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Abstract.

We present volume mixing ratio profiles of NO, NO,, HNO3, HNOy4, N2 Og, and
CINO3 and their composite budget (NOy), from 20 to 39 km, measured remotely in
solar occult ation by the JI°L, MkI V Interferometer during a lligh-atitude balloon flight
from Fort Sumner, New Mexico (35°N)on 25 September 1993. In general, observed
profiles agree well with values calculated using a photochemical steady state model
constrained by simultaneous MKIV observations of lollg-lived precursors and aerosol
surface arca from SAGE Il. The measured variation of concentrations of NO, (= NO
+ NO;) and N,O.between sunrise and sunset reveals the expected ~2:1 stoichiometry
at al altitudes. Despite relatively good agreement between theory and observation for
profiles of NO and HNOj, the observed concentration of NO,becomes progressively
higher than model values below 30 ki, with the discrepancy reaching 33% at 22 k.
Consequently, the observations suggest anincomplete understanding of factors that
regulate the NO/NO, and NO,;/HNO; ratios below 30 kiu.

Data collected during September 1993 and flights in September 1990 and April
1993 at 35°N reveal a decrease in the NO, /NO, ratio for increasing acrosol surface arca,
following the ecruption of Mt.Pinatubo. These observations are consistent with the
heterogencous hydrolysis of NoOjs being the dominant sink of NO, between altitudes of
18 and 24 km for the encountered conditions (e.g., surface area as high as 14 jan?cin3,

and temperat ure from 209 to 219 K).



Introduction

Reactions involving NO and NO,constitute the primnary process for chemical
removal of stratospheric Ojzbetween atitudes of approximately 24 to 36 ki [e.g.,
Crutzen, 1970; Johnston, 1971]. The abundance of NO, (= NO + NQ,)regulates the
concentration of chlorine monoxide (ClO) as well as the ratio of OH to HO, in the
mid-latitude lower stratosphere for air unaffected by polar stratospheric clouds [e.g.,
Wennberg et al, 1994]. The partitioning of NO, relative to N,O5 and HNOj, the
dominant reservoirs of the nitrogen oxide family of gases (NO,, defined as the sum of
the concentration of NO,, HNO,, HNO,, 2:-N,Os5, CINO3, BrNO3, NO,, and HNO,), is
controlled by a variety of processes, including some occurring on the surface of sulfate
aerosols [e.g., McElroyetal., 1992].

Increased aerosol loading following the eruption of Mt. Pinatubo in June 1991 led to
reduced levels of NO,, increased concentrations of ClO, and accelerated photochemnical
removal of O,near 20 km consistent with the heterogencous reaction of NoOg + H,O
being the dominant sink for NO, [e.g., Fahey et al., 1993; Kawa et al., 1993; Salawitch
etal.,1994a,b; Stimpfle etal.,1994]. ~~alloon-borne? in situ observations of NO, NO,,,
03, and aerosol surface area [Kondoct al, 1997];NO, and HNO; [ Webster et al.,
1994]; and C10, NO, and 0,[Dessler et al, 1993} cach show a reduction in NO/NO,
for increased aerosol loading consistent also with chemistry driven largely by the
heterogeneous hydrolysis of N,O;. However, ground based observations of the decrease
in the coluinn abundance of NO,and simultaneous increase in column HNO,following
the eruption of Mt. Pinatubo indicate the need for additional heterogencous sinks of
NO, to quantitatively account for the measured decrecase in NOy/HNO; [Koike et al.,
1994]. In situ observations of NO, NO,, C10, and O3 at mid-latitudes during; the spring
of 1993 have revealed a troubling discrepancy in our understanding the NO/NO, ratio
near 20 km [Jaeglé et d, 1994], although more recent observations over a wider range

of latitudes reveal good agreement between theory and observation of this ratio as well



as the NO4/NOy ratio [Gao et al., 1997] .Finally, an analysis of in situ observations of
HCI1 obtained from 1991 to 1996 suggests heterogencous reactions other than N,Q,, +
H,0 exert a dominant influence on the composition of the luid-latitude stratosphere

[ Webster etal., 1997].

The JPL MarklV Interferometer (MkIV) balloon observations reported here
represent the first simultancous measurements of profiles for all major NO, specices in
the same airmass along with the important precursors (e.g., 0,, CHy, H,0, C,Hg, HC,
CO) that alow a stringent comparison to calculated profiles. Furthermore, noon, sunset,,
and sunrise profiles of NO, and NoOgs were incasured in the same airmass, allowing their
diurnal behavior to beexamined. Previous studies of diurnal behavior have either only
obtained measurements over alimited altitude range [ Webster et a., 1990; Kondo ¢t
al., 1990], have not measured al the relevant species[Roscoe ¢t al., 1990; Chance et al.,
1996], or have not measured them al simultancously in the same air mass [Russell ¢t
d., 1988; Rinsland et d., 1996)

Our analyses of the MkIV observations test our understanding of processes that
regulate (@) NO,, the component of the NO, that reacts directly with O, (b) HNO;,
the dominant NOy species at low dtitudes, (c¢) N2Os, the component that links reactive
and reservoir NOy, (d) HNO,, aminor reservoir that tests our understanding of HO,
(= OH+ HO3), and (¢) CINOs, the species that couples reactive nitrogen and chlorine.
Additionally,our study focuses on testing our understanding of the processes that
regulate the concentration of NO, between 20 and 40 kin altitude, for various degt ecs of
aerosol loading prior to and following the eruption of hit. Pinatubo. Profiles of acrosol
surface area associated with cach MKIV flight originate from Stratospheric Aerosol
and Gas Experiment I1(SAGE 11) analyses of zonal, monthly-mean measurements of

extinction [ Yue etal., 1994].



