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[1] Infrared solar spectra recorded between July 1991 to March 1992 and November 2002
with the Fourier transform spectrometer on Kitt Peak (31.9°N latitude, 111.6°W longitude,
2.09 km altitude) have been analyzed to retrieve stratospheric columns of HNO3, NO, and
NO,. The measurements cover a decade time span following the June 1991 Mount
Pinatubo volcanic eruption and were recorded typically at 0.01 cm ™' spectral resolution.
The measured HNO; stratospheric column shows a 20% decline from 9.16 x 10"
molecules cm ™ from the first observation in March 1992 to 7.40 x 10> molecules cm 2 at
the start of 1996 reaching a broad minimum of 6.95 x 10'> molecules cm™? thereafter.
Normalized daytime NO and NO, stratospheric column trends for the full post-Pinatubo
eruption time period equal (+1.56 + 0.45)% yr~ ', 1 sigma, and (+0.52 + 0.32)% yr ', 1
sigma, respectively. The long-term trends are superimposed on seasonal cycles with ~10%
relative amplitudes with respect to mean values, winter maxima for HNO3 and summer
maxima for NO and NO,. The measurements have been compared with two-dimensional
model calculations utilizing version 6.1 Stratospheric Aerosol and Gas Experiment (SAGE)
II sulfate aerosol surface area density measurements through 1999 and extended to the
end of the time series by repeating the 1999 values. The model-calculated HNO3, NO, and
NO, stratospheric column time series agree with the measurements to within ~8% after
taking into account the vertical sensitivity of the ground-based measurements. The
consistency between the measured and model-calculated stratospheric time series confirms
the decreased impact on stratospheric reactive nitrogen chemistry of the key heterogeneous

reaction that converts reactive nitrogen to its less active reservoir form as the lower-
stratospheric aerosol surface area density declined by a factor of ~20 after the eruption

maximum.
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1. Introduction

[2] A key heterogeneous reaction on sulfuric acid aerosol
surfaces converts dinitrogen pentoxide (N,Os) to nitric acid
(HNO3):

N,0s5 + H,O — HNO3 + HNO; (1)
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with the immediate result that NO, (NO + NO,) is
decreased, and due to the coupling among the chlorine,
nitrogen, and hydrogen families, the concentrations of
reactive chlorine and HO, (OH + HO, + H,0,) are
predicted to increase [Poole et al., 1992]. Laboratory
measurements indicate reaction (1) is independent of
temperature and very efficient over a wide range of sulfate
aerosol water content [Tolbert et al., 1988; Hanson and
Ravishankara, 1991]. Model calculations predict reaction
(1) modifies stratospheric chemistry even at background
aerosol levels leading to significant reductions in the
abundances of the reactive nitrogen species NO, [Considine
et al., 1992; Brasseur and Granier, 1992] and NO
[Rodriguez et al., 1991] and corresponding increases in
HNOj; and decreases in N,Os. The impact of reaction (1) on
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reactive nitrogen chemistry and partitioning occurs primar-
ily below 30 km altitude, but may extend to higher altitudes
shortly after major volcanic eruptions that increase sulfate
aerosol surface area loading.

[3] Previous analyses of data from balloon and aircraft
campaigns showed discrepancies between observed and
modeled NOy partitioning (NOy, = NO + NO, + NO;3 +
HNO; + 2N,05 + HNO,4 + CIONO; + BrONO). The NO,/
NO, values calculated with JPL-97 reaction rates [DeMore
et al., 1997] are on the order of 10—30% smaller than the
observed values in the lower stratosphere [Osterman et al.,
1999; Gao et al., 1999; Jucks et al., 1999] and larger
discrepancies existed above 30 km [Jucks et al., 1999].
The discrepancies in the lower stratosphere were resolved
with new kinetic data indicating a faster (compared to the
JPL-97) rate for the reaction of OH with HNO; [Brown et
al., 1999a] and the reaction of OH with NO, [Brown et al.,
1999b]. These rates have been adopted in the JPL-00
recommendation [Sander et al., 2000]. With these new data,
reaction (1) continues to play an important role at back-
ground aerosol levels in the lower stratosphere. Jucks et al.
[1999] discussed several possible ways to resolve the
discrepancy in HNO5; above 25 km. The effect of uncer-
tainties at these altitudes on the column should be small.

[4] Following the large April 1983 eruption of El Chi-
chén [Hofmann and Solomon, 1989] and the massive
June 1991 Mount Pinatubo eruption [Fahey et al., 1993;
Rinsland et al., 1994; Koike et al., 1994; David et al.,
1994], large increases in sulfate acrosol loading perturbed
lower stratospheric reactive nitrogen chemistry through
reaction (1). Sulfate aerosol loading decayed exponentially
during the first three years after the Mount Pinatubo
eruption with a time constant of 1.0 + 0.2 years primarily
as a result of sedimentation [Godin et al., 1999, section
3.3.1.2], and is now below background levels typical of the
late 1980s (~0.9 pm? cm ) in the lower stratosphere.

