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Abstract The stratospheric quasi-biennial oscillation (QBO) dominates interannual variability of dynamical
variables and trace constituents in the tropical stratosphere and provides a natural experiment to test
circulation-chemistry interactions. This work quantifies the relationships among ozone (Os), reactive nitrogen
(NO,), and source gas N,O, and their links to the QBO, based on satellite constituent measurements and
meteorological data spanning 2005-2014 (over four QBO cycles). Data include O3, HNOs, and N,O from the
Aura Microwave Limb Sounder and an NO, proxy derived from Optical Spectrograph and Infrared Imager
System NO, measurements combined with a photochemical box model (= NO,*). Results are compared to
simulations from the Whole Atmosphere Community Climate Model, version 4 incorporating a QBO
circulation nudged to assimilated winds. Cross correlations and composites with respect to the QBO phase
show coherent 180° out-of-phase relationships between NO, and N,O throughout the stratosphere, with
the NO,/HNOs ratio increasing with altitude. The anomalies in NO, species propagate coherently downward
with the QBO. Ozone is anticorrelated with reactive nitrogen in the middle stratosphere above ~28 km due to
NO, control of ozone catalytic loss cycles. Quantitative comparisons of nitrogen partitioning and O3 sensitivity
to NO, show good overall agreement between satellite observations and model results (suggesting closure
of the NO,, budget), although the model results show larger (up to ~20%) N,O, NO,, and Os variations near
~35 km compared to observations. These analyses serve to assess the consistency of diverse satellite-based
data sets and also to evaluate nitrogen partitioning and NO,-dependent ozone chemistry in the global model.

1. Introduction

The stratospheric quasi-biennial oscillation (QBO) dominates the interannual variability in the tropical strato-
sphere for zonal winds, temperatures, meridional circulation, and trace species (Baldwin et al.,, 2001, and
references therein). Tropical stratospheric ozone (Os) exhibits a strong QBO signal, evident as variations in
the lower stratosphere (tied to transport) and in the middle and upper stratosphere (from QBO-induced
changes in chemical loss rates). These separate influences have been deduced from observations and mod-
eling studies (e.g., Chipperfield & Gray, 1992; Chipperfield et al., 1994; Gray & Chipperfield, 1990; Gray & Pyle,
1989; Randel & Wu, 1996; Schoeberl et al., 2008; Zawodny & McCormick, 1991) and are tied to the long photo-
chemical lifetime (dynamical control) for ozone in the lower stratosphere in contrast to short lifetime (chemi-
cal control) in the middle and upper stratosphere (e.g., Chipperfield & Gray, 1992). An important aspect of
these studies is the influence of reactive nitrogen species (NO,), which is defined as the sum of nitrogen oxi-
des (NO and NO,, collectively, NO,) and all the reservoir species, on the ozone QBO in the middle strato-
sphere; this O3-NO, coupling has also been highlighted in the context of decadal trends by Nedoluha et al.
(2015). The key catalytic cycles controlling ozone loss in this altitude region are linked to reactive nitrogen,
in the form of nitrogen oxides. Several studies have analyzed the ozone QBO in chemistry-transport or
chemistry-climate models (Bruhwiler & Hamilton, 1999; Butchart et al., 2003; Nagashima et al., 1998; Punge
& Giorgetta, 2008; Tian et al., 2006), showing overall similar behavior to earlier idealized modeling studies
in terms of dynamical and chemical responses, including the important influence of NO, (although
Butchart et al., 2003, do not consider NO, changes in their simulation).

This study is motivated by the availability of long records of ozone and reactive nitrogen species (and the
source gas, N,O) from satellite measurements now spanning over a decade, which can be used to quantita-
tively evaluate observed QBO behavior. These species include Os, nitrous oxide (N,0), and nitric acid (HNOs)
from the Aura Microwave Limb Sounder (MLS) spanning 2004 to present (Waters et al., 2006) and O3 and
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— Imager System (OSIRIS) instrument (Haley et al., 2004) on the Odin satellite
,’ (Murtagh et al., 2002) covering from 2002 to present. The OSIRIS NO, data
set used here is relatively new, and one of our goals is to evaluate its geophy-
sical and temporal variability. With these combined data sets, we focus on a
quantitative evaluation of the reactive nitrogen budget and its links to ozone
through the QBO cycle in the stratosphere. Our objective is to quantify the
QBO variations and interrelationships among those species from observa-
tional data for the period 2005-2014, covering over four complete QBO
cycles. We furthermore compare the satellite observations with outputs from
a state-of-the-art chemistry-climate model (Whole Atmosphere Community
Climate Model, version 4, WACCM4) (see Marsh et al., 2013), to evaluate the
model behavior and aid interpretation of observations from the combined
satellite measurements. Because the QBO dominates the tropical interannual
variability for all of the species in both the measurements and the model,
L these comparisons provide a stringent test of both model and data in a com-
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plex yet realistic context. Our analysis of QBO-related variabilities is a comple-
ment to evaluations of time-averaged behavior of the stratospheric reactive
nitrogen budget, such as from Brohede et al. (2008) and Sheese et al. (2006).
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Figure 1. Diurnal cycles of NO, NO,, and NO (= NO + NO,) at the equator

and 27.5 km derived from the photochemical box model. OSIRIS retrievals
of NO5 in the early morning (06:30 LST) constrain the box model to

provide daily average NO,*.