Balloon Measurements

The MKIV Interferometer [ Toon, 1991] is the latest solar absorption FTIR
spectrometer designed at JPL for the purpose of remotely measuring atmospheric
composition. Its high spectral resolution (0.01 c¢m!')and broad coverage (650-56X)
cm~1) allow alarge number of gases to be measured simultaneously, including NO, NO,,
HNOs, HNO4, N2Os, CINOy, 0,, N,0, 11,0, CHy4, HCI, HOCI, CO, and C2Hg.

The solar infrared spectra analyzed in this work were acquired during three balloon
flights from Fort Summner, New Mexico (34.5°N,104.2°W) on 27 September 1990 and
25 September 1993, and a flight from Daggett, California (34.8°N,114.8°W)on 3
April 1993. For the 25 September 1993 flight, volume mixing ratio (vinr) profiles were
retricved from infrared spectra obtained during payload ascent (ncar nom), as well as
sunset and the following sunrise, providing the opportunity to measure the variations of
NO and NO,during a daily solar cycle. Only sunset spectra were available for retrieval
of vinr profiles for the other flights. Anunapodized spectral resolution of ().01 cin™!
was employed for tangent altitudes above =28 ki, at which point it was switched
to 0.02 cin™! to allow more rapid sampling, keeping the tangent point separation of
successive spectra in the 2 to 3 km range. All flights of the MkIV were accompanied
by an in siu 03 UV photometer. The Submillimeter Limb Sounder (SLS) instrument,
which measures C10, OH, and HO, between altitudes of 35 and 50 kin Ly microwave
emission spectrometry [Stachnik etal., 1992], flew on the same gondola for the April
and September 1993 flights. The Far Infrared Limb Observing Spectrometer (FILOS)
instrument, which measures OH between 35 and 45 ki by submillimeter spectroscopy

[Pickett and Peterson, 1993], accompanied the MKIV 011 the September 1993 flight.



Data Analysis

The MkIV data analysis consists of two distinct procedures, which are described
further in Sen et al. [1996]. Briefly, noll-linear least squares fitting is first used to
calculate the slant column abundance for each target gasin every spectrum. For gases
that absorb in more than onc spectral interval, a weighted average slant colummn is
calculated. These dlant columns, together with the matrix of computed geometrical
slant path distances, are then solved to yield concentration profiles. Although the
tangent point separation is typically 2 to 3 km at sunset and sunrise, the vinr profiles
were retrievedon a 1 km vertical grid. I’here are two reasons for this choice: (1) tobe
compatible with the inputs to the spectral calculations and (2) to maintain the high
vertical resolution of the limb profiles immediately below the baloon for which tangent
point separation IS small and of the ascent profile for which the vertical separation
between successive spectra was typically only 0.9 k.

The molecular parameters are taken from the ATMOS linelist compilation (Brown et
al.,1996], based 011 HITRAN and updated with new spectroscopic measurements, which
incorporate the latest laboratory cross sections for NoOs[Cantrell ¢t a., 1988], HNQ,
[May and Friedl, 1993], and CINO;[Bell et al., 1992]. The estimated uncertainties in
the accuracy of the linclist parameters [Broun et d., 1996] used for A'O, gas retrievals
range from 8 to 10% for NO and NO, 15% for CINO;3, HNOj3, N2Os, and 20% for
HNOy4. The uncertainties for 03 and N,0 are ~5%.

The errors of vinr profiles reported in this study represent the 1o measurement
precision combined in quadrature with these spectroscopic accuracies. Other systematic
error terms such as pointing; and temperature uncertainties arc negligible compared
wi th these two: pointing errors have been minimized by fitting temperature insensitive
COq lines, and temperature errors minimized by using temperature sensit ive CO,
lines. The measurement precision is calculated during the retrieval process based on

considerations such as residuals in spectral fitting. in general, gases with numerous,



strong, well-isolated spectrallines (€. 9., 0,, NO, NOg, HNOj3) yield precisions in
their retrieved vinr of typically ~5% of the peak vinr. Abrams et al. [1996] report
sitnilar uncertainties in the accuracy of gases measured by ATMOS, obtained also using,
high-resolution infrared solar occultation spectra.

For NO and NO,, whose concentration varies along the line of sight duc to
the changing solar zenith angle, diurnal correction matrices were calculated by the
photochemical model described below for conditions (e.g., temperature, 03, appropriate
for the occultations [Newchurch ¢t al., 1996). Figure 1 compares profiles of NO and
NO2 retrieved with (solid line)and without (dashed ling) these diurnal corrections. The
large fractional validations of NO at sunsect result in significant differences between its
two profiles, especially below 25 k. However, for NO,, whose fractional variation at
sunset is smaller, the diurnal correction makes little difference. In fact, less than1 ()%
error is made by ignoring the diurna variation of NO,for altitudes below 25 kin. These
results arc in accordance with previous work on diurnal correction [Boughner, 1980;
Roscoe and Pyle, 1 987; Russcll et al., 1988; Necwchurch ct al.,1996). The clements Of
these correction matrices are simply ratios of calculated concentrations at different solar
zenith angles and altitudes. Therefore, the absolute values of model concentrations are
not communicated to the retrieval algorithin,and therefore cannot bias the retrieved
profiles. From the good agreement achicved between our photochemical model and
in-sttu measurements near the terminator [Salawitch et al., 1994b; Newchurch et d.,
1996], we believe that for NO,, and for NO above 25 ki, the diurnal corrections are
not a significant source of uncertainty. The good agreement between diurnally corrected
profiles for NO from 18 to 2(1 kininecasured by ATMOS and nearly simultancous in situ
measurements of NO suggests the diurnal correction procedure yields accurate retrievals

at atitudes above 18 km [Newchurch et al., 1996).