[5] Analysis of 1980—1998 measurements above Lauder,
New Zealand (45°S latitude, 169.7° longitude, 0.37 km
altitude) from slant column sunrise and sunset measurements
showed NO, total columns increased at a rate of about 5%
per decade, twice the increase rate of surface N,O [Liley et
al., 2000]. As N,O is the sole significant source of strato-
spheric NO, (minor sources include galactic cosmic rays,
solar proton events and solar electrons), the observed NO,
trend above the station could not be simply explained. Fish
et al. [2000] were unable to explain the observed trend as a
result of chemical impacts due to changes in stratospheric
temperatures, ozone concentrations, or water vapor. They
concluded that the aerosol trend is likely to have played a
significant role because of the high sensitivity of the NO,
trend to aerosol loading. A 20% decrease in acrosol surface
area per decade creates agreement between the measured
and calculated NO, trend. More recently, McLinden et al.
[2001] used a combination of a photochemical box and
three-dimensional transport model to reinterpret the same
Lauder NO, time series. They attributed only half of the
NO; increase as directly due to the rise in N,O at the surface,
with the remainder of the NO, rise caused by ozone changes,
the impact of increased halogens on odd-nitrogen partition-
ing, and changes in aerosol loading. Although both model
studies reproduced the observed enhanced trend of NO,
relative to the growth of N,O at the surface, the difference in
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their conclusions about the components contributing to the
trend and their magnitudes underscores the uncertainty in the
current understanding. Zander et al. [1998] reported an
analysis of the total reactive nitrogen (NOy) from daytime
high spectral resolution infrared ground-based solar absorp-
tion measurements of NO, NO,, HNO;, and CIONO,
recorded from the Jungfraujoch station in the Swiss Alps
(46.5°N latitude, 7.98°E, 3.58 km altitude). Total columns
from measurements of the three species from 1985 to 1995
observations showed excellent agreement between their
measured increase rate (0.30 + 0.06%) yr~' and the rate of
N,O increase of (0.31 + 0.05)% yr~' measured above the
station over the same time period.

[6] Stratospheric total reactive nitrogen has been mea-
sured by a variety of techniques including spaceborne [e.g.,
Russell et al., 1988; Rinsland et al., 1996], balloon-borne
[e.g., Sen et al., 1998; Osterman et al., 1999], and ground-
based infrared solar absorption spectroscopy [Demoulin et
al., 1998, 2001] and in situ lower stratospheric aircraft
sampling [e.g., Fahey et al., 1993], though measured
changes in NO, partitioning and trends as a function of
aerosol loading are rare. The significant NO, total column
trend is important in view of the direct effect of NO,
(NO+NO,) on the catalytic destruction of stratospheric O3
[Fish et al., 2000]. Analyses of NO, changes are compli-
cated by diurnal variations, which are significant for NO
[e.g., Rinsland et al., 1984], NO, [e.g., Flaud et al., 1983,
1988], and N,Os [Toon et al., 1986], all abundant NO,
components. The N,Os molecule cannot be quantified from
ground-based infrared measurements due to interfering
absorptions.

[7] The purpose of this study is to investigate post-
Pinatubo eruption changes in stratospheric NOy, partitioning
based on a 10-year time series of ground-based solar
infrared absorption spectra recorded from a remote, high-
altitude Northern Hemisphere midlatitude station. Daily
average stratospheric columns of HNO;, NO, and NO, are
reported taking into account the vertical sensitivity of the
measurements based on averaging kernels. These results are
compared with two-dimensional chemistry-transport model
calculations based on version 6.1 Stratospheric Aerosol and
Gas Experiment (SAGE) II monthly average aerosol surface
area densities through 1999 [Yue, 1999] with all boundary
conditions specified by the “ab baseline” trend scenario for
World Meteorological Organization (WMO) [2003], includ-
ing the trends of N,O, CH,4, chlorofluorocarbons, chlorine,
and bromine species as a function of time. The SAGE II
time series has been extended through the end of the
analysis period by repeating the 1999 values. To distinguish
the effects of changes in aerosol loading from those due to
the trends in the abundances of molecular species, calcu-
lations were also performed with the same model and
atmospheric trends scenario, but with 1999 aerosol loading
adopted for the entire time span.

2. Ground-Based Observations

[8] The infrared solar spectra were recorded with a
custom-made folded Michelson interferometer [Brault,
1978] located on a mountaintop in the Sonora desert, a
semiarid region of southeastern Arizona (31.9°N latitude,
111.6°W longitude, 2.09 km altitude). The instrument is
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housed in the McMath solar telescope complex and is
operated by the U.S. National Solar Observatory (NSO).
Most observations were obtained at a spectral resolution of
0.01-0.02 cm™" (corresponding to maximum optical path
differences of 50 to 94 cm) with a weak apodizing function,
either a KC1 or CaF, beam splitter, an interference filter, and
a pair of liquid-nitrogen-cooled InSb or helium-cooled As-
doped Si detectors. Long-term ground-based monitoring of
the HNOj3, NO, and NO, burdens by infrared solar absorp-
tion spectroscopy is among the high priority tasks of the
Network for the Detection of Stratospheric Change (NDSC)
[Kurylo, 1991; Kurylo and Zander, 2000]. Kitt Peak is an
official NDSC complementary station.

