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Abstract

NOx (NO2 and NO) plays an important role in controlling stratospheric ozone. Understanding the
change in stratospheric NOx and its global pattern is important for predicting future changes in
ozone and the corresponding implications on the climate. Stratospheric NOy is mainly produced
by the reaction of N2O with the photochemically produced O(*D) and, therefore, it is expected to
vary with changes in solar UV irradiance during the solar cycle. Previous studies on this topic,
often limited by the relatively short continuous data, show puzzling results. The effect of the
1991 Pinatubo eruption might have caused interference in the data analysis. In this study, we
examine the NO> vertical column density (VCD) data from the Network for the Detection of
Atmospheric Composition Change (NDACC). Data collected at 16 stations with continuous long-
term observations covering the most recent Solar Cycles 23 and 24 were analyzed. We found
positive correlations between changes in NO2> VCD and solar Lyman-a over nine stations
(mostly in the Northern Hemisphere) and negative correlations over three stations (mostly in the
Southern Hemisphere). The other four stations do not show significant NO2 solar-cycle signal.
The varying NO- responses from one location to another are likely due to different geo-locations
(latitude and altitude). In particular, two high-altitude stations show the strongest positive NO>
solar-cycle signals. Our 1D chemical-transport model calculations help explain the altitude
dependence of NO: response to the solar cycle. NO> solar-cycle variability is suggested to play
an important role controlling Oz at an altitude range from ~20 km to near 60 km, while OH solar-
cycle variability controls Oz at 40 — 90 km. While observations show both positive and negative
NO: responses to solar forcing, the 1D model predicts negative NO> responses to solar UV

changes throughout the middle atmosphere. 3D global model results suggest complex roles of
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dynamics in addition to photochemistry. The energetic particle-induced NO> variabilities could

also contribute significantly to the NO> variability during solar cycles.

1. Introduction

The 11-year solar cycle, also known as the sunspot cycle, is caused by the changes in magnetic
features near the solar surface every ~11 years (e.g. Ermolli et al., 2013; Solanki et al., 2013).
The solar magnetic activity is weak during a polarity change when the number of sunspots is the
lowest. In contrast, the magnetic activity is the strongest in between two polarity changes when
the number of sunspots is the highest. The solar irradiance also varies closely with the magnetic
activity over the 11-year solar cycle. While the total solar irradiance (TSI) varies by only 0.1 %,
in phase with the solar activity, solar ultraviolet (UV) irradiance varies up to 100 % and has

significant impacts on the terrestrial atmosphere through radiative heating and photochemistry.

Solar UV variability during 11-year cycles has been shown to cause quasi-periodic signals in
temperature and many important atmospheric species such as ozone (Os), hydroxyl (OH), and
nitrogen dioxide (NO2) (e.g. Liley et al., 2000; Hood and Soukharev, 2006; Gruzdev, 2008,
2009; Remsberg, 2008, 2013; Haigh et al., 2010; Merkel et al., 2011; Beig et al., 2012; Swartz et
al., 2012; Wang et al., 2013; Ball et al., 2014). These atmospheric responses directly or indirectly
affect the O3 layer and climate. In the past decade, understanding the Oz response to solar forcing
in the context of changes in anthropogenic forcings has been a key topic for studies on the Sun—
climate interaction. Large disagreement among various space-borne and ground-based
observational solar-cycle signals in middle atmospheric Oz and discrepancies between models

and observations remain unresolved, although possible decadal satellite orbital drift was
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suggested to have contributed to these discrepancies (Li et al., 2016). These discrepancies make

it very challenging to quantify solar contribution to the climate change.

While the global Oz solar-cycle responses appear to be complex, involving direct (Os photolysis)
and various indirect processes (e.g. through photochemical variabilities in Os-controlling species
such as NOy (primarily NO and NOz) and HOx (primarily OH and HO), O2 photolysis,
dynamics, and temperature), the middle atmospheric O3 solar-cycle variability is expected to be
mostly controlled by photochemistry (Swartz et al., 2012). The variability in catalytic HOx cycles
is suggested to dominate O3z solar-cycle changes in the upper stratosphere and the mesosphere
(=40 — 80 km) (Wang et al., 2013). At lower altitudes, the catalytic NOx cycle is expected to
replace HOx cycles in controlling Os loss (e.g. Solomon, 1999). Other photochemical processes
play a role as well. In particular, the enhanced effects of O, photolysis (as a source of Oz) and Oz
photolysis (as a sink of O3z) during solar maxima partially cancel out due to the opposite impacts
on Oz variability. Between models using two solar spectral irradiance (SSI) inputs that differ by a
factor of 2 — 6 in UV variability during Solar Cycle 23 (from the Naval Research Laboratory
model and various versions of measurements by Solar Radiation & Climate Experiment,
respectively), the vertically resolved latitudinal dependences of Oz solar-cycle signal show very
different features at the upper middle atmosphere (above 40 km where HOx cycles dominate) and
the lower middle atmosphere (where NOx cycles are important) (Swartz et al., 2012). More
interestingly, the differences between models at these two altitude regions are in opposite
directions, implying that HOx—O3 chemistry and NOx—O3z chemistry reponds to solar forcing in
different ways and thus have different impacts on Oaz. It is therefore critical to quantify and