Photochemical Model

The photochemical model has been used previously in many stratospheric studies
[e.g., McElroy et al., 1992]. Reaction rates and absorption cross sections arc adopted
from the JPL, 94-26 compendium [DeMore et al., 1994]. The abundance of radical (i.e.,
NO, NO,, OH, HO,, C10, BrO)andreservoir (i.e., HNOjz, HCI, N2Os, CINO;) gases
has been calculated allowing for dinrnal variation and assuming a balance between
production and loss rates of each specics integrated over a 24 hour period, for the
latitude and temperature of the observations. Concentrations of precursors (i.e., O,
H,0, CHy, CO, CoHg), the total abundance of NO,, and Cl, (=~ HCI + CIO + HOCI +
CINOj3) are constrained to match observations of MkIV and SIS, which measured C10
from the same gondola The temperature profile was obtained from the MKIV aunalysis
of temperature sensitive CO, absorptions, and for September 1993 equaled 216, 222, and
230 K at 22, 26, and 32 km, respectively. The input Oz profile is based on observations
by MKIV, S1,S, and an in situ UV photometer (Figure 2) and is discussed in detail by
Ostermanet al. [1997].

All heterogenecous reactions on sulfate acrosols believed to affect partitioning of
stratospheric NO, and Cl, at mid-latitudes were included in the model. Heterogencous
hydrolysis of N2Os was assumed to occur with a reaction probability of 0.1 [DeMore et
al., 1994]; the formulation of Hansonetal.[1996] was used for the hcterogencous rate
of BrNOj; -+ HyO; and the formulations Of Ravishankara and Hanson [1996] were used
for the remaining sulfate heterogencous reactions (HCI + CINO;, HOCI + HCI, and
CINOj3 + H,0). Kinetic parameters for HOBr -t HCl heterogeneous reaction are from
Hanson and Ravishankara [1995]. Profiles of aerosol surface area originate from zonal,

monthly-mean observations of SAGE Il [ Yue et al., 1994].



Results and Discussion

Accurate measurements of ozone are a prerequisite for quantifying our understanding
of nitrogen oxides. Not only docs O,directly affect the NO/NO, and NOy/HNO3 ratios,
but it also influences many other radicas (e.g., C10, OH)that interact with NO, and
NO,. Figure 2 shows a comparison of the! sunsct profile of ozone measured by MkIV on
25 September 1993, and ascent and descent profiles observed by the in situ UV sensor
on board the same gondola. The two in sSitu mcasurements of O, obtained ~20 hours
apart and separated by 200 km, agree to better than 56%. This indicates relatively
quiescent conditions in the stratosphere during the time of observation, typical for 35°N
during fall. The excellent agreement between the in situ and remote observations of
03, better than 6% for all atitudes above 20 ki, provides confidence the O; profile
is not a major source of uncertainty inthemodel calculations of the apportionment
of nitrogen oxides into member species. Since al the gases measured by MKIV arc
analyzed with the same spectral fitting and retrieval algorithins, the good agreement for
0,and also for N,lends confidence that the other gases, for whichno direct validation is
possible, are also retrieved accurately. The excellent agreement between ATMOS (using
amcasurement and data analysis technique similar to MkIV) aud i Situ incasuremnents
of N2O, CHy, H,0, NO,, O3, CFCi1, CFC12, CCly, and SFg further demonstrate the

accuracy achievable by the solar occultation technique [Chang et d., 1996a,b).

NQO, Partitioning and Budget

Observed and theoretical vinr profiles of NOy species at sunset are illustrated in
Figure 3. Profiles for NyOp at sunrise are also shown. Calculated profiles of NO, species
not observed by MKIV (NOj, BrNOj3, and HNO;) make only small contributions to the
total budget, and are therefore not shown. Overall, the agreement between observed
and calculated profiles for al NOy species is good. The only siguificant systematic

disagreement is for NOz below 28 ki, where measured values exceed calculated values
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by up to 30%. For most of this atitude range, there is good agrecment (better than
10%) between observed and calculated vinrs of NO and HNOj;. Couscequently, the
observed ratios NO2/NO and NO,/HNOQj exceed theoretical estimates below 28 k.
The apparent disagreement between observed and modeled NO at 20 ki could result
from an imperfect diurnal correction, which is not included in our estimate of the error
bars and could be very large at this altitude.

The comparisons shown in Figure 3 demonstrate good understanding of most
reactive and photolytic processes that regulate the abundance of nitrogen oxides,
particularly for altitudes above 28 km. The obscrved buildup of N2Os during the night
as well as its value at the evening terminator are simulated accurately, suggesting the
coupling between NO, and HNQOj is being treated in a realistic manner by the model.
Therange of atitudes for which NO, NQO,, and HNOjzare calculated to be the dominant
species of the NOy family agrees with observations, as does the concentration of cach gas
for these altitudes. This suggests the height dependence of the concentration of atomic
oxygen and the photolysis rate of NO, are reprresented accurately by the model a rove 28
km, and the production and loss processes for H NO3 are represented accurately at lower
altitudes. The proper treatment of HO, above 28 km is supported by the agreement
between observe.cl and theoretical profiles of NO, and HNO,(produced by the rcaction
of NO, with HO0,), as well as comparisons with vinrs of Ol and HOz observed by
different instruments from the same gondola [Pickett and Peterson, 1996; Osterman ct
al., 1997] .

Two smulations of CINOjare illustrated in Figure 3. The nominal case (solid line)
assumes a 7% yield of HCl from ClO + OH and the Michelsen et al. [1994] formulation
for the quantum yield of O(! D) from O,photolysis, while the other (dashed line)
assumes a 0% HClyield and the DeMore et al. [1994] formulation of () D) quantum
yield. Only the nominal case is shown for simulations of other s~mc.its, since calculated

profiles are insensitive to the choice of these two kinetic parameters. The vinr profile
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of CINO; observed by Mkl V generally lies between the two theoretical calculations.