2, Data and Analyses
2.1. OSIRIS

The OSIRIS on board the Odin spacecraft was launched on 20 February 2001

into a low-Earth, Sun-synchronous orbit (Llewellyn et al, 2004; McLinden
et al, 2012). OSIRIS is composed of two independent components, the grating Optical Spectrograph (OS),
which measures spectra over the 280-800 nm range, and the three-channel Infrared Imager (IRl), which
observes both scattered sunlight and the airglow emissions at 1.26, 1.27, and 1.53 um (Degenstein et al.,
2003). OSIRIS measurements of limb-scattered sunlight in the near-UV, visible, and near-IR regions have been
used to derive near-global vertical profiles of Os, bromine monoxide (BrO), aerosols, and NO,. The equator
crossing time of the Odin satellite is close to 06:30 local solar time (LST) for the descending orbit and 18:30
for the ascending orbit, respectively, which provides continuous measurements on the daytime orbit. The
limb-scattering measurements are only available for the sunlit portion of the atmosphere and do not cover
polar night (the available sampling is shown by Adams et al, 2014). OSIRIS Os is retrieved using the
Multiplicative Algebraic Reconstruction Technique (MART) and has vertical resolution of 1.5 km between
10 and 60 km. Details of OSIRIS Os retrievals are presented in Degenstein et al. (2009).

There are several separate NO, retrievals that have been derived from OSIRIS data. The so-called v3.0 NO,
product is described by Brohede et al. (2007), who used an Optimum Estimation retrieval based on a spectral
fit at 36 measured wavelengths. Bourassa et al. (2011) developed a fast NO, retrieval based on a small num-
ber of wavelengths incorporated in a MART retrieval. Direct comparison between the MART NO, and the v3.0
NO, product shows qualitative agreement, with percent difference less than 10% near the peak of the NO,
number density profiles (Bourassa et al., 2011). Altitude range of NO, retrievals depends on the data quality
at the lower and upper limits of the retrieval. The v6 product is reported on altitude grids from the cloud top
or 8.5 km, whichever is lower, up to 49.5 km with a vertical resolution of 2 km. Most profiles extend up to
~40.5 km. The OSIRIS v6 NO,, which is used in this study, has a bias of ~10% or less between ~14 and
37 km (Sioris et al,, 2017).

OSIRIS measurements are used to derive NO, number density profiles, based on observations during des-
cending portions of the orbit (near 06:30 A.M. LST). Nitrogen oxides (NO and NO,) are in rapid photochemical
equilibrium, undergoing strong diurnal variations during the day, and the diurnal cycle of NO, (= NO + NO,)
depends on their sum (e.g., Brasseur & Solomon, 2005). This behavior is illustrated in Figure 1 based on the
photochemical box model outputs. To make comparisons of satellite observations with the model outputs
without the influence of the diurnal cycle of NO,, we constructed daily mean mixing ratios of NO, based
on a comprehensive photochemical box model (Adams et al., 2017; McLinden et al., 2000; Prather, 1992).
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The model has been updated to include newer reactions, rate constants, and absorption cross sections (see
Adams et al., 2017). OSIRIS NO, is used as the basis to estimate NO (and hence NO,) (see equation (1) below).
Time adjustment was applied to the OSIRIS NO, profiles so that the measurements represent 06:30 A.M. LST.
The photochemical box model is then applied to each NO, number density profile to estimate the diurnal
cycle in NO and NO, (as illustrated in Figure 1). These are then used to calculate a daily average value for
the NO, proxy (hereafter NO,*).

[NOx"] = [NO2]ogigis,06:30 { [NO]gaity / [NO2]o:30 } m
model

NO,* number densities are converted to mixing ratios using temperature (T) and pressure (p) from the
European Centre for Medium-Range Weather Forecasting (ECMWF) meteorological analyses, which are used
in the OSIRIS NO, retrievals and provided with the individual OSIRIS profiles. The box model includes input of
OSIRIS ozone and aerosol extinction, as well as the retrieved surface reflectance and T and p from ECMWF. We
note that similar methods were used in calculating a NO, proxy, which includes O3, NO,, and HNO3; measure-
ments from Odin satellite in Brohede et al. (2008). A comparison of the Odin NO, proxy with a climatology
from the Atmospheric Chemistry Experiment-Fourier Transform Spectrometer (ACE-FTS) is presented in
Jones et al. (2011). We note that the NO, proxy we have derived from OSIRIS has not been utilized previously.

OSIRIS daily NO, and Os profiles are used to construct daily gridded data on 10° latitude x 20° longitude grids
and are averaged on a monthly timescale. The retrievals are available on an oversampled vertical grid of
~1 km from 10.5-59.5 km for OSIRIS O3z and 10.5-39.5 km for NO, and NO,*.

2.2. MLS

The Earth Observing System (EOS) Microwave Limb Sounder (MLS) on board the Aura spacecraft measures
thermal emission from the limb of Earth’s atmosphere. The MLS instrument provides daily global
[82°S-82°N] measurements of vertical profiles of temperature and chemical constituents from the upper tro-
posphere to the mesosphere (Waters et al., 2006). The MLS v4.2 data, which are used in this study, are the
fourth “public release” and include (among other improvements) updates to spectroscopy and instrument
calibration knowledge compared to the previous versions (Livesey et al., 2017). We utilize MLS v4.2 Os,
HNOs, and N,O for the period from 2005 to 2014. Individual profiles are quality screened as described by
Livesey et al. (2017).