understand the NOx variability as well as the HOx variability. Our previous work has examined
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HOx response to solar forcing and the corresponding impacts on Oz (e.g. Wang et al., 2013,

2015). In the present study, we focus on NOx response to solar cycles.

The primary source of stratospheric NOy is the reaction of O(*D), from UV photolysis, with N0,

transported from the troposphere (reaction 1).
N0 + O(*D) — 2NO (1)

O(*D) mainly comes from O3 photolysis, while N2O photolysis also contributes:
O3 + hv — 02+ O(!D) (2
N20 + hy — N2 + O(‘D) ®))

NO from reaction (1) can be converted into NO2 by reaction with Oz (reaction 4).
NO + O3 — NO2 + O 4)

The partitioning between NO and NO: depends on ozone levels and other atmospheric

conditions (e.g. UV photolysis rate).

NO2+ hy — NO + O (5)

0+02+tM—-03+M (6)
If all the atomic oxygen (O) from reaction 5 recycles back to Oz through reaction 6, the sum of
reactions 4 — 6 would have no effect on Os. However, reaction 7 takes O away.

NOz+ O — NO + O @)
The combined result of reactions 4 + 7 yield Oz + O — 20, leading to a net loss of O3 (Jacob,
1999). This catalytic NOx reactions cycle effectively destroys Oz without changing the level of

NOx.
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Therefore, the solar UV variability directly and indirectly affects stratospheric NO> level, and the
variation of stratospheric NO> has important impacts on Oz. More detailed description of the

middle atmospheric NOx—O3 chemistry can be found in Brasseur and Solomon (2005).

In addition to the photochemical sources and sinks, at polar regions where energetic particle
precipitation (EPP) has an important impact on the middle atmosphere, NOx species are also
formed through complex ion chemistry (e.g. Rusch et al., 1981). The ion chemistry is trigured by
the reactions of energetic electrons e* with N2 and O, which produce N2*, N*, N, O", and O,
followed by a series of interchange and recombination reactions. More detailed descriptions of
the ion chemistry can be found in Rusch et al. (1981). The EPP-induced production of NOx can
be transported downward into the upper stratosphere and affect the variabilities at high latitudes

(e.g. Langematz et al., 2005; Semeniuk et al., 2011; Jackman et al., 2012).

Due to its sensitivity to solar UV changes, stratospheric NO2 variabilities are dominated by
seasonal cycles. Dynamics-driven signals such as quasi-biennial oscillations (QBO) and El
Nifio—Southern Oscillation (ENSO) also contribute. A long-term trend resulting from the gradual
increase of tropospheric N2O sources is another major factor. The more subtle solar-cycle

response is buried under these mixed signals.

In this work, we use NO> data from the international Network for the Detection of Atmospheric
Composition Change (NDACC) to extract the solar-cycle signal. There have been past studies
using NDACC NO data. However, they mostly focused on the long-term trend or other

variabilities, with the solar-cycle signal as a side product. Some were conducted for individual
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stations (e.g. Liley et al., 2000; Hendrick et al., 2012), while others were conducted over
relatively short periods due to the availability of continuous data at the time of the investigations
(Gruzdev, 2008; 2009; Johnston et al., 1989). The latitudinal pattern of the extracted atmospheric
response to solar irradiance (Gruzdev, 2008, 2009) appeared to be unclear, with large scatters of
both positive and negative values. The possiple impacts of EPP on the extracted solar cycle
signals at high latitudes were not discussed. Futher more, the analysis also included data during
the years when stratospheric NO2 was largely affected by the Pinatubo eruption. The recovery of
NO: levels after the eruption took as long as five years, which could potentially affect the
extracted solar-cycle signals. A more recent study (Gruzdev, 2014) focused on the Pinatubo
effect on NO- in the context of the solar cycle. The summary of observed solar-cycle variability
in NO2 shows a complex latitudinal pattern (both positive and negative responses were observed)
with large uncertainties, while a 2D model used by Gruzdev (2009) predicted a weak negative
response almost everywhere except over the southern polar region. These discrepancies were not

resolved. No implications for the corresponding Oz changes were given.