3. Analysis Method

[9] The spectroscopic observations have been analyzed
with SFIT2, an algorithm codeveloped at NASA Langley
and the National Institute for Water and Atmospheric
Research for the retrieval of vertical profiles or columns
from infrared ground-based solar absorption spectra
recorded with Fourier transform spectrometers (FTSs). For
recent examples of SFIT2 results and references to earlier
work, see Jones et al. [2001] and Rinsland et al. [2000,
2001a, 2001b, 2003]. Version 3.81 was used in the present
analysis.

[10] Retrievals are performed by simultaneously fitting
one or more spectral intervals (‘“microwindows”) in one or
more solar spectra over a predefined range of solar zenith
angles. Profiles of one or more molecules may be retrieved
simultaneously. Additionally, the a priori mixing ratio
profiles of interfering molecules can be scaled over the
entire altitude span by a single factor to improve the spectral
fits. A Voigt shape [Drayson, 1976] is assumed for all lines.

[11] Inversions are based on a semiempirical application
of the optimal estimation formalism of Rodgers [1976]. The
rationale for adopting this approach has been described by
Pougatchev et al. [1995, section 2.3]. The SFIT2 program
includes a crude solar model with parameters that can
simulate and fit the absorption by solar CO [Rinsland et
al., 1984] or solar OH lines [Rinsland et al., 2003].

[12] Line-by-line calculations used a 29-layer atmospheric
model with 2 km thick layers in the lower atmosphere
extending from the surface to 100 km. Density-weighted
pressures, temperatures, and air masses in each layer were
calculated with an improved version [Meier et al., 2003] of a
refractive ray-tracing program [Gallery et al., 1983]. Tem-
perature profiles for each observation day were obtained
from the U.S. National Centers for Environmental Prediction
(NCEP). In the present analysis we report vertical profiles
calculated for the 14—60 km altitude region, where 14 km
corresponds to the average altitude of the tropopause above
the station based on NCEP statistics (S. Zhou, and A. Miller,
NCEP, private communication, 2002).

4. A Priori Profiles, Spectroscopic Parameters,
and Microwindows

[13] Spectroscopic parameters and microwindows were
selected based on three considerations: (1) the availability of
target gas spectral features with minimal interferences from
other atmospheric and solar spectral features, (2) low
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sensitivity of the target absorption to errors in the temper-
ature profile, and (3) the quality of the spectroscopic
parameters. Table 1 reports the selected spectral intervals
for the three molecules. Selection of microwindows was
guided primarily by the ground-based solar atlas of Meier et
al. [1997], which provides molecule-by-molecule simula-
tions and typical high resolution atmospheric spectra for the
middle infrared. Minor or weakly absorbing molecules were
included in the forward model calculations but not retrieved.
Measurements of NO and NO, were restricted to solar
astronomical zenith angles less than 70° to reduce the
impact of diurnal changes [e.g., Camy-Peyret et al., 1983;
Rinsland et al., 1984; Flaud et al., 1988], but with sufficient
observations to define seasonal variations and the long-term
trend. We next describe the selection of the spectral inter-
vals, spectroscopic parameters, the a priori profiles, and the
covariance matrices for the target molecules.

4.1. Nitric Acid (HNO3)

[14] Nitric acid is the most abundant stratospheric NO,
component below ~30 km altitude where its photochemical
lifetime is on the order of days [Brasseur and Solomon, 1984,
Figure 5.38; Austin et al., 1986]. The strong vs band HNO; Q
branch at 878 cm™! appears in 1950—1951 solar spectra
recorded from the Jungfraujoch station (46.5°N latitude,
8.0°E longitude, 3.58 km altitude) at 0.12—0.44 cm ™' reso-
Iution [Rinsland et al., 1991, Figures 1 and 5].

[15] The 868.5—-870.0 cm ™' interval adopted for retrieval
of HNOj; is nearly the same as the interval selected by
Connor et al. [1998] for analysis of solar absorption
observations from Arrival Heights, Antarctica, and by Rins-
land et al. [2000] for an analysis of lower stratospheric
volume mixing ratio correlations. The vertical profile of
HNO; was retrieved. Additionally, as a weak but detectable
absorber in the interval, OCS was fitted by solving for a
single factor to multiplicatively scale its a priori volume
mixing ratio profile.