The MLS v4.2 O3 product is retrieved using 240 GHz radiances. The vertical resolution of O3 varies with pres-
sure, ranging from 2.5 to 3.5 km over the 316 to 1 hPa domain. Precision and accuracy of individual profiles of
05 vary with altitude and both are better than 10% in the 68-1 hPa pressure range (Livesey et al., 2017).
Detailed validation of the MLS Os product based on the v2.2 retrieval was previously reported by
Froidevaux et al. (2008) and Livesey et al. (2008).

The standard MLS HNOs product is taken from the 240 GHz radiometer at pressures equal to or greater than
22 hPa and from the 190 GHz radiometer for pressures less than 15 hPa. The vertical resolution of the v4.2
HNOs is 3-4 km through most of the stratosphere. Precision on individual profiles is £0.6 ppbv over most
of the stratosphere, increasing to 1.2 ppbv at 1.5 hPa and smaller pressures, and estimated uncertainty varies
from £0.5 to +2 ppbv (or approximately +10%) (Livesey et al., 2017). The detailed validation of the v2.2 HNO3
products is presented by Santee et al. (2007).

The standard product for MLS v4.2 N,O is obtained from the 190 GHz radiances instead of the 640 GHz
retrievals, as used in previous versions, due to degradation of the band measuring of the latter. The resolution
and precision of the 190 GHz N,O data are slightly worse than those of the 640 GHz retrievals (Livesey et al.,
2017). The recommended pressure range of the 190 GHz N,O data is 68-0.46 hPa, and the vertical resolution
is 4-8 km. Estimated precision on a single profile varies from ~15 to 20 ppbv. Detailed validation of v2.2 N,O
is presented in Lambert et al. (2007).

MLS O3, HNOs3, and N,O are gridded on 7.5° latitude x 15° longitude grids and averaged in time to construct
monthly averages on each pressure level. Our analyses throughout the paper are performed on the standard
MLS pressure grid, with six equally spaced levels per decade of pressure for HNO3 and N,O (vertical sampling
of ~2.7 km) and twelve for Os.
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Monthly mean gridded data are used to make zonal mean tropical averages for both OSIRIS and MLS and spe-
cific latitudes ranges are noted in each figure.

2.3. WACCM4

The Community Earth System Model version 1 (CESM1), Whole Atmosphere Community Climate Model
(WACCM), is a coupled chemistry-climate model from the Earth’s surface to the lower thermosphere
(Marsh et al., 2013, and the references within). WACCM is superset of the Community Atmosphere Model,
version 4 (CAM4), and includes all of the physical parameterizations of CAM4 (Neale et al., 2013) and a finite
volume dynamical core (Lin, 2004) for tracer advection. The WACCM4 simulation used in this study is run
with specified dynamics (SD) fields (Lamarque et al., 2012), using meteorological analyses from the
National Aeronautics and Space Administration (NASA) Global Modeling and Assimilation Office (GMAO)
Modern-Era Retrospective Analysis for Research and Applications (MERRA) (Rienecker et al., 2011) for the
period from January 2005 to December 2014. Hence, the QBO circulation in the model is synchronized with
that in the real atmosphere. The horizontal resolution of the model is 1.9° latitude x 2.5° longitude, and the
model has 88 vertical levels from the surface up to about 150 km. The vertical resolution in the lower strato-
sphere ranges from ~1 km near the tropopause to about 2 km near the stratopause. The simulation used in
this work is based on the REF-C1SD scenario as defined by the International Global Atmospheric
Chemistry/Stratosphere-troposphere Processes and their Role in Climate (IGAC/SPARC) Chemistry-Climate
Model Initiative (CCMI) (Morgenstern et al., 2017). This version of WACCM4 contains a detailed representa-
tion of tropospheric and stratospheric chemistry (Kinnison et al., 2007; Lamarque et al., 2012; Tilmes et al.,
2016). The species included within this mechanism are contained within the O,, NO,, HO,, ClO,, and BrO,
chemical families, along with methane (CH,) and its degradation products. In addition, 20 primary
nonmethane hydrocarbons and related oxygenated organic compounds are represented along with their
surface emissions. There are a total of 183 species and 472 chemical reactions; this includes 17 heteroge-
neous reactions on multiple aerosol types (i.e., sulfate, nitric acid trihydrate, and water ice). The nitrogen
chemistry specific to this work includes the following species: N, NO, NO,, NOs3, N,Os, HNO3, HO,NO,,
CIONO,, and BrONO,. Reaction rate constants are from the NASA JPL-2010 recommendations (Sander
et al, 2011).

We use temperature from the National Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis (Kistler et al., 2001) to calculate thermal tropopause height.
Additionally, equatorial zonal wind observations over Singapore (Naujokat, 1986) and monthly averaged
zonal mean zonal winds from the ECMWF Interim reanalysis (ERA-Interim) data (Dee et al., 2011) are used
to quantify dynamical variability of the QBO in combination with observations. For WACCM4, zonal mean
winds from MERRA are shown, because MERRA winds were used to nudge the model dynamics. The dynami-
cal variability of the QBO in ERA-Interim and MERRA are generally consistent (figures not shown). For all of the
satellite data, model outputs, and QBO winds, we examine deseasonalized anomalies after subtracting the
mean seasonal cycle which is defined by averages over 2005-2014 for each month.