It has been another five years since the latest research on the NDACC NO: response to solar
cycles. Many stations now have data that cover the two most recent solar cycles, excluding
earlier years when the interference of Pinatubo eruption has to be considered. We are in a much

better position to revisit this issue and provide updated evidence to help resolve the puzzle.

Our primary goals are: i) to verify earlier findings of the NO> solar cycle signal using updated
and longer time series of NDACC measurements; ii) to understand the photochemical

mechanisms that govern the NOx variability in response to solar UV changes during solar cycles
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and the corresponding impacts on Os using our 1D photochemical model; iii) to evaluate the
importance of other processes (in particular, dynamics) based on the comparison of observational

signals and the photochemical models (both 1D and 3D).

2. Data Description

The NDACC is composed of over 70 remote-sensing research stations that provide long-term
observations of atmospheric species around the globe. To ensure the consistency and continuity
of the data analysis, we focus on stations with long-term, continuous measurements of NO; total
vertical column density (VCD) with the same experimental technique (UV-Visible

spectroscopy). The data are publicly available at www.ndaccdemo.org/. Sixteen stations with

two, or nearly two, complete solar cycles of UV-visible NO, data since 1996 are selected.
Assuming that the recovery of NO: after the Pinatubo eruption needed no more than five years,
our analysis using NO> data after 1996 should have minimal interferences from the Pinatubo
effect. The locations and altitudes of these stations are shown in Table 1. Most of these NDACC
stations are located at remote areas far from pollution sources or at high altitudes (above the
boundary layer), which helps minimize the tropospheric contribution to the total NO, VCD. The
observed NO, VCD is often assumed to be mostly from the stratosphere. Ideally, long-term
global NO> vertical profile measurements would be the best for investigating the detailed vertical
structure of NO- variabilities. The currently available long-term NO. data from satellite
instruments are often provided as total columns and partial columns in the stratsphere and the
troposphere.  The  partial column  retrieval generally requires a  combined
modeling/retrieval/assimilation approach, with the stratospheric part being estimated through

assimilation (e.g. Boersma, et al., 2011; Dirksen et al., 2011). Some limb-viewing satellite
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instruments, e.g. the SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY (SCIAMACHY) (e.g. Bauer et al.,, 2012), provide NO: vertical profile
measurements. However, they are generally not long enough for solar cycle studies. The
latitudinal coverage is often uneven and it takes multiple days to have a global coverage. There
also have been some partical column measurements at selected NDACC stations during certain
time periods, but we are not able to find continuous long-term data records that are good enough

for investigating variabilities on the solar cycle time scale.

For solar UV irradiance, we use the long-term composite of the solar Lyman-a flux (at 121.5
nm) from the Laboratory for Atmospheric and Space Physics (LASP) as a proxy,

(lasp.colorado.edu/lisird/data/composite_lyman_alpha/). This Lyman-a composite is built upon

measurements from multiple satellite instruments as well as model simulations in order to
construct a long-term time series history of the full-disk integrated solar irradiance over 121 —
122 nm. Measurements are used whenever they are available and of sufficient quality. (Woods et
al., 2000). The values are all scaled to match the reference levels of the SOlar Stellar Irradiance
Comparison Experiment (SOLSTICE) on board the Solar Radiation and Climate Experiment

(SORCE) as discussed by Machol et al. (2019).

3. Model Description

Both 1D and 3D models are used in this study. The 1D model is the Caltech/JPL chemical-
transport model. It covers the atmosphere from the surface to 130 km in 65 layers. It includes
vertical transport (including eddy, molecular, and thermal diffusion) and coupled radiative

transfer (Allen, Yung, and Waters, 1981; Allen, Lunine, and Yung, 1984; Yung and DeMore,
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1999; Mills et al., 2003). It currently has over 100 species and over 460 chemical reactions. This
model has been used to investigate the sensitivity of middle atmospheric OH to solar UV change

(Wang et al., 2013).