A 7% yield of HCl was reported to be consistent with: (1) ATMOS observationus of
HCl and CINOj [Michelsen et al., 1996], (2) FIRS-2 measurements of HCl and HOCI
obtained during 26 September 1989 [Chance et al.,1996), and (3) SLS measurements of
ClO during the September 1993 balloon flight [Osterman et al.,1997]. While t he MkIV
measurements are not inconsistent with a 7% yield of HCI, they suggest a smaller yield
for rcasons not fully understood [Jaeglé, 1995].

The photochemical model simulation shown in Figure 3 have been constrained
to match the total amount of NO, mecasured by MkIV at cach altitude, as discussed
above in the model description section. MkIV aso obtains simultancous measurements
of the concentration profile of N,O, the source of NOy. Figure 4 illustrates the relation
between NO, and N,0 observed by MKIV, as well as the relation mcasured by in situ
instruments aboard the ER-2 aircraft at northern Illid-latitudes during February and
Noveinber, 1994. The in situ determination of NO, is ascribed a 1o total uncertainty
of better than 10% [Fahey et al., 1989], while! the in situ measurement of NoO has an
estimated 1o total uncertainty of 3% [Locwenstein et al., 1989]. Theoretically, NO, and
N,O are expected to exhibit a compact, near linear relation in the lower stratosphere
since the rate for redistribution by transport is short compared to photochemical
production and loss of each quantity [Plumnb and Ko,1992]. The two measuremnents of
NO, versus N,0 agree to within the uncertainty of the observations: each is consistent
with aslope of —0.07 for 160 < N,0 < 310 ppbv, similar to two dimeunsional model
simulations [Keimet a., 1997]. These comparisous corroborate the accuracy of the
MKIV retrievals of the major NO, species (e.g., HNO3, NO,, and NO) for the altitudes
at which they arc dominant. Furthermore, the MKIV relation also illustrates the
decrease of NOy with decreasing NoO at altitudes above 33 km, due to the rapid (with

respect to transport) loss of NO, by the reaction of N+ NO.



NO, Chemistry

The reactions [Crutzen, 1970; Johnston, 1971]

NO + Oz -» NO, + 02 (1)
NO, + O —» NO+ 0, )
Net : )+ Oz — 20, (3)

constitute the primary chemical 10ss process for stratospheric ozone between

altitudes of approximately 24 to 36 kin [e.g., Jucks et al., 1 996; Osterman et al.,
1997]. Understanding the processes that regulate NO, NO,, and NO, is central to
understanding the chemistry of stratospheric Os. Loss of NO occurs primarily by

rcaction (1), with a mall contribution from

NO + ClO - NO, + Cl . (4)

Removal of NO, occurs mainly by

NO; + hw—-NO + O, (5)

which is much faster than loss by reaction (2) for altitudes below 35 k. Since
production and loss of NO and NO, occur rapidly, the ratio of the concentration of

these species is expected to be described by the instantaneous value of

NO, = (k. [0S+ k; . [m])

NO INO, (6)

where Jxo, is the photolysis rate of NO,, and k and k,are rate constants for the

respective reactions.
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Changes in NO, occur much more slowly than the time for equilibration of NO and

NO;. Removal of NO, occurs mainly by production of NoOg and HNQj:

NO, +- 0,— NOj + O, (7)

NO; + NO, + M= N,O5 + M (8)
N,Os -t H,0 (sulfate) — 2HNO;, (9)
NO, + OH + M -3 HINOy + M . (o)

Resupply of NO, occurs by photolysis of NoOg and HNQj, and by reaction of HNO,
with OH. Between altitudes of 26 and 40 kin, changes in the concentrations of NO,
and N,Ojy are expected to exhibit a 2:1stoichiometry, because N2Os is t he dominant
nighttime reservoir of NO,. At lower altitudes, the stoichiometry IS expected to exceed
2:1because, even though reaction (9) is the dominant process by which NO, is converted
to HNQj [e.g., McElroy et al., 1992; Fahey et a., 1993], a fraction of NO, is converted
to HNOj by reaction (1 O).

MKkIV observations of NO, and N;Oj test, out understanding of the diurnal variation
of reactive nitrogen. Measured concentrations of NO, and 2-N,Qy at sunrise and sunset
for three altitudes are shown in Figure 5. AlSO shown are midday measurements of NO,,
obtained during balloon ascent and retrieved using the same procedures as the sunsct
and sunrise profiles, taking into account the fundamental difference in observation
geometry. The midday profile of N2Os could not be retrieved since the airmass was too
small to provide sufficient absorption in ascent spectra.

Theoretical curves for the diurnal variation of NO, and NoOj5 are shown also

in Figure 5. The solid curves are results of independent siimulations constrained by
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measured concentrations of precursors at sunset, (red line) and sunrise (blue line),
assuming a cloud-free atinosphere with an atbedo of 0.24. The shaded region indicates
the sensitivity of model results to variations in albedo: highest values of NO, are
calculated assuming high altitude, highly absorbing clouds (albedo=0.2), while lowest
vaues arc found assuming highly reflecting clouds (albedo=0.8). Changes in albedo were
alowed to impact all photolytic processes (€.9., Jno,, which affects the NO/NO, ratio
on rapid time scales, as well as Jjno,, Which affects N O, /HNO; on longer time scales)
and is meant to quantify, in a simple manuer, the uncertainty of model results associated
with the photolytic environment experienced by air parcels during the observation and
days immediately prior to it. The atmosphere was cloud free in the MKIV ficld of view
when the sunset spectra were obtained (spectra were recorded for tangent heights as
low as 6 kin), but contained high-altitude thunderstorm clouds during sunrise.