2.4. Nitrogen Partitioning

The primary source of stratospheric reactive nitrogen (NO,) is oxidation of N,O transported from the tropo-
sphere. NO, plays an important role in stratospheric chemistry by contributing to ozone destruction via the
NO, catalytic cycle and by influencing partitioning of other reactive compounds in the stratosphere (e.g.,
Crutzen, 1971; McElroy & McConnell, 1971). Partitioning of NO, species is determined by local photochemical
balances, which have strong dependency on season and altitude. The full detailed partitioning of NO,
involves numerous species, but the primary components in the stratosphere are NO, NO,, HNOs, N,Os,
and CIONO, (the so-called “big five"”) (Brohede et al.,, 2008). Figure 2a shows the time-averaged vertical
profiles of these species along with total NO, in the tropics (10°5-10°N) obtained from WACCM4. The total
NO, budget in most of the tropical stratosphere is accounted for mainly by NO, NO, (collectively NO,), and
HNO; (~90% of the total NO, between 100 and 1 hPa). HNOj is the largest component at pressures greater
than ~10 hPa, while the fraction of NO, increases with altitude and explains most of the total NO, budget at
pressures smaller than ~10 hPa. Vertical profiles of time-averaged N,O show nearly constant values in the tro-
posphere, and N,O starts decreasing in the stratosphere. Note that only a small fraction (less than 10%) of
N,O is converted into NO,, as the majority of N,O is destroyed by photolysis to produce N, (e,
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Figure 2. (a) Vertical profiles of time-averaged NOy, (solid gray line), primary component species (so-called big five: NO, NO,, HNO3, 2 X N,Os, and CIONO5) and N,O
(open circles) derived from WACCM4 climatology. (b) Time-averaged NO, and HNO3 from WACCM4 versus OSIRIS NO,* and MLS HNO3 climatologies averaged
between 10°S and 10°N latitude.

N,O + hv = > N, + O('D)) (Brasseur & Solomon, 2005; chapter 6, SPARC, 2010). The results in Figure 2a show
close agreement to the result from a photochemical box model from Brohede et al. (2008); see their Figure 1.

Figure 2b shows vertical profiles of time-averaged MLS HNO3 and OSIRIS NO,* compared with the respective
WACCM4 results. The vertical profiles show the change in nitrogen partitioning from the lower to the upper
stratosphere (from HNOs to NO, dominance), with consistent behavior between the model and satellite data.
Differences between WACCM4 NO, and OSIRIS NO,* are within £10% over ~26-34 km and increase above
and below this range. The time-averaged vertical profile of HNO3 from MLS has higher mixing ratios
(~10-15% difference) with respect to WACCM4 over 31.6-6.8 hPa, with larger differences (up to ~40%) at
21.5, 46, and 68 hPa.

3. Results
3.1. QBO Variability in O3 and Nitrogen Species

The primary driver for the QBO variability in O3 and other tracers is transport by the balanced secondary
meridional circulation tied to the transient zonal wind and temperature fields (Baldwin et al, 2001;
Bruhwiler & Hamilton, 1999; Chipperfield & Gray, 1992; Fleming et al, 2002; Punge & Giorgetta, 2008;
Randel & Wu, 1996; Tian et al., 2006; Witte et al., 2008). In the tropical lower stratosphere, where the chemical
lifetime of Os is relatively long and the vertical gradient is strong, variability in Os is largely determined by
transport. In the upper stratosphere, above ~28 km, variability in Os is affected by both transport and photo-
chemistry. Figure 3 illustrates the observed time variations of O3, NO,*, and HNOs along with MLS N,O in the
tropical middle stratosphere (10 hPa, =32 km) during 2005-2014. In Figure 3, O3 is shown based on both
MLS and OSIRIS data, revealing excellent agreement (consistent with the comparisons shown in
Tegtmeier et al., 2013). Hereafter, we focus on the MLS Os results, although very similar behavior is found
for OSIRIS Os.

The dominant variability in all of the constituents shown in Figure 3 is tied to the QBO. Interannual variations
of NO,* and HNOs are in phase with each other, and 180° out of phase with N,O and Os. The coherent varia-
tions between NO,* and HNOs and their strong negative correlations with N,O result from N,O being the
major source of NO, species. As the source (N,O and also 0('D)) is modulated by the QBO circulation, the
variations in vertical transport influence the degree of N,O oxidation and the mixing ratios of HNOs; and
NO,*. The strong negative correlation between O3z and NO,* is a result of NO, being the primary sink of O3
in the middle stratosphere (Salawitch et al., 2005).
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Figure 3. Time series of monthly mean anomalies at 10 hPa averaged between 10°S and 10°N of (a) O3 from MLS (orange
crosses) and OSIRIS (red solid dots), (b) HNO3 from MLS (light blue crosses) and NO,* from OSIRIS (blue solid dots), and
(c) NoO from MLS. Note the different vertical scales for HNO3 and NO,*. Thin solid gray lines in Figure 3c represent 1 sigma
standard deviation of MLS N,O monthly mean anomalies. Correlation coefficients between MLS N>O and O3 (and HNO3)
are shown in Figure 3a (and Figure 3b).

