the January 14 flight. 

the polar night. Observed NO2/NOy increases steadily 
as the aircraft headed south after 26 hours. This be- 

havior is well reproduced by the aerosol runs, although 
they underestimate the measurements. The start of 
the trend toward increased NO•./NOy coincides with a 
change in the character of the back trajectories. They 
begin to cover much greater distances and intersect the 
flight from a southerly as opposed to northerly direc- 
tion. 

The March Flights 

Plate 2a shows March 11 gas phase NO•/NOy on 
the 12-km surface. The gray low NO•/NOy region has 
shrunk to a fraction of its January size. Its extent is 
approximately delineated by the size of the polar night. 
Meridional HNOa/NOy gradients tend to be weak in 
the gas phase model because the main HNO3 sink, pho- 
tolysis, and the main source, the reaction of NO•. with 
OH, both tend to be proportional to the amount of sun- 
light. Meridional gradients in NO•/NOy arise largely 
from interchange between NO• and Na•. Even though 
the polar night is now much smaller than in January, 
gas phase conversion of NO• to N205 occurs sufficiently 
rapidly to make NO•/NOy small in the vicinity of the 
north pole. Air parcels leaving the polar night and en- 
countering sunlight have their NO• quickly restored be- 
cause N205 photolyzes quite readily. For example, the 
noon, midlatitude photolysis lifetime is about 11 hours. 
This gives rise to the rapid increases in NO•/NOy seen 
in Plate 2a along the southward edge of the polar night. 

Plate 2b shows March 11 NO•/NOy on the 12-km 
surface with the Naa aerosol reaction included. The 

gray low NO•/NOy region continues to occupy most 
of the midlatitude regions, much as it did in January. 
This is because HNOs photolysis is still much slower 
than NO• to HNOs conversion via the aerosol pathway. 
The NaO5 aerosol reaction makes the NaOa/NOy ratio 
small, so that meridional gradients in NO•/NOy reflect 
gradients in HNOs/NOy, and vice versa. A strong gra- 
dient in NO•/NOy at the edge of the polar night is not 
anticipated because NaO• concentrations within the po- 
lar night are low, due to the aerosol reaction. The in- 
crease in contrast between the two cases indicates that 

the NO• measurements during March provide a better 
opportunity than those in January for discriminating 
between the gas phase and the N9•Os model runs. The 
green and yellow regions in Plate 2b denote tropospheric 
air and blue the approximate location of the tropopause. 
The N9•O• aerosol reaction is much less effective in sup- 
pressing modeled NO•/NOy ratios in the troposphere 
than the stratosphere. This is primarily because ozone 
concentrations are much lower in the troposphere, so 
that the conversion of NOa to NOs at night via (R3) 
occurs much more slowly. 

The first March flight occurred on March 10 when 
the DC-8 flew from Moffett Field to Anchorage. This 
flight path and the path from Anchorage to Stavanger 
two days later are shown in Plate 2a. Data from the 
flight are shown in Figure 9. With the exception of the 
tropospheric segments shortly after 12 hours and be- 
tween 14.5 and 15 hours, NO•/NOy is best simulated 
by the N9•O• run. This run also reproduces the mea- 
sured NO•/NOy gradient as the plane heads south from 
its point of closest approach to the pole at 15 hours. 
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Figure 5. Modeled and measured tracers and 
NO2/NOy during the January 16 flight. Measured 
ozone is reported in 1-s intervals. 



23,124 FOLKINS ET AL.: AASE 2 DC-8 NOx MEASUREMENTS 

Back Trajectories for Jan. 16 Flight 

Figure 6. Eight-day back trajectories for the January 
16 flight. Numbers along the flight path indicate the 
flight time. Some trajectories are darker than others to 
help delineate them. 