[16] As first noted by Blatherwick et al. [1991], high
spectral resolution ground-based solar spectra show signif-
icant sensitivity to the lower stratospheric HNO; profile in
this region where a series of near equally spaced P branch
manifolds of the v5 band account for most of the absorption.
This sensitivity occurs even though the individual HNO;
lines are only partially resolved. Hase [2000] also concluded
from his analysis of high resolution ground-based solar
spectra that this spectral region is sensitive to the HNO;
stratospheric vertical profile distribution.

[17] The HNOj line parameters from the 1996 HITRAN
compilation [Rothman et al., 1998] were updated with the
recommendations of Goldman et al. [1998a]. Spectral
parameters were taken mostly from HITRAN 2001 (avail-
able from http://www.hitran.com). Improvements in HNO;
spectroscopy in this spectral region have been reported
recently [Toth et al., 2001], but the parameters have not
yet been released.

[18] The HNO; a priori profile is based primarily on
version 3 Atmospheric Trace Molecule Spectroscopy
(ATMOS) recorded during the November 1994 ATLAS 3
mission [[rion et al., 2002]. A mean stratospheric profile
from measurements within 10° latitude of Kitt Peak was
smoothly connected to a reference profile at higher altitudes
and a tropospheric profile that decreased to a volume
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Table 1. Microwindows, Interferences, and Range of Zenith Angles for Retrieval of HNO;3;, NO, NO,
Stratospheric Columns From the Kitt Peak Post-Pinatubo Eruption Solar Spectra®

Maximum Solar

Target Microwindow, Fitted Minor Astronomical Zenith
Molecule cm Interferences Interferences Angle, deg

HNO; 868.50—870.00 OCS, H,0, O5 CO,, NH; 85

NO 1899.80—1900.20 03, H,0, N,0, CO, solar CO COF, 70

NO, 2914.60—2914.70 H,0, CH, O 70

3All interfering molecules were fitted in the retrievals by multiplicative scaling of the a priori profile by a single factor.

mixing ratio (VMR) of 3.8 x 107" in the bottom layer
(2.09-3.0 km) as described previously [Rinsland et al.,
2000, section 4]. The covariance matrix was assumed
diagonal with relative uncertainties set equal to 0.2 times
the a priori profile assumed for all 29 forward model layers.
The signal-to-noise ratio was set at 500, consistent with
typical measurements.

4.2. Nitric Oxide (NO)

[19] The most favorable spectral region in the infrared for
measuring NO occurs near 5 pm, where the fundamental
vibration-rotation band is observable via solar absorption
spectroscopy from high-altitude ground-based stations [e.g.,
Rinsland et al., 1984]. Although three vibration-rotation
transitions (lambda doublets which are resolved at resolu-
tions above 0.01 cm™') are observable from high-altitude
sites such as Kitt Peak under dry conditions, only the best of
the three containing the P(8.5) transition at 1900.08 cm '
was fitted in our analysis. The selected interval extending
from 1899.80 to 1900.20 cm ™' was fitted for the profile of
NO in solar spectra recorded at solar zenith angles less than
70° to limit changes due to diurnal stratospheric chemistry, as
previously mentioned. Identifications of atmospheric fea-
tures in the region have been reported previously [Rinsland
et al., 1984, Table 2 and Figure 1]. We assumed a signal-to-
noise ratio of 500, consistent with typical measurements, a
diagonal covariance matrix, and a reference daytime NO a
priori profile increasing from 0.3 parts per billion (10~°) by
volume (ppbv) below 12 km to 0.35 ppbv at 23 km, then
rising rapidly with altitude to 10 ppbv at 42 km with higher
mixing ratios above. A diagonal covariance matrix was
assumed. Spectroscopic parameters for NO were adopted
from the 1996 HITRAN compilation and were described by
Goldman et al. [1998b].

4.3. Nitrogen Dioxide (NO,)

[20] The best region for measurement of NO, from
ground-based infrared solar spectra occurs near 3 pm where
the v; + v3 band produces the strongest absorption [Camy-
Peyret et al., 1983; Flaud et al., 1983, 1988]. A narrow
microwindow from 2914.60 to 2914.70 cm ™' was selected
for the analysis. A signal-to-noise ratio of 500, a relative
uncertainty of 0.5 in each layer, and a diagonal covariance
matrix were assumed. The a priori NO, profile was adopted
from reprocessed Limb Infrared Monitor of the Stratosphere
(LIMS) measurements recorded at 32°N latitude during
March 1979 near noon local time (M. Natarajan, private
communication, 2002). The volume mixing ratio increases
from 0.3 ppbv below 12 km to 1.0 ppbv at 21 km, reaching
a maximum of 5.59 ppbv at 33 km, declining above. The
spectral interval also contains weak absorptions by CH,4 and

O3, Each interfering molecule was fitted scaling its a priori
profile by a single multiplicative factor. Spectroscopic
parameters for NO, were taken from HITRAN 2001, as
reported on the HITRAN website. They are based on the
work of Mandin et al. [1997] and include updates to the
positions, intensities, and air-broadening coefficients. Spec-
troscopic parameters for OCS were added from the
HITRAN 2001 database, as the molecule is a weak absorber
in the microwindow selected for NO, retrievals.