The vertical structure of interannual variations of Oz anomalies is highlighted in Figure 4a, which shows
monthly mean equatorial zonal winds superimposed on monthly anomalies of MLS Os. Positive and negative
O3 anomalies coexist with westerly and easterly zonal wind shear zones tied to the QBO in the lower strato-
sphere (pressures greater than ~15 hPa). These O3 anomalies occur as a result of variations in vertical trans-
port associated with the QBO meridional circulation, as illustrated in Figure 2 of Gray and Chipperfield (1990).
Monthly anomalies of O3 at higher altitude (pressures less than ~15 hPa) show the opposite phase relation-
ship with zonal winds compared to those at lower altitudes. For comparison, monthly anomalies of O3 from
WACCM4 averaged over the same latitude region are shown in Figure 4b. Variability of WACCM4 O3 agrees
remarkably well with that of MLS O3 (Figure 4a) in most details, except that the magnitude of WACCM4 O;
anomalies is ~20% larger than that of MLS Os at altitudes above ~10 hPa. Similar behavior is found with com-
parisons to OSIRIS Oz (figures not shown).

Interannual variations of OSIRIS NO,* anomalies are shown in Figure 5a, compared to WACCM NO, anomalies
in Figure 5b. The OSIRIS NO,* shows strong QBO variations at altitudes above ~27 km (~20 hPa) that descend
in a coherent manner with the QBO circulation. Excellent overall agreement is seen with the NO, patterns
from the WACCM4 simulation (correlations between the two data sets are ~0.65 to 0.85 over pressure levels
from 46 to 6.8 hPa), although the magnitudes of the WACCM4 NO, anomalies are larger than those from the
OSIRIS data at ~20 hPa pressure level and above.

In Figure 6, we show tracer-tracer correlations from both the satellite data and the WACCM4 simulations, pro-
viding a tool for diagnosing relationships among multiple species. Equatorial anomalies of MLS O3, HNO3,
and OSIRIS NO,* versus MLS N,O at 10 hPa are shown in Figure 6a. Consistent with the time series in
Figure 3, Figure 6a shows strong negative correlations between reactive nitrogen species (NO, and HNO3)
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Figure 4. Time versus altitude sections of monthly mean anomalies of O3 (unit: ppmv) from (a) MLS and (b) WACCM4 averaged between 5°S and 5°N for 2005-2014.
Monthly averaged zonal mean zonal winds (unit: m 5_1) from (a) ERA-Interim and (b) WACCM4 are overlaid as solid gray lines (W and E represent westerly and
easterly winds, respectively). Red and blue dashed lines denote thermal tropopause height calculated from NCEP/NCAR reanalysis (Figure 4a) and WACCM4

(Figure 4b) temperature profiles.

and N0 and positive correlations between O3z and N,O. Both observations (Figure 6a) and the model results
(Figure 6b) show compact relationships with similar slopes. At 10 hPa the (NO,/N,0) slope is steeper than
the (HNO3/N,0) slope, but the slopes relative to N,O depend on altitude (as quantified below). For HNO3
the scatter and slope versus N,O are similar between the observations and the model, while for NO, the
observations show slightly more scatter than the model.

Similar tracer-tracer correlations at 21 hPa are shown in Figures 6¢ and 6d, revealing anticorrelations for NO,
and HNOs, with larger scatter in the satellite data for the relatively small NO,* values. Positive O3-NO, correla-
tion is found at 21 hPa, as this is in the region where Os is under dynamical control. Overall, the behaviors of O3
and reactive nitrogen species in relation to N,O are remarkably similar between the observations and model.

As shown in Figure 6, the relationships among the various species relative to N,O change as a function of
altitude. Negative correlations between N,O and NO, are expected throughout the stratosphere since the
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Figure 5. Time versus altitude sections of monthly mean anomalies of (a) OSIRIS NO,* (unit: ppbv) and (b) WACCM4 NO, averaged between 5°S and 5°N for
2005-2014. Equatorial zonal winds and tropopause heights are included as in Figure 4.

reaction of N,O + O('D) is the source of NO,. For the range of variability studied here, a linear anticorrelation
between NO, and N,O is expected, whereas from a global perspective the NO,-N,O relationship can have
curvature due to NO, loss processes in the upper stratosphere (see discussion of NO,-N,O curvature in
Figure 6.14 of SPARC, 2010). The linear behavior for the QBO situation is confirmed in Figure 7a, which
shows strong anticorrelation between N,0 and HNO; + NO,, a proxy for NO,, throughout the stratosphere.
The correlations from observations (MLS HNOs and OSIRIS NO,* combined) are in good agreement with
WACCMA4 results for pressure levels from 46 to 10 hPa. Figure 7b shows correlation coefficients between
05 and the NO, proxy from satellite data and from WACCM4. There are strong positive correlations below
~28 km and negative correlations above, consistent with the change from dynamical control to
photochemical control of ozone across this level. Correlation coefficients from satellite data decrease at
pressures less than ~10 hPa both in Figures 7a and 7b, which might imply lower NO,* data quality at
higher levels.