Data from the March 12 flight are shown in Figure 
10. With the exception of the tropospheric segment 
between 4 and 5 hours, NO•/NOy from the gas phase 
simulation was again much larger than observed. Ra- 
tios from the simulation, including the N2Os aerosol 
reaction, were much closer to the measured values but 
consistently lower. The run with both aerosol reactions •. 50 
generated extremely low NO•/NOy during all strato- • 40 
spheric portions of the flight. • 30 

The last flight of the the mission occurred on March • 20 -- 

20 when the plane flew from Maine to Moffett Field. [ t0 
Figure 11 shows that NO•/NOy from the N2Os model • 0 8OO 

run was again close to but somewhat below the oh- .... 600 

served ratio. Figure 12, showing both NO/NOy and • 400 
NO2/NOy, indicates that the underestimate of NO•/NOy ff 2OO 

in the N2Os simulation arises from a lack of NO• rather 
0 

than NO. This is consistent with the January 14 com- 4 
parison and indicates that the model NO• partitioning • 3 
is different from the observed. • 2 

Figure 13 shows gas phase and observed NO/NO2 • 
from the March 20 flight. In the model this ratio is 0 
given to a good approximation by 25 

2O 

_ }/ NO JNO• (1) • NO2 ks[Oa] + k6[HO2] + k?[C10] 

where ks, k6, and k? are the rate constants of the reac- 
tions of NO with O3, HO•, and C10. The ks reaction 
is dominant by far, so that even though the aerosol 
reactions tend to increase both HOa and C10, their 
NO/NO2 ratios are similar. At 14 hours for example, 

NO/NO2 in the simulation with both aerosol reactions 
was 13% below the gas phase ratio. This decrease was 
primarily associated with an increase of C10 from 0.713 
to 13.8 ppt. The levels of C10 needed to bring about 
agreement with the observed ratio would appear to be 
unrealistic. Figure 11 indicates that the model typ- 
ically underestimated observed ozone by 15% between 
12 and 16 hours. More realistic ozone levels in the model 

would have also reduced modeled NO/NO• somewhat 
but much less than that needed to overcome the factor 

of 2 discrepancy seen in Figure 13. The discrepancy 
is also larger than the known uncertainty in measured 
NO/NO• of 500% or less during the 14 to 16-hour pe- 
riod when NO• is highest (about 100 ppt). 

The observed March 20 NO/NO• ratio has also been 
compared with the ratio predicted by a simple zero- 
dimensional model. This model calculates NO/NO2 
using equation (1) but uses the observed ozone con- 
centration, measured temperature to evaluate the re- 
action rates, photochemical equilibrium expressions to 
calculate [CIO] and [no•], and a delta-Eddington radia- 
tive transfer routine to find JNO:, as well as the pho- 
tolysis rates of other species. Sensitivity studies with 
this model indicate that JNO: is not sufficiently sensi- 
tive to ground albedo or ozone column to significantly 
diminish the discrepancy between observed and mod- 
eled NO/NO2 shown in Figure 13. Although the radia- 
tive routines of the simple and three-dimensional model 
both included multiple scattering from molecules, nei- 
ther included scattering from aerosols. This effect is 
likely to be small at the solar zenith angles characteris- 
tic of the latter part of the flight and tends to increase 
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Figure 7. Tracers and NO2/NOy during the January 
23 flight. 
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Back Traiectories for Jan. 23 Flight 

Figure 8. Eight-day back trajectories during the Jan- 
uary 23 flight. 

JNo•, so that if included would have made the discrep- 
ancy bigger. 

Discussion 

For the most part, the NO• measurements in the po- 
lar night are much less useful than those in midlati- 
tudes for discriminating between the gas phase and the 
aerosol model runs. This is because both runs predict •. 5o 
extremely small NO•/NOy ratios in the polar night. • 
The fact that the measurements in this region often • 30 
approach the resolution of the instrument also renders .5 20 
their interpretation more difficult. During the January • 0 
16 flight over the north pole, observed NO•/NOy was 900 
larger than all three model simulations. Possible expla- • 600 
nations include the following' there is some process re- • 
generating NO2 in the polar night; the accepted value • 300 
of the k3 reaction rate needs revision; or NO2 is be- 0 
ing created within the instrument. At present there s 
is insufficient evidence to distinguish between these or • 4 
other alternatives. There does not appear to be any •: 2 
single explanation capable of reproducing all of the ob- :' • 
served NO•/NOy variability in the polar night. Anal- 0 
ysis of back trajectories is helpful because it indicates 14 
that some of the unexplained variability is correlated •0 
with past exposure to sunlight. • • 