5. Measurement Results

[21] Figure 1 presents 14—60 km column averaging
kernels for the three target molecules plotted versus altitude.
The altitude range corresponds approximately to the strato-
sphere above the station. The averaging kernels show how
the true profile and a priori one contribute to the retrieved
column for the layer [Rodgers, 1976, 1990; Pougatchev et
al., 1995, 1996]. The averaging kernels for each of the three
molecules are broad and increase with height in the lower
stratosphere. Only HNO; reaches a distinct maximum,
located at 25 km. The 14—-60 km column kernels of NO
and NO, have broad maxima around 34 km.

[22] Figure 2 presents sample fits for NO, NO,, and
HNO; after excluding noisy spectra and measurements of
weak absorption based on objective criteria [Rinsland et al.,
1998, Figure 9]. Each spectrum has been normalized to the
highest value in the fitted interval. Arrows mark the location
of the target NO and NO, absorption lines. The resolution

100 [ T T T T T T T T T T T
80— =
E 6o =
=
[m]
)
=
540 -
< |-
o NO _
L NO,
HNO,
1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 1.5
COLUMN AVERAGING KERNEL
Figure 1. Column averaging kernels for merged layers

from 14—60 km altitude plotted versus height for NO, NO,,
and HNOs.
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Figure 2. Sample normalized measured spectrum and fit for (top) HNOj;, (middle) NO, and (bottom)
NO,. Astronomical zenith angles and dates of observation are indicated. The HNO; region spans four
unresolved P branch vs band manifolds, which are marked by asterisks. The single NO interval shows a
solar CO line adjacent to the resolved NO doublet. The NO, spectrum contains a single atmospheric
feature marked with an arrow. The panel above each measured spectrum shows the residuals (measured

minus fitted values).

of the Kitt Peak spectra is sufficient throughout most the
time series to resolve the two lambda-doublet NO compo-
nents, as illustrated. Residuals (measured minus calculated)
are shown above. The first post-Mount Pinatubo eruption
measurements meeting the quality selection criteria were
recorded in March 1992, July 1991, and November 1991 for
HNO;, NO, and NO,, respectively. The number of days
with measurements was 151, 103, and 124, respectively. All
reported results are daily averages.

6. Measurement Error Budget

[23] Table 2 presents evaluation of the sources of random
and systematic error and provides estimates of the uncer-
tainties in the daily average stratospheric columns of each
molecule. Error budget calculations were performed similar
to those in previous studies [e.g., Rinsland et al., 1998].
Errors due to diurnal changes in the stratospheric columns
were regarded as a random source of error as the measure-

ments were recorded different times of the day with no fixed
sampling pattern. Estimates of the error in assuming an
average from observations at less than a 70° zenith angle
were based on previous studies of the Kitt Peak spectra of
NO [Rinsland et al., 1984] and NO, [Flaud et al., 1983,
1988] daytime diurnal variations. The finite signal-to-noise
ratio of the NO, measurements was also a significant source
of random error as the target spectral feature was weak in
the measured spectra for the limited range of zenith angles
included. The dominant sources of systematic error were the
uncertainty in the spectroscopic parameters and the relative
contribution of the a priori to the retrieval, the latter was
especially important in NO,.

7. Model Calculations

[24] Model calculations were performed with the Atmo-
spheric and Environmental Research, Inc. (AER) two-
dimensional chemical-transport model [Shia et al., 1998;
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Table 2. Estimated HNO;z;, NO, and NO, 14-60 km 1-sigma
Uncertainties for Daily Averages®

Uncertainty, %

Error Source HNO; NO NO,
Random Errors
Temperature profile <1 <1 <1
Finite signal to noise 1 1 5
Interfering atmospheric lines 1 2 1
Zenith angle uncertainty 1 1 1
Zero level offsets <1 <l <1
Diurnal changes 0 10 10
RSS total random error 1 11 11
Systematic Errors
Spectroscopic parameters 5 5 5
A priori profile relative contribution —4 5 36
Forward model approximations 2 2 2
Instrument line shape function <1 <1 <1
Zero transmittance offsets <1 <1 <1
RSS total systematic error 7 7 36

RSS, root-sum-square deviation computed from the estimates of errors
for the individual error sources.

Weisenstein et al., 1997, 1998]. The model domain extends
from the ground to 60 km with a vertical resolution of
approximately 1.2 km and from pole to pole with horizontal
resolution of 5° for these calculations. Model temperatures
and transport/circulation are prescribed according to clima-
tology and do not respond to changes in aerosols or
chemical species. Monthly zonal mean temperatures from
the National Centers for Environmental Prediction reanaly-
sis project were used [Kalnay et al, 1996], along with
statistics for deviations from the zonal monthly mean. Years
prior to 1996 used temperature fields for the year modeled,
while subsequent years used a 1979-1995 climatology.
Residual circulation and eddy diffusion coefficients used
were from the NASA Goddard Space Flight Center 2-D
model [Jackman et al., 1996; Fleming et al., 1999] and were
calculated for observed climatological values of tempera-
ture, H,O, zonal wind, and ozone.