3.2. Composited QBO Constituent Variability

Previous satellite measurements have shown that QBO variations in O3 are closely tied to those in NO,
species (Hauchecorne et al, 2010; Kyrdla et al,, 2010). In this section, we explore variations in O3, N,O,
HNO3, and NO, in terms of their specific phasing with respect to QBO winds. As discussed above, monthly
anomalies of O3 from MLS and WACCM4 show consistent QBO structure with similar amplitude and phase
(Figure 4). Here we quantify this behavior by compositing monthly anomalies of chemical constituents
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Figure 6. Scatterplots of monthly mean anomalies of N,O versus O3 (gray squares), NoO versus HNO3 (red crosses), and N>O versus NO, (blue dots) averaged
between 10°S and 10°N from (a and c) MLS (O3, HNO3, and N5O) and OSIRIS (NO*) and (b and d) WACCM4 at 10 hPa (Figures 6a and 6b) and 21 hPa (Figures 6¢
and 6d). Solid lines show least squares fits estimated from WACCM4 in Figures 6b and 6d and overplotted in Figures 6a and 6c.

with respect to the phase of the QBO. The composite averages are constructed based on the timing of the
onset of westerly winds at 20 hPa as previously done by Hommel et al. (2015). Specifically, monthly
anomalies of chemical constituents at all altitudes are calculated in a time lag coordinate with respect to
near-zero zonal winds at 20 hPa. This is to focus on a relationship between the QBO winds and the
chemical constituents through an average QBO cycle. We combined the four QBO cycles spanning
2005-2014 following this method and made composite averages of separate chemical species from MLS,
OSIRIS, and WACCM4.

Figure 8a shows the QBO composite average of equatorial O3 anomalies (5°S-5°N) from MLS. Positive
(negative) O3 anomalies propagate downward in a coherent manner with westerly (easterly) wind shears
between ~15 and 70 hPa, where vertical transport induced by the QBO is acting on the vertical gradients of
Os. Above this altitude (p < ~15 hPa), the phase of O3 anomalies with respect to QBO winds is reversed mainly
due to chemical control by NO,. A similar composite average of O3 anomalies from WACCM4 (Figure 8b)
shows overall agreement with MLS, although at higher altitudes (p < ~15 hPa), WACCM4 O3 anomalies show
relatively larger amplitudes (up to ~20% difference) than those of MLS O3 (as noted previously).

QBO composite averages for individual components of reactive nitrogen (NO,) are presented in Figure 9,
including NO,, HNO3, and N,O from both observations and WACCM4 results. All of the species show coher-
ent downward propagating features associated with the progression of the QBO. The variations in HNO3
and NO, are out of phase with respect to those of N,O due to chemical production and loss (as seen in

PARK ET AL.

QBO IN REACTIVE NITROGEN AND OZONE 9



@AG U Journal of Geophysical Research: Atmospheres

10.1002/2017JD027061

Pressure (hPa)

a. N,O vs. NO,+HNO,
L | L | L

b. O, vs. NO,+HNO,
R S R R

| | | | PR R I S R L
461 e — 4.6 e |
- - [ I
6.8 3 6.8 =! -35
L1 -
s g
10.0 . 10.0 - s
| WACCM4 = S WACCM4
147 % MLS+OSIRIS | & 1474 ‘ MLS+OSIRIS 30 §
215 g s | s
~ Iz
o 25
31.6 - 31.6 -2 I
=}
| §,
46.4 — 46.4 A I
| 20
68‘1 1 T T T [ 68’1 B — T T | L — E T T T T |. T I
1.0 -08 -06 -04 -02 0.0 -1.0 0.5 0.0 0.5 1.0

Correlation Coefficient

Correlation Coefficient

Figure 7. Vertical structures of cross-correlation coefficients between (a) N>O and (NO, + HNO3) and (b) O3 and (NOy + HNO3) in the tropics (10°S-10°N) estimated
from WACCM4 (red solid lines) and MLS + OSIRIS (HNO3 + NO,*, blue dots) for 2005-2014. NO, + HNOs5 is used as a proxy for NO, in the tropics (see text for details).

Pressure (hPa)

Figures 6 and 7a). HNOs variations reach their maximum near ~15-22 hPa, and variations of NO, peak
above ~15 hPa (~28 km), where the time-averaged concentrations show maxima (see Figure 2). This
reflects the changes in NO, photochemical partitioning with altitude. Variations in NO,, HNOs, and N,O
from WACCM4 show good agreement with satellite observations in terms of phasing with respect to the
QBO, with slight differences in magnitude. MLS HNOs; anomalies show ~25% larger amplitudes than
those from WACCM4 near ~22-15 hPa, where time-averaged values of MLS HNO3 mixing ratios are also
larger than those from WACCM4 (Figure 2b). In contrast, amplitudes of QBO variations in both N,O and
NO, in the upper stratosphere (p < ~10 hPa) are larger in WACCM4 than in the corresponding MLS N,O
and OSIRIS NO,* anomalies.

The ratios of QBO-related variations in time series of (HNO3/N,0) and (NO,/N,O) are sensitive measures of the
altitude-dependent nitrogen budget in the tropical stratosphere. Altitude variations in these ratios reflect the
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Figure 8. Pressure versus month time lag sections of QBO composite averages of O3 averaged between 5°S and 5°N latitudes (unit: ppmv) from (a) MLS and
(b) WACCM4 for 2005-2014. Monthly averaged zonal mean zonal winds from ERA-Interim (Figure 8a) and WACCM4 (Figure 8b) (unit: m 5_1) are overplotted as gray solid
(westerly) and dashed (easterly) lines, respectively. Red dotted lines show zero contours. White solid line at zero-time lag indicates QBO westerly onset at 20 hPa.

PARK ET AL.