With the exception of the ambiguous January 14 • • 
flight all the midlatitude comparisons favor the exis- 4 • 
tence of the N205 aerosol reaction. This was particu- 0 
larly true of the March comparisons when the simula- • 
tion using only gas phase chemistry predicted NO•/NOy 
ratios so large as to be completely outside the range 
of observations. The agreement was imperfect how- 

ever because this simulation tended to underpredict 
NO•/NOy. Whenever the DC-8 flew in sufficient sun- 
light so that model comparisons with both NO/NOy 
and NO2/NO y could be made, the N20• run simulated 
NO/NOy extremely well but had less NO2 than ob- 
served. The inconsistency between modeled and mea- 
sured NO•/NOy therefore arose from a model under- 
estimate of NO2/NOy. This is disturbing from a theo- 
retical point of view because it seems to imply that the 
model lacked two distinct physical processes: a mech- 
anism for converting NO2 to NO and a mechanism for 
creating NO•. In the rest of this section we assume that 
the N205 reaction is in effect and discuss some of the 
possible reasons for these discrepancies. 

Many of the observed NO2/NOy ratios compare ex- 
tremely favorably to the (HO•NO• + NO•)/NOy ra- 
tios of the simulation with the N205 aerosol reaction. 
Of the six flights discussed here, this was true of the 
flights on January 14 and 23 and March 12 and 20. For 
these flights the hypothesis that HO2NO2 was being 
measured by the NO2 detector with the same efficiency 
as NO2 itself was able to resolve both the model overes- 
timate of NO/NO2 and the underestimate ofNO•/NOy, 
while retaining the good agreement observed NO/NOy. 
The production of NO2 within the instrument from 
thermal decomposition, or photolysis, of HO2NO2 is 
likely to be negligible given HO2NO2 levels in the range 
of those calculated by the model. It appears that the 
only possibility whereby this may occur is via a process 
occurring on the walls of the inlet tube or glass photoly- 
sis cell. Recent laboratory experiments have shown that 
HOaNOa can decompose to HONO and HNO• on sur- 
faces [Zhu e! ai., 1993]. HONO photolyzes more readily 
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Figure 9. Tracers and NOa/NOy during the March 10 
flight. 
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Figure 10. Tracers and NO2/NOy during the March 
12 flight. Aerosol surface area during this flight is not 
available. 

than HO2NO• but approximately 6 times more slowly 
than NO• within the glass photolysis cell, so that this 
reaction by itself is unable to resolve all of the discrep- 
ancies. 

It is conceivable that aircraft exhaust effluents are 

enhancing NOs/NOy ratios in the lower stratosphere. 
Modeling results suggest that this is the case in the up- 
per troposphere [Ehhal! e! al., 1992; Kasibhatla, 1993], 
and some of the spikes in the NOs data are probably at- 
tributable to this source. Any conclusions regarding the 
effect of this continual injection of NOs on NOs/NOy 
ratios in the lower stratosphere will be strongly affected 
by the existence of the N•O5 aerosol reaction. If this •. 50 

• •0 reaction is present, then new equilibrium NOs/NOy ra- 
tios are established fairly quickly in air masses exposed • 30 20 

to these effluents. This is particularly true in the satu- 
rated regime characteristic of the time period in which • 0 
the DC-8 measurements were made. In this case, one 800 
would consider aircraft exhaust to be a source of NOy, •. 6o0 
but a source of NOs only in the sense that it enhanced • •00 
NOy. The comparisons between modeled and measured • 2o0 
NO•/NOy given here would then be largely unaffected 0 
by the presence of airplane exhaust since the model NOy 
initialization was based on observed NOy. If, on the 

• 2 other hand, only gas phase reactions are present, the o 
timescale for NOs/NOy equilibrium to be reached af- 
ter an injection of NOs is much longer. The emitted 
NOs might be converted to N•O5 relatively quickly, as 
in the aerosol case, but this N205 will then interconvert 
with NOs on a daily timescale for several weeks, rather 
than being immediately converted to HNO3. The mag- 
nitude of the aircraft exhaust NOs source is in this case 
more likely to be sufficiently large to enhance NOs/NOy 0 
ratios on a hemispheric scale. However, because our 
model results largely support the existence of the NaO• 
aerosol reaction at DC-8 flight altitudes, this is unlikely 
to be the case. 