The results shown inFigure 5 demonstrate a fundamentally good understanding
of the coupling between stratospheric NOy and NoOy. Observed values of NO, and
N,Oj agree with theory at 32 kin, to within the measurement and model uncertainties.
Similarly, observed values of NO, at sunrise and NyOjy at sunset for 26 kin agree with
model values. However, at this altitude observations of both NO, at midday and
sunset as well as N2Os at sunrise exceed model values, although theory and observation
slightly overlap given the respective uncertaintics. MkIV observations of variations
in concentrations of NO, and N2Oj at both 26 and 32 ki exhibit the expected 2:1
stoichiometry. During sunset at 22 km, observation of NQO, exceed theory, and N,Q; is
less than theory, by amounts roughly consistent with the expected stoichiometry.

As discussed previously the only significant discrepancy in this study is the tendency
of observed NOj, to ¢ xceed model values below 28 km (e. g., Figure 3). The strong and
well defined infrared absorptions of NO,make it one of the more easily measured gases
in the MKIV spectra. Two separate bands at 1600 and 2900 cm™! arc used to retrieve

N 0 2 and the resulting profiles are consistent to better than 10% for all altitudes, and
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better than 5% below 27 km. The profile of NO, shown in Figure 3 is a weighted
average of retrievals from both bands. The good agrecment between measured and
calculated N O,above 30 kin, where pressure broadening of the NO, absorption features
is negligible, indicates that errorsin the NO2 line st rengths are unlikely to be the
cause of the discrepancy at lower atitudes. A 40% increase in the pressure-broadened
half-widths (PBHW) of the NO,lines would greatly improve the agreement between
calculated and measured NQO,, since its effect on retrieved vinr would increase with
pressure. However, this increase exceeds the 156% uncertainty of the PBHW estimated
from laboratory mcasurcinents [Brown et al.,1996]. Recent laboratory measurcients of
the PBHW of NO, (D. Newnham, RAL, personal communication, 1997) indicate that
the actual values may be 10 to 15% larger than those used in this analysis. Although
this would decrease the retrieved MkIV N O, concentrations in the lower stratosphere by
~10%, a significant disagreement would still remain.

Our estimate of the total uncertainty of the MkIV measurement of NO, varics
from 19% at 20 ki to 11 % at 30km. Thercfore, the discrepancy between observations
and theory is significant below 28 k. Additionally, NO and HNOj; arc mecasured with
sufficient accuracy and precision inthe lower stratosphere that the discrepancy between
theory and observation of NO/NO,and NO,/H NO,is also larger than the measurcinent
uncertainty below 28 km.

Figure G illustrates co-located measurements of NO, NO, and their ratio by
HALOE (Version 18, 33.6°N, 11 0°W) 24 hours earlier and 100 km distant. from the
MKkIV observations on 25 September 1993. The HALOE measurcients of NO are based
on absorption inthe 1900 ¢m'‘ 1 band, the same as used by the MkIV. The HALOE
measurcments of N 0,are based on absorption in the 1600 cin™? band, one of the
two bands used in the MkIV analysis. The estimated total uncertainties of individual
retrievals of NO and NO,by HALOY arc 40% and 26%, respectively, at 22 km [ Gordley
et al., 1996, Figures 7 and 8]. The measurements of NO,NO2 and their ratio by the
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two remote sensing instruments agree to within 10% above 27 and 25 ion, respectively.
Theoretical profiles are also shown in Figure 6. Between 23 and 34 kin, the MKIV and
HALOE measurements of NO, arc both larger than the model values. Below 23 ki,
the larger uncertainties associated with the mcasurements make it difficult to draw any
definitive conclusions.

The disagreement between NO, measured by MKIV aud the calculated values
exhibits a similar pattern with respect to altitude for all balloon flights aunalyzed to
date, as shown in Figure 7. These flights sampled ar with substantially different levels
of aerosol loading, reflecting the relatively cleau period prior to the eruption of Mt.
Pinatubo, and the subsequent build-up and decline of volcanic acrosol. This suggests the
NO, discrepancy is not related to transient phenomena such as the possible effect of M.
Pinatubo acrosol ou the photolysis rate of NO,. Recent ATMOS measurcer nents obtained
in November 1994 at high southern latitudes with relatively low acrosol loading reveal
a similar pattern of excess NO2 with respect to model profiles [Rinsland et al., 1996,
Figure 3]. Similarly, nighttime measurciments of NO, obtained by UV-Vis spectroscopy
in March 1994 at 44° N latitude aso exhibit anexcess over calculated values in the 22
to 28 km altitude range [Renard et a., 1997]. However, an analysis of carlim ATMOS
observations obtained at mid-latitudes during April/May 1985 does not reveal a similai
discrepancy for NOg [e.g., McElroy ¢t al., 1992, Figures 10 and 12].

Figure 8 illustrates the variation with respect to solar zenith angle of MkIV
observations of NO, NO2 and the NO/NO;ratio at atitudes of 32, 26, and 22 kin. The
modcl simulations are similar to those shown in Figure 5, for sunset (1wl line) and sunrise
(blue line) constraints and a cloud-free albedo of 0.24. The shaded regions represent
the sensitivity of calculated values to variations in albedo as discussed previously. The
observed concentrations of NO agree with theory, to within the measurciment and
model uncertainty, at all atitudes and times except for 26 km at sunrise. However, the

precision of the midday observations of NO is poor below 26 kin owing to the low air
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mass factor of the ascent spectra. Similarly, the! noontimme measurements of NO; below
27 km are not sufficiently accurate or consistent to ascertain whether they agree better
with the model, or with the 20-30% cxcess over the model values at sunrise and sunset.

The observed NO/NQO, ratio is lower than model values at sunrise and sunset for
altitudes below 26 km (Figure 8). The calculated photolysis rate of NO, agrees well with
photolysis rates inferred from observations of the direct and diffuse flux of radiation
between 300 to 775 nm from the ER-2 aircraft [McElroy et d., 1995] for solar zenith
angles as high as 80° at 20 km [Gao el al., 1997, Figure 4]. Therefore the photolysis rate
of NO, is unlikely to cause the discrepancy in NO/NO, ratio illustrated in Figure 8.
Since loss of NO at 22 kin by reaction with Q3 proceeds at a rate about four times faster
than loss by reaction with C10, and theory and observation of ClO are inreasonable
agreement [Avallone et al., 1993; Salawitch et al., 19(14a; Chang ct al., 1 996a], it is
unlikely that uncertainties in the kinetics of reaction (4) or in the abundance of CIO
will resolve the dilemma posed by the observations of NO/NO,.