QBO IN REACTIVE NITROGEN AND OZONE



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2017JD027061

Altitude (km)

Pressure (hPa)

Pressure (hPa)

W.,.. composites
7 AN

(
| L1 'y
\ AR

a. OSIRIS NO*

35
]
0.6
2
30 g
01 =
g
2
25 <
0.1 %,
9
z.
20 1.0
15 24
-10 -5 0 5 10 15 20
Time Lag (Months)
c. MLS HNO, W... composites
i ‘ SAEEN T ] 075
Iy
10 048 -
2
&
021 2
£
2
<
0.06 &
Z
£
0.33
100
-0.60
-10 -5 0 5 10 15 20
Time Lag (Months)
e. MLS N,O W.... composites
\ | ; 37.00
10 24.00 _
2
&
11.00 >
<
g
2
<
2.00 ©
z

-10 -5 0 5 10 15 20
Time Lag (Months)

Pressure (hPa)

Pressure (hPa)

Pressure (hPa)

10

100

100

NOy Anomaly (ppbv)

-10 -5 0 5 10 15 20

Time Lag (Months)

HNO;3 Anomaly (ppbv)

-10 -5 0 5 10 15 20

37.00

N, O Anomaly (ppbv)

-15.00

-28.00

-10 -5 0 5 10 15 20
Time Lag (Months)
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derived from OSIRIS and MLS satellite measurements, and Figures 9b, 9d, and 9f are from the WACCM4 simulations. Zonal wind composites are included, as in

Figure 8.

balance between chemical partitioning and transport processes in the model. Covariations in the time series
of HNO3, N0, and NO, in the tropical stratosphere are largely influenced by the QBO. Here we make compar-
isons of those ratios calculated from the observations and the model using linear regression analysis.
Figure 10a shows the regression coefficients of (HNO3/N,O) time series calculated from monthly mean
MLS data at each pressure level (solid circles) and the same calculations from WACCM4 (solid line). The
regression coefficients with respect to N,O agree between MLS and WACCM4, and this behavior reflects
the fact that both the MLS HNOs and N,O anomalies show larger amplitudes than those in WACCM4 over
~20-50 hPa in Figures 9¢-9f (i.e., the HNO3-N,O biases vary in a physically consistent manner). Regression
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coefficients for (NO,/N,0) are shown in Figure 10b, using OSIRIS NO,* and MLS N,O measurements (solid
circles) and WACCM4 results (solid line). Comparison with Figure 10a reveals how the photochemical
balance in NO, shifts from HNOj3 in the lower stratosphere (~30 hPa) to NO, in the upper stratosphere
(~10 hPa). Overall, the regression coefficients of NO,*/N,O from OSIRIS and MLS agree with the model
results between ~68 and 10 hPa but are systematically smaller above ~10 hPa. The similarity in observed
versus modeled (NO,/N,0) slopes at 10 hPa is consistent with the ~20% WACCM4 biases in both NO, and

N,O shown in Figure 9.
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Figure 11. Scatterplots of monthly mean 10 hPa anomalies of O3 from
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MLS versus NO,* from OSIRIS between 10°S and 10°N (solid blue dots).

Corresponding results from WACCM4 NO, and O3 are shown as red

crosses.

As noted above, variations in O3 have strong anticorrelation with NO, in the
upper stratosphere due to NO, control of chemical Os loss processes. The
ratio of (O3/NO,) is a sensitive parameter that quantifies this relationship.
Figure 11 shows tracer-tracer correlations between Oz and NO,* monthly
anomalies at 10 hPa derived from MLS and OSIRIS data (solid blue dots),
showing strong anticorrelation. Corresponding results derived from
WACCM4 are included in Figure 11 (red crosses), showing a similar compact
relationship, and the derived (O3/NO,) slope is similar between the model
and observations. This agreement suggests that upper stratospheric ozone
is responding to variations in NO, in the model in a highly realistic manner,
as shown by comparison to the observations.

3.3. Global QBO Behavior

The amplitude of the QBO in zonal wind is approximately Gaussian about the
equator and shows little phase dependence on latitude within the tropics
(Wallace, 1973). However, the dynamical influence of the QBO extends to
the extratropics via the secondary meridional circulation induced by the
QBO (Gray & Chipperfield, 1990; Randel & Wu, 1996), with out-of-phase beha-
vior between low and high latitudes (see Figure 9 of Bourassa et al., 2014). We
have derived spatial patterns of the QBO signal in reactive nitrogen species
from MLS (N0 and HNOs) and OSIRIS NO,* based on linear regression analy-
sis of the equatorial zonal wind. The QBO can be best represented by the two
orthogonal components, i.e.,, QBO1 and QBO2, constructed using the first and
second leading empirical orthogonal functions of the equatorial zonal winds
at seven pressure levels between 70 and 10 hPa (Wallace et al.,, 1993). We
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constructed QBO1 and QBO2 components using the equatorial zonal wind observations over Singapore
(Naujokat, 1986). Figure 12a shows the QBO1 regression fit for OSIRIS NO,* in local percentage values, i.e.,
divided by the local background structure to highlight variability in the lower stratosphere. The QBO2 fit
reveals similar tropical and extratropical maxima, orthogonal to QBO1 (the QBO1 and QBO2 fits for O3,
N,O, HNO3, and NO,* are included in supporting information Figure S3). Figure 12a shows statistically signif-
icant QBO variations in OSIRIS NO,* in both the tropics and the extratropics, with opposite phases. The tro-
pical QBO1 signal extends down to ~20 km and represents the downward propagating signal in NO,* as
seen in Figures 5a and 9a. In addition, there are coherent QBO signals in the extratropical lower stratosphere
of both hemispheres down to 15 km, linked with the extratropical component of the QBO circulation (Gray &
Chipperfield, 1990). The signature of QBO1 in WACCM4 NO, (Figure 12b) shows global structures consistent
with those in OSIRIS NO,*, but the amplitudes are smaller. Similar QBO patterns are found both in the tropics
and in the extratropics in the regression analyses results from Os, HNOs, and N,O in MLS and WACCM4
(Figure S3), highlighting the global effects of the QBO on chemical constituents.