To our knowledge, polar stratospheric clouds (PSCs) 
have never been demonstrated to exist at DC-8 alti- 

tudes. It is possible however for reactions on ice sur- 
faces to have affected some of the NOs measurements, 
either via the descent of PSC-processed air from higher 
altitudes or small localized PSC events at DC-8 alti- 

tudes. It is difficult to rule out the first possibility be- 
cause the degree to which air at 10-12 km has been 
recently mixed with air from higher altitudes has not 
yet been well quantified. The second possibility is also 
difficult to discount because PSC occurrence just above 
the tropopause during the Arctic winter will be very 
sensitive to water vapor mixing ratios, which possess 
a large vertical gradient in this region and which were 
not measured from the DC-8. However, the seasonal 
variation of the measured DC-8 NOs/NOy ratios is in- 
consistent with the hypothesis that it is PSC rather 
than aerosol reactions that are giving rise to the large- 
scale decrease of this ratio from that predicted by gas 
phase reactions. The comparisons which most strongly 
support the NeO5 aerosol reaction, those in March, are 
the comparisons least likely to have been affected by 
psc reactions. 

It is difficult to draw definitive conclusions on the 

status of the ClONO9. reaction from our study. This 
•s due to the difficulties of deterrnining • •s/•y ra- 
tios at extremely low NO2 concentrations, the fack that 
ClO concentrations were unknown, and the uncertainty 
surrounding the model Cly partitioning. The CIONO2 
lifetime against conversion to HOCI at 12 km was of the 
order of several days. In the model runs where this re- 
action was included, it led to the creation of a high-ClO 
and low-NOs region centered on the polar night. With 
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Figure 11. Tracers and NOs/NOy during the March 
20 flight. 
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Figure 12. NO/NOy and NO•./NOy during the March 
20 flight. 

DC-8 flight levels to the extent suggested by the param- 
eterization of it used here. 

NO was also measured from the ER-2 during AASE 2. 
These measurements have been used to infer NO•. con- 
centrations using an expression similar to equation (1), 
giving an "observed" NO•/NO• ratio. These have been 
compared to ratios calculated by assuming local steady 
state [Fahey et al., 1993]. Another approach solved 
the chemical rate equations along the 10-day back tra- 
jectories [Kawa et al., 1993]. Both studies confirmed 
that the N•.O5 aerosol reaction lowers NO•/NO•. The 
Kawa et al. paper showed that taking air parcel his- 
tories into account can significantly improve agreement 
with observed NO•/NO•. This is consistent with the 
figures given here showing the zonal asymmetry of mod- 
eled NO•/NO• and the correlation of these asymmetries 
with geopotential height. These papers could not make 
any comparisons between observed and modeled polar 
night NO• because they were restricted to regions where 
NO concentrations were measurable. Many of the dis- 
crepancies discussed here between observed and mod- 
eled NO•/NO• and NO/NO2 would not have been iden- 
tified if inferred, rather than directly measured, NO•. 
had been used. 

the exception of the fact that HC1 was left unchanged, 
the effect of the C1ONO•. reaction at these heights was 
analogous to the effects of reactions on polar strato- 
spheric clouds at higher altitudes. Despite the fact that 
the DC-8 flew through some of the regions where this 
had occurred in the C1ONO•. model run, such low levels 
of NOa were never observed. This constitutes indirect 
evidence that the C1ONO•. reaction was not in effect at 
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Figure 13. Gas phase model and measured NO/NO•. 
and solar zenith angle during the March 20 flight. 

Conclusion 

The advantage of using a three-dimensional model 
to interpret aircraft measurements is that it explicitly 
takes the photochemical histories of the air parcels in- 
tersecting the airplane into account and allows stringent 
comparisons between theory and observations. Com- 
parisons of the DC-$ measurements with this model 
strongly support the idea that the reaction of N205 
with water on aerosol surfaces suppresses NO• levels in 
the midlatitude lower stratosphere. They also indicate 
that our understanding of reactive nitrogen chemistry 
in this region is incomplete. The model tends to consis- 
tently underestimate measured NO•/NOy. Observed 
NO/NO2 in this region differs strongly from calcula- 
tions based on the presently accepted factors controlling 
this ratio. It is not yet clear whether these discrepancies 
arise from conversion of other nitrogen species to NO2 
within the instrument, or the absence from the model of 
ilnportant reactions regulating NO2 in the lower strato- 
sphere. 
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