Figure 9 illustrates therccommended value for the raté constant of the reaction
NO + O3 from the JPI, compendium, as well as its nominal 1o uncertainty [DeMore et
al., 1994] as a function of inverse temperature. Also shown are individual laboratory
measurements used in the determination of the recommended rate. The recommended
uncertainty of the rate is ~50% for a temperature of 220 K [DeMore et a., 1994],
considerably larger than the standard deviation about the mean of the individual
measurements at this temperature. Also shown is the reaction rate required to balance,
in the absence of auy other kinetic changes, the NO/NO, ratio observed by MkIV at
sunsct. We do not intend to imply by this figure that rate constants can be determined
from atmospheric measurements. 1t is merely a way of illustrating theuncertainty inthe
model calculation, and its relationship to laboratory and atmospheric obser vations. The
rate required to balance the observed NO/NO; ratio below 23 kin is larger than allowed

by the laboratory observations, and consequently uncertaintics in this rate are an
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unlikely explanation for the obsecrved ratio at the lowest altitudes. However, it is diflicult
to rule out, the possibility, based onthe individua laboratory measurements, that the
true rate of reaction (1) is 20% faster than the recommended value for temperatures
near 216 K, which would explain the measured NO/NQO, ratios at sunrise and sunset
between altitudes of 24 to 32 kin.

In situ observation from the ER-2 aircraft of N() (by chemiluminesce nce) and NQO,
(by chemiluminescence and by a *1'111,S) at mid-latitudes obtained during SPADE (May
1993) indicated a discrepancy between theory and observation of the NO/NQ, ratio
near 20 kin during midday of ~35% [Jacglé ct al.,1994], but in the opposite sense of the
discrepancy noted for the MkIV occultations. However, more recent measurements of
NO and N(3,, obtained at mid-latitudes near 20 kin during ASHOE/MAESA (February
to November, 1994) using the in situ chemilumine scence detector |, agree with the
theoretical ratio to better than 8% [ Gao et al., 1997].

The MkIV observations suggest a discrepancy in our understanding of the NO/NO,
ratio. For illustrative purposes only, we have calculated the abundance of NO, gases
at 22 km allowing for a 40% reductioninJyg, a al solar zenith angles, which forces
agreement with the measured NO/NQO, ratio. Results shownin Figure 8 indicate that,
even though the NO/NQO, ratio is simulated correctly, the model values of both N() and
NO,remain significantly lower than observation. To simultancously match constraints
posed by MKIV observations of NO/NO,,NO,;/NO,,and NO/NO, at 22 kin requires
not only a reduction in Jyo, (Or, cquivalently, an increase ink; ), but also either a
reduction in the rate of the heterogencous hydrolysis of NoOj [reaction (1 ()] from the
recomnmended reaction probability of 0.1 [DeMore et al.,, 1994] to a value as low as 0.02,
or else accelerated removal of HNO3.

Lary et al. [1997] have postulated that heterogencous processes occurring on the
surface of carbonaceous soot particles may convert HNO; to NO,. If this process could

act rapidly enough to compete with the loss of NO, by reaction (1 O), it would ofler an
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explanation for the tendency of the MkIV observations of NO, to exceed model values.
However, this reaction would cause serious difficulties inaccounting fora wealth of
observations of the NO/NO, ratio obtained from the ER-2[Salawitch et d., 1994a, b,
Gao et al.,1997] as well as our observation of the NO/HNO; ratio above 22 kin.
Simultancous measurements of NO and NO, by instruments on the ER-2 and MkIV
for the same air masses during the upcoming POLARIS campaign will hopefully shed

additional light on our understanding of the processcs that regulate NO,.

The effect of Mt. Pinatubo aerosols on NO,

Increases by factors of 20 to 30 in the surface arca of sulfate aerosol following the
June 1991 eruption of Mt. Pinatubo [e.9., McCormick ct al., 1995]reduced levels of NO,
throughout the stratosphere duc to reaction (10), the heterogencouns hydrolysis of N,(O,
[e.g., Fahey et al., 1993; Webster ctal., 19941 Thereductionin A"OX led to increases
in concentrations of ClO and HO,, incrcasing the overall cfficiency of catalytic removal
of O3 by reactive nitrogen, chlorine, and hydrogen species in the lower stratosphere
[e.g., Kinnisonetal., 1994; Rodriguecz ct al., 1994]. Previous analyses of observations
of NO and NO, from the ER-2[Fahey et al., 1993; Kawact al, 1 993; Salawitch ct al,,
1994a,b; Gao et al., 1997] suggested that reaction (10) is the dominant sink for NQ,
throughout much of the lower stratosphere following the cruption of Mt. Pinatubo.
Similar conclusions werc reached based on analysis of balloon-borne observations of NO,
and HNO; [ Webster et al., 1994] as well as NO and NO, [Kondo et al., 1997]. However,
Koike et al. [1994] observed larger increases in the columnn abundance of HNOj, and
decreases in column NQOg, than could be accounted for by reaction (1 O) alone. The
variation of in situ observations of HCI with aerosol surface area has been interpreted as
evidence for a dominant influence by heterogencous reactions involving HCl and CINQOy
[ Webster et al., 1997]. Furthermore, Solomon et al. [1 996] showed that the observed

decline in 03 during the past several decades, due to both the build up of chlorine! from
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industrial CFCs and changes in sulfate acrosol loading, was about 50% larger than
calculated by their two-dimensional model. Similarly, Kinnison et al.[1994]are unable
to account for the magnitude of the observed reduction of 03 following the eruption
of hit. Pinatubo when both the radiative and chemical affects of volcanic aerosol are
considered.