4, Summary and Discussion

The QBO dominates interannual variability in dynamical variables and chemical constituents in the tropical
stratosphere, and variability linked to the QBO can serve as a natural experiment for quantifying
chemistry-transport interactions. We have explored the QBO variations in a decade-long record of satellite
measurements of stratospheric Os, reactive nitrogen compounds (NO, and HNOs), and the source gas
N,O. While the QBO signals in O3 and NO, (e.g., Chipperfield & Gray, 1992; Chipperfield et al., 1994; Randel
& Wu, 1996; Zawodny & McCormick, 1991) and HNOs (e.g., Schoeberl et al, 2008) have been analyzed
previously, our study is the first to combine quantitative estimates of the key species NO, and HNOs, along
with the source gas N,O. The global variations linked to the QBO also provide a tool for validating
chemistry-climate model results with satellite observations. The WACCM4 model simulations used in this
study are nudged to observed QBO dynamical variability which facilitates the comparisons to the observa-
tions. However, the composited tracer variability with respect to the QBO cycle (e.g., Figures 8 and 9) could
be directly compared to results from a free-running model with an internally generated QBO (e.g., Hurwitz
etal, 2013). Hence, this work serves both to assess satellite observations and to quantitatively evaluate global
chemistry model results.

The results presented here show coherent variations among Os, N,O, NO,, and HNOj3, for both satellite data
and model simulations. Overall, the QBO variations in different species are quantitatively similar in
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observations and model simulations. As an example, O3 variations simulated in WACCM4 are in excellent
overall agreement with those from MLS and OSIRIS observations (Figures 4 and 8), with larger amplitudes
(up to ~20% difference) in model O3 anomalies at higher altitudes (above ~28 km).

Both the observations and model results show QBO variations in NO, and HNOj3 that are out of phase with
respect to those of N,O. The NO, partitioning as a function of altitude derived from the observations is in
agreement with the model results, with HNO3; dominating below ~15 hPa and NO, dominating above. This
is true for both time-averaged profiles (Figure 2) and monthly anomalies (Figure 9). Furthermore, the ratios
of covariations in (HNO3/N,0O) and (NO,/N,0O) obtained from linear regression analyses are consistent
between the observations and model (Figure 10). An exception is the case of the (NO,/N,0) ratio at levels
above 7 hPa in Figure 10b, which may signify loss of sensitivity in the OSIRIS measurements at the uppermost
levels. The sensitivity of O3 to NO, in the upper stratosphere, quantified by the O3 versus NO, slope at 10 hPa
(see Figure 11), is similar between model and observations. The agreement in the regression coefficients
obtained from the different time series demonstrates that the satellite data, based on independent instru-
ments using different retrieval algorithms and spectral intervals, are behaving in a physically consistent man-
ner. These comparisons demonstrate that the reactive nitrogen budget estimated from the complementary
satellite data is approximately closed for variability associated with the QBO in the stratosphere.

Comparisons with the NO, proxy (= NO,*) are more complex than for the other species, since calculation of
NO,* depends on both the OSIRIS observations of NO, (often made close to the terminator) and a photoche-
mical box model. In spite of this highly derived nature, the overall variability of NO,* seems realistic and in
reasonable agreement with WACCM4 results. Direct comparisons of OSIRIS and WACCM4 NO, are included
in the supporting information. Furthermore, the global structures of NO, variations tied to the QBO
(Figure 12) are coherent between model simulations and observations, including the influence of the QBO
in the extratropical lower stratosphere in both hemispheres. This is further confirmation of the quality of
the OSIRIS NO, and derived NO,* proxy.

Our comparisons suggest some systematic differences between the satellite data and model results in the
upper stratosphere (pressure less than ~10 hPa), where the QBO-linked variations in the model have ~20%
larger amplitudes in N,O, NO,, and O3 than those in the observations (see Figures 8 and 9). However, the
ratios of (NO,/N,0) and (O3/NO,) are in approximate agreement between the model and observations at
10 hPa (Figures 10b and 11), suggesting that the differences occur in a physically consistent way. This beha-
vior, along with the fact that the satellite measurements are obtained from three independent data sources
(MLS N,O, OSIRIS NO,*, and MLS Q3), argues against a bias in one of the data sets. Rather, it suggests possible
differences in the processes in the model. Relatively larger amplitudes in QBO-related variations in the model
could be explained by slower vertical transport in the upper stratosphere, which leads to enhanced NO,
generation from N,O (i.e., larger variations in both species), and larger Os fluctuations tied to the resulting
NO, in the model. We leave this as an open question for further investigation.
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