[25] The model includes full O, HO,, CHO,, NO,, CIO,,
and BrO, photochemistry. The family approach is used to
constrain the sum of reactive nitrogen species to equal the
total transported NO,. Boundary conditions for the long-
lived species (e.g., CHy4, N>O, and chlorinated source gases)
follow historical trends [Chipperfield and Randel, 2003],
adopted as the Ab baseline trend scenario for WMO [2003].
The diurnal concentrations of radical species are calculated
17 times per day with time points that depend on the length
of the day. Nighttime is modeled with 5 equally spaced
points. There also are points exactly at sunrise, sunset, and at
90° zenith angles. Daytime changes are modeled with 10
equally spaced points in time between the 90° zenith angle
points. Recent recommended changes in reaction rates
[Brown et al., 1999a, 1999b] that improve the agreement
between observed and modeled NO,/NO,, were incorporated
into the model based on JPL 2000 [Sander et al., 2000].
Although convection and lightning sources are included in
the model, the lower stratospheric calculations may be less
accurate as the model omits anthropogenic surface sources of
NO,, emissions and there are strong gradients near the
tropopause that are difficult to accurately characterize. As
illustrated by Figure 1, the measurements have low sensitiv-
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ity in the tropopause region, so the averaging kernel will
place less weight here in the column integration.

[26] Sulfate aerosol surface area density [Yue, 1999] from
version 6.1 SAGE II data was used through the end of 1999.
Missing data points from early in the post-Pinatubo period
were filled with surface area density calculated by the AER
2-D sulfate aerosol model [Weisenstein et al., 1997] and
later in the period from Chipperfield and Randel [2003]
values. The time series was extended to 2002 by repeating
the 1999 values for subsequent years.

8. Model-Measurement Comparison

[27] Figures 3a—3c display the HNO3, NO, and NO, Kitt
Peak post-Pinatubo eruption measurements extending to
November 2002, chemical model calculations for 32.5°N
latitude, the closest AER prediction to Kitt Peak, and a
statistical fit to the measured time series. The assumed
aerosol surface area density time series for the same latitude
and an altitude of 25 km is displayed in Figure 3d. The
measurements are daily averages displayed with open
triangles. The number of Kitt Peak measurements per day
ranged from 1 to 20 for HNOs, 1 to 13 for NO, and 1 to 13
for NO,, with more frequent measurements during the last
several years as a consequence of an increased commitment
to the NDSC. The total number of measurements in the
database is 151 for HNO3, 103 for NO, and 129 for NO,. As
can be seen from Figure 3, the database of measurements
shortly after the Mount Pinatubo eruption is sparse with not
all species measured on some days. The pluses show the
model results combined with the averaging kernel [Connor
et al., 1995, equation (12)], which explicitly shows how
high vertical resolution measurements or model results are
smoothed by the measurement and retrieval process. Fits to
the time series with and without a modeled seasonal cycle
are shown with solid and dashed lines, respectively.

[28] The time series of measured 14—60 km columns
were fitted with the expression

Ca = a9 + a1 (t — to) + a(t — to)*+a3 cos2m(t — to — )], (2)

where C, is the daily average 14—60 km column at time t,
to is the time of the first measurement, ag is the initial (t = tq)
annual mean 14—60 km column of the time series, a; and a,
are coefficients for modeling the long-term trend, a; is the
amplitude of the seasonal cycle, and ¢ is the phase
corresponding to the seasonal maximum.

[20] All three molecules show long-term trends in the
14—60 km column with the largest change being the decline
in the stratospheric column of HNO;. Normalized to the
mean 14—60 km column and after fitting the full time series
with equation (2) (including the seasonal variation), the
measurements show a 20% decline in the stratospheric
HNOj; column from the time of the first post-Pinatubo
observation in March 1992 until the beginning of 1996,
reaching a broad minimum about 25% below the peak after
the return to background aerosol loading. Normalized to the
mean, the best fit long-term HNO; trend (1992-2002) and
its 1-sigma uncertainty equal (—6.14 £ 1.15)% yr~' for a,
and (+0.39 + 0.10)% yr “ for a,. Although a slight rise is
predicted at the end of the time series, it is within the
measurement error; extrapolation of the trend with this
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Figure 3. Kitt Peak measured and model-calculated 14—60 km columns at 32.5°N latitude for (a)
HNO;, (b) NO, and (c) NO, and (d) sulfate aerosol surface area density at 25 km time series plotted
versus time for the Mount Pinatubo and post-Pinatubo eruption period. Measured daily average columns
are shown with open triangles. Measurements for NO and NO, are restricted to astronomical zenith
angles of 70° or less. Model profiles have been combined with the column averaging kernels. Solid
curves in Figures 3a—3c show fits to the time series with equation (2) (a, set to zero for NO and NO,).
The best fit to the measured long-term trend is shown with a dashed line. Model calculations are

displayed with plus symbols.