We present observations of NO, NO,, and NOy by MkIV for three balloon flights
cncountering vastly different levels of sulfate aerosol loading. These observations
provide a test of our understanding of the heterogeneous chemistry associated with Mt.
Pinatubo aerosols on the NO,/NO, ratio. We seek to establish whether t he observations
provide evidence that other heterogeneous sinks of NO, besides reaction (1()) exert a
substantial influence on the chemistry of the Inid-latitude stratosphere. If’ s0, loss of’
O3 due to Mt. Pinatubo acrosols would likely exceed model predictions [e.q., Prather,
1992].

Figure10 compares the measured profiles of NO,/NQO, at sunset to theorctical
profiles for flights of MKIV during September 1990, April 1993, and September 1993.
Also shown are the profiles of sulfate aerosol surface area associated with cach MkIV
flight, derived from SAGE 11 zonal, inonthly-mican measurcments of extinction in the
visible and near ultraviolet [ Yueet a., 1994]. The theoretical curves are constrained by
profiles of O, H,0, CHy, NO, HC] + CINO; -+ HOCI, temperature, ete. measured by
MKIV for each flight and the SAGE Il surface area profile shownin Figure 10. Three
model curves for NO,/NOy arc shown for each flight: results of (1) a purely gas phase
calculation (solid line), (2) gas phase + N2Os hydrolysis (reaction 10) only (dotted line),
and (3) gas phase -t- al heterogencous reactions (dashed line). Calculated values of
the NO,/NO,, ratio are nearly identical for the two heterogencous simulations becausc
temperatures encountered during the three flights were too warm (209. 1, 211.0, and
209.1K at 20 km for September 1990, April 1993, and September 1993) and acrosol

surface areas too low for loss of NO, by the two heterogencous reactions involving
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CINO; [e.g., Ravishankara and Hanson,1996]. The small difference between the two
heterogeneous simulations is predominantly due to the reaction of BrNO3 + H,Q.
This reaction does not become an efficient sink of A'OX for levels of acrosol loading
encountered during April 1993 and coutemporary levels of Bry, [e.g., 17.9 pptv at 22
km for April 1993 until air parcels reach latitudes p oleward of 50°, where the less
intense photolytic environment results in slower rates for competing processes | 7'ic and
Brasseur, 1 996].

The height dependence of the observed NO,/NO, ratio agrees fairly well with
profiles calculated using the heterogencous models, although the observed ratio exceeds
theory between altitudes of 23 and 30 k. For this range of altitudes, the observations
agree more closely, in general, with the ‘gas phase only’ calculations. For alti tudes below
23 km,measured values of this ratio agree well with the ‘heterogencous’ simulations
and are appreciably smaller than the ‘gas phasc only’ calculations, consistent with
conclusions of numerous previous studies [e. g., McElroy et al., 1992; Dessler et al., 1993;
Fahey et al., 1993; Webster ¢t al., 1994; 1{o7M10 ¢t d., 1997].

It is tempting to contemplate the existence of a neglected process that converts
HNO3 to NO,, such as heterogencous reactions on soot as suggested by Lary et a.
[1997], based on the comparisons shown in Figure 10. Likewise, a large reductionin the
rate of reaction (10) would also yield better agreement between theory and observation
of NO4/NO, between 23 aud 30 kin. However, the observation of excess NOy relative
to the ‘heterogeneous’ model profiles is caused primarily by the discrepancy in NO,,
as discussed previously. The observed NO/HNOj ratio in this altitude range agrees
well with profiles calculated using published rates for the heterogencous reactions listed
above [e.g., Figure 3]. Furthermore, the ‘heterogeneous’ model p rofiles of NO,/NO,
agree With observed values below 23 km, even though the observed NO/NO, ratio is
simulated poorly [e. g., Figure 8]. Understanding the cause of the discrepancy between

theory and observation of the NO/NOj; ratio, which should be in near iust antancous
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equilibrium with the value of expression (5), is a prerequisite for gaining further insight
into the apparent disagreement for NO,/NO, between 23 and 30 kin.

Figure 11 quantifies the dependence of the NO, /NQO, ratio on acrosol su rface area
for each flight,. The model curves are identical to those shown in Figure 10. Aecrosol
surface area is used as the abscissa for all model results, even though it has 110 bearing on
the gas phase simulation. The gas phase calculation captures the non-linear dependence
of the observed NO,/NO, ratio for surface area less than 0.6 jan?cin 3, primarily
due to the influence of 03, and consistenutly overpredicts the magnitude of the ratio at
larger values of surf rface area. The abundance of Oy controls both the apportiont nent of
NO, between NO and NO, and the nighttim ¢ formation of NyOs. Since the nighttime
formation of N,Qjg occurs by the reaction of NO, and NQOj (i.c., quadraticall y dependent
on NOy), the NO,/NO, ratio is expected to eventually become insensitive to increases
in surface area beyond a critical value, provided NoOgy + H20 is the dominant sink
for NO,. The calculatious in Figure 11 suggest this critical value is ~4 puncin™ 3 for
the conditions encountered during the balloon flights. This critical value together with
the NO,/NO, ratio at saturation are consistent With previous balloon and airborne
chemiluminescence observations of NO and NO, {Dessler et al., 1993; Fahey et (d.,
1993; Kondo et al., 1997} and suggest N2Os + H,0 is the dowminant sink of NO, for the

sampled air masses.

Conclusions

Observations obtained at ]nid-latitude (35°N) during the September 1993 balloon
flight of the JPL. MKIV interferometer, and aerosol surface area basin] ouSAGE Il
extinction measurements, have been examined to assess our understanding of the NO,
budget and partitioning of NO, species. The variation of the! total nitrogen content
for the individual NOy species relative to N,O agrees well with in situ observations

and previously published relations found using two dimensional models. The MkIV
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observations provide an important test for models since they extend to considerably
higher altitudes than the in situ observations.