polynomial expression and best fit coefficients is inappro-
priate. For NO and NO,, a, values are constrained to zero,
as they could not be determined with statistical significance.
The long-term trends and corresponding one sigma uncer-
tainty for fits to the full time series based on the daytime
daily averages equal (+1.56 + 0.45)% yr~' for NO, and
(+0.49 + 0.29)% yr ' for NO,. Fits to the daily averages
yield a winter maximum for HNO3 and summer maximum
for both NO and NO,. As the amplitudes are only ~10%
relative to the mean, determination of the times of the
seasonal maxima are subject to considerable uncertainty
due to the limited sampling and day-to-day fluctuations
resulting from transport of lower and higher latitude air to
above the station.

[30] Figure 4 illustrates the impact of the Mount Pinatubo
eruption on the model-calculated HNO5, NO, and NO, 14—
60 km time series. Plotted is the ratio of the model-calculated
columns with Pinatubo aerosols divided by a corresponding
calculation without Pinatubo aerosols but with seasonally
varying background aerosols used for all years. The assumed
variation of background aerosol loading versus time is
illustrated in the bottom panel; it assumes the same seasonal
variation as illustrated in Figure 3d for post-1999. For
consistency with the measured data and the model calcu-
lations in Figure 3, the model profiles used to generate
Figure 4 have been combined with the Kitt Peak averaging
kernels. Boundary conditions from the WMO [2003] Ab
baseline trend scenario have been retained.
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Figure 4. AER 2-D model-calculated time evolution of the ratio of average-kernel-weighted 14—60 km
columns of (a) HNOs;, (b) NO, and (¢) NO, versus time for the Mount Pinatubo and post-Mount Pinatubo
eruption time period to (d) model values for the assumed background aerosol loading at 25 km.

[31] The ratios in Figure 4 versus time allow the impact of
the aerosol loading on the stratospheric columns of the three
molecules to be assessed as a function of time. Ratios for
HNOj as a function of time declined from a maximum of
1.27 near the end of 1991 and the beginning of 1992,
decreasing to 1.02 at the start of 1995, and reached 1.00 at
the beginning of 2002. The ratio from the model calcula-
tions near the beginning of 1992 is roughly consistent with
the observed ratio of HNOj3 in early 1992 to that in early
1996 using the limited set of measurements from this time
period. The ratio for NO increased from 0.85 at the start of
1992 to 0.98 at the beginning of 1995, reaching 1.00 in
2002. Corresponding values for the NO, 14—60 km column
were 0.87, 0.99, and 1.00. Unfortunately, measurements of
NO and NO, shortly after the Mount Pinatubo eruption are
too sparse and the depletions too small relative to the
precision to provide a quantitative confirmation of the
predicted column decreases.

[32] We conclude from Figure 4 that the impact of aerosol
loading changes on the stratospheric HNO3, NO, and NO,

columns was limited almost entirely to the first 4 years after
the eruption with larger stratospheric column changes for
HNOj; than for NO and NO,. Total NOy column amounts in
the model are not modified significantly by the large
perturbation in stratospheric aerosol loadings, only the
partitioning of NO, was changed. Zander et al. [1998]
noted a recovery to baseline (pre-1988) NO, levels above
the Jungfraujoch station by the end of 1994.

[33] The changes in HNO;, NO, and NO, seen in Figure 3
from ~1995 to 2002 are expected to be mainly due to
increasing levels of stratospheric NO,, caused by increasing
N,O at the surface. However, as already mentioned,
changes in H,O, temperature, aerosol loading, halon load-
ing, ozone, and shifts in NOy partitioning are predicted by
models to also modify stratospheric NO, and partitioning
into its components [Fish et al., 2000; McLinden et al.,
2001]. Additionally, lightning-generated NO or changes in
circulation could modify long-term stratospheric trends.

[34] As an attempt to understand changes during the less
variable period of background aerosol loading, we restrict
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our analysis to the measurements to 1995-2002 and
analyzed this 7-year time span to determine linear trends
as a function of time (a, in equation (2) set to zero).
Measured trends relative to the mean for the 14—60 km
altitude range are (—0.36 £ 0.63)% yr ' for HNOs, (+1.28
+0.76)% yr~ ! for NO, and (+1.03 £ 0.55)% yr~ ' for NO,,
1 sigma. Considering the mean, the 1-sigma uncertainty,
and the scatter in the trends, our post-Pinatubo increase
rates are broadly consistent with both the average rate of
N,O growth of (0.31 £ 0.05)% yr~' measured from 1985—
1995 infrared ground-based solar spectra recorded from the
Jungfraujoch [Zander et al., 1998], (0.36 + 0.06)% yr~'
from 1984—-1992 from global tropospheric measurements
[WMO, 1999, Table 1-2], and the anomalous stratospheric
NO, increase rate of 5% per decade from 1980 to 1998
slant column visible (zenith scattered) ultraviolet-visible
measurements at 45°S latitude [Liley et al., 2000]. Differ-
ences in the best fit trends for the three species measured
above Kitt Peak underscores the difficulty in determining
precise long-term trends from measurements with limited
temporal sampling superimposed on seasonal and short-
term variability, even for one of the longest databases of
observations in the NDSC.

9. Discussion

[35] As summarized in the introduction, numerous studies
reported elevated concentrations or columns of HNOj;
shortly after the Mount Pinatubo eruption with decreased
concentrations of NO, and N,Os due to the effects of
reaction (1) on NO, repartitioning at the high sulfate aerosol
loading at that time. Our study has tracked the changes in
stratospheric HNOj3, NO, and NO, columns as lower-strato-
spheric sulfate aerosol loading declined by a factor of ~20
over a 10-year period. Normalized to the mean stratospheric
column and including modeling of the seasonal changes, a
best fit to HNO3 shows a decline of 20% from 1992 to the
beginning of 1996, followed by a further decline reaching a
broad minimum 25% below the peak at the end of the
observation period. Smaller relative changes in the 14—
60 km columns are observed for NO and NO,, consistent
with the model predictions displayed in Figure 4.

[36] To our knowledge, our study is the first to document
the reduced impact of reaction (1) on NOy partitioning as
aerosol loading from the Mount Pinatubo eruption has
declined to background levels. Van Allen et al. [2002,
Figure 2] reported HNOj total column measurements from
June 1991 to June 2000 from the NDSC station on Mauna
Loa, Hawaii (19.5°N, 155.6°W, 3.40 km altitude). They
reported a 30% HNO; total column decrease from 1991 to
1996 followed by no apparent trend during the remainder of
their time series, which ended in June 2000. No evidence or
discussion of seasonal changes was reported. Our measured
HNO; long-term post-Pinatubo trend is similar to their
results though we improved the precision in the trend
determination by modeling the observed seasonal variation.
As displayed in Figure 3, the AER model predicts strato-
spheric columns and seasonal variations for all three mol-
ecules in excellent agreement with our observations. The
1985—-1995 Jungfraujoch time series [Zander et al., 1988;
DeMaziere et al, 1998] documented effects of the Mount
Pinatubo enhanced aerosol loading on NO, partitioning
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shortly after the eruption with maximum NO, total column
reductions of 40—45% in December 1991 to January 1992,
less than the model predicted NO, loss in Figure 4, but
consistent with the slant column depletion reported by Liley
et al. [2000].

10. Summary and Conclusions

[37] A 10-year time series of ground-based infrared solar
spectra recorded following the massive June 1991 Mount
Pinatubo volcanic eruption has been analyzed to derive
trends in the stratospheric columns of HNO5, NO, and NO,
during this period of declining stratospheric sulfate aerosol
loading. The largest changes are observed for HNO; with an
overall decline of 20% from 9.16 x 10'> molecules cm ™2 at
the time of first observation in March 1992 to 7.40 x 10"
molecules cm ™2 at the start of 1996 reaching a broad
minimum of 6.95 x 10" molecules cm 2, 25% below the
first post-Pinatubo observation by the end of the time series.
Smaller long-term changes are observed for NO and NO,
based on daytime measurements restricted to a solar zenith
angle of 70° or less. The long-term trends of all three
molecules are superimposed on seasonal cycles with peak
amplitudes of ~10% relative to the mean and day-to-day
variations.

[38] The measurements and model time series have been
compared with 2-D model calculations utilizing version 6.1
SAGE II aerosol surface area density profiles through 1999
and extended to the end of the measurement time series by
repeating the 1999 values, retaining the seasonal cycle.
Temperatures from NCEP were assumed. The measured
stratospheric column trends are consistent with the two-
dimensional model calculations after taking into account the
vertical stratospheric column sampling sensitivity based on
the averaging kernels with agreement to ~6% for HNOj;,
~2% for NO, and ~8% for NO,, the most difficult species
to measure when limiting the observations to a zenith angle
of 70° due to its weak absorption. Overall, the consistency
between the measured and model-calculated time series
confirms the declining impact of the key heterogeneous
reaction that converts reactive nitrogen to its less active
reservoir form and lessens its impact on stratospheric ozone.
Trends of the NO, NO,, and HNOj stratospheric columns
for the 1995-2002 period of lower aerosol loading are
broadly consistent with the growth rate of surface N,O
during that time span and the higher average growth rate of
5% per decade reported from 1980—1998 slant path visible
stratospheric NO, measurements [Liley et al. [2000]. Addi-
tional, more frequent measurements in conjunction with
model calculations are needed to improve the precision in
the determinations of the stratospheric column long-term
trends of HNO3, NO, and NO, and understand causes in
view of the discrepancy between the surface N,O increase
rate and the higher reported stratospheric NO, rate of
increase.
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