MEKIV observations of NO, NO., and HNO; agree well with theoretical profiles for
the range of dtitudes that each gas is the dominant NOy species. Out observations of
the diurnal variation of NO, and N.O; exhibit closc agreement with the theoretical
stoichiometry between 20 and 40 ki, suggesting the coupling between NO, and its
dominant, nighttime reservoirs is wc]] understood. Mcasured vinr profiles of al NO,
species agree well with model profiles, except that, the observed abundance of NQO, in the
lower stratosphere exceeds calculated values by 20 to 30%. The resulting discrepancies
between theory and observation of the! NO/NO, and NO, /HNOj; ratios for altitudes
between 20 and 28 km are larger than the estimated total uncertainty (accuracy and
precision) of the measureinents. Published uncertainties in laboratory measurements of
the absorption cross section of NO,[DeMore et al., 1994] and therate of NO + Oy are
individually smaller than the discrepancy for t he NO/NQ, ratio below 23 km. However,
a 10% increase inthe rate of NO + Oj at cold temperatures, together withai ()%
increase in the pressure-broadened half-widths of the NO, lines, both of which appear
plausible, would lecad to substantial improvement in agreciment between observed and
calculated NOj in the lower stratosphere, but still leave a difference of ~1 O%.

The comparison between observation and theory for three MkIV balloon flights
before (September 1990) and after (April and September 1993) the eruption of Mt.
Pinatubo suggests that N2Os hydrolysis alone can describe the observed NO,/NO,
ratio. Additional heterogencous reactions do not perturb this ratio appreciably for
surface arca below 14 ~tin2cm- 3 for the temperatures (209 to 219 K) of our mid-latitude
observations. Our analysis Of these observations suggests heterogencous reactions
involving CINO; and HCI are not a significant sink for mid-latitude NO,, which had
been a possible explanation for the quantitative anomalics of coluimn NO, and HNO,

presented by Kotke et al. [1994]. The observed saturation of NO,/NO, 1 atio limits



the increase of C1O within the Cl, reservoir. Osterman et al. [in preparation] show
that MkIV observations of HCl and CINOj at 20 km obtained during the same flights
are relatively insensitive to surface area, providing further evidence that heterogencous
reactions involving CINOjzand HCI do not proceed rapidly enough to significantly alter
NO, or CIO for the sampled air masses. Our observations suggest the decline in reactive
nitrogen by volcanic aerosol is well understood and that catastrophic 10ss of O3 due to
massive enhancements in ClO [e.g., Prather, 1992] and large reductions in HCI [ Webster
et al., 1997] is unlikely for the envirommental conditions encountered by these balloon

frights.
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Figure 1. NO and NO; profiles at suunset of 25 September 1993 with and without diurnal

corrections. Error bars have been displaced in altitude for visual clarity.

Figure 2. Ozone vmr profiles mecasured by in situ UV sensor during balloon ascent on 25
September 1993 and descent the following day. MkIV measurement of O3 during sunset of 25
September from the same balloon gondola as the UV instrument is included for comparison

between the two measurement techniques.

Figure 3. Observed (symbols) and calculated (lines) vinr profiles of NO, and member species,
as indicated, measured at sunset by MKIV at 35° N on 25 September 1993. Sunrise profiles for

N2Os arc also shown. The NOy, profile represents only the sum of measured nitrogen oxides.

Figure 4. Corrclation of vinrs of NO, and N,0 measured at sunset by MKIV (25 September

1993) and by instruments aboard the ER-2 aircraft, (14 February and 2, 4 November 1994, )

Figure 5. The midday, sunset and sunrise values for NO, and 2:-N2Og are presented for the
altitudes of 32, 26, and 22 km. The calculated values plotted illustrate the behavior of the
model (sunset: red lines; sunrise: blue line) during the periods of MKIV measurement and the

changes in NOy ducto variations in albedo.

Figure 6. HALOE (triaugles) and M K1V mecasurements at sunset of NO and NO, on
25 Scptember 1993.  The mecasurements have been displaced in altitude for visual clarity.
The modeled profiles (solid line) of NO and NO,from a simulation constrained by MkIV

measurements of precursors is included for comparison.

Figure 7. The fractional difference in measured and modeled NQO, for September 1 990,
April 1993, September 1993, and May 1994 balloon flights of the MkIV. Model simulations

arc constrained by the MKIV mcasurcments of precursors appropriate for each balloon flight.

Figure 8. Observed values of NO, NO,, and NO/NO, during sunrise, midday, and sunsct
during the September 1993 balloon flight. The model curves represent the same  simulations

illustrated in Figure 5.



Figure 9. Measured and recommended rates of the reaction NO + 03 -5 NO, + Q..
Recommended rate and its error is from JPL 94-26. Mcasurements arc shown with their

respective errors. References to individual measurements arc listed in JPL 94-26.

Figure 10. The observed and calculated profiles of NO,/NO, as a function of atitude. Results
from three balloon flights arc show for differing levels of aerosol surface arca: pre Mt. Pinatubo
cruption (Ft. Sumner, Sept. 1990) moderate rccovery from the eruption (Ft. Sumner, Sept.
1993), highly perturbed loading (Daggett, Apr. 1993). Three simulations describe each balloon
flight: (1) gas phasec only (solid line), (2) gas phasc and NoOsy hydrolysis (dotted line), and (3)

gas phase and al heterogencous reactions (dashed line).

Figure 11. The observed and calculated profiles of NO,/NOy as a function of aerosol surface
area. Note changesin both abscissa and ordinate scale in three panels.  The model cur ves

represent the same three simulations illustrates in Figure 10.
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