To get hints about the dynamical influence that is not represented in the 1D model, we also
examine the NO> solar response simulated in the Whole Atmosphere Community Climate Model
(WACCM). How the solar cycle interacts with the dynamics is beyond the scope of this work.
To focus on the NO2 response alone, we therefore use the WACCM Specified Dynamics
(RefC1SD) simulations that have been submitted to the Chemistry-Climate Model Initiative
(CCMI: Morgenstern et al., 2017). The outputs of the simulation are publicly accessible from the
Climate Data Gateway at the US National Center for Atmospheric Research

(www.earthsystemgrid.org). The simulation is performed using WACCM version 4 (Marsh et al.,

2013), where the wind and temperature below the altitude of the 1 hPa pressure level are driven
by the Modern-Era Retrospective analysis for Research and Applications (MERRA) from 1970
to 2014. The free simulation of the dynamics from this altitude to the lower thermosphere closely
reproduces the observations (Garcia et al., 2014). The solar cycle in the model is driven by the
10.7-cm solar radio flux (Tapping, 2013). The aurora energetic particle precipitation (EPP)
events are parameterized using the K, planetary geomagnetic index (Maeda et al ., 1989). Peck et
al. (2015) shows that a doubling of the EPP-induced increase in the polar stratospheric NOy from
solar minimum to solar maximum in WACCM4 does not significantly alter the associated
changes in temperature and wind. Thus, as we will show, the RefC1SD run captures the
important meridional structure of the NO. solar response and provides insights about the

NDACC observations.
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4. Data Analysis

The extraction of the relatively weak NO solar-cycle response among other variability is
challenging. Simple methods, such as the multiple linear regression used in previous studies
(Gruzdev, 2008, 2009, 2014), usually assume that NO> responds to the solar forcing linearly,
which may not hold in reality. Modern machine-learning algorithms, in contrast, are designed to
detect nonlinear signals without any assumptions. In this work, we separate solar-cycle signals
from other variabilities using the Empirical Mode Decomposition (EMD) (Huang et al., 1998).
EMD is an adaptive time—space analysis method for decomposing a non-stationary and non-
linear time series into different components of different characteristic periods, called the Intrinsic
Mode Functions (IMFs) by the sifting process. The uncertainties of the IMFs can be estimated by
creating an ensemble of IMFs that are obtained by a set of white noise to the raw time series, a
procedure known as the ensemble EMD (EEMD) (Wu and Huang, 2009). The EEMD can better
detach climate signals of different time scales naturally without prior information than the EMD

(Kobayashi-Kirschvink et al., 2012; Shi et al., 2013; Newman et al., 2016).

The original NO2 VCD measurements generally have precision errors of order of a few percent.
Before running EEMD analysis, we applied a monthly mean to the data to smooth out the day-to-
day noise. Through error propagation, the precision error bars became much smaller in the
monthly mean data (on the order of 0.01%) and also generally small compared to the solar-cycle
signals that we aim to extract. The monthly averaged NO. VCD data are decomposed into a
number of IMFs with various temporal frequencies. The IMF that has a period closest to 11 years

is identified as the NO> solar response.
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The results over station Issyk-Kul are shown in Fig. 1 as an example. Left panels are NO-
signals, with the raw data on the top panel and decomposed modes (IMFs) below. Right columns
show the corresponding time period. In this case, IMFs 1 and 2 represent the semi-annual (mixed
with noise) and annual cycles (the dominant component in the original time series), respectively.
IMF 3 is a mixture of QBO with annual signal. IMF 4 is related to ENSO. IMF 5 is identified as
the solar 11-year cycle signal, with two NO> peaks in Solar Cycles 23 and 24 (around 2002 and
2013), respectively. IMFs 6 and 7 are longer-term variabilities with a time period close to 20
years. The last mode, which is the residual of the EEMD, suggests a secular change that is most
likely associated with an increasing trend that is consistent with the increase of N.O from the

troposphere.

While the majority of the selected NDACC stations show similar EEMD results, a few stations
show significantly different features of IMFs. For example, Fig. 2 illustrates the decomposition
of NO; variabilities at station Kerguelen. Similarly, the NO2 variability is dominated by the
annual cycle (IMF 2), with significant contributions from QBO (IMF 3), and ENSO (IMF 4).
However, in contrast to the case of station Issyk-Kul, the extracted solar-cycle mode (IMF 5)
over Kerguelen appears to have an opposite sign from the solar cycle, with minimum NO: levels
around solar peaks (in 2002 and 2013 — 2014) and maximum NO- levels at the solar minima. The
resulting long-term secular change (shown as the residual mode) is generally negative, which is
opposite to the apparent trend over station Issyk-Kul and cannot be explained by the increase of

N2O from troposphere.
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Earlier studies focusing on the stratospheric NO2 long-term trend have reported stratospheric
NO: trends with a wide range from a large positive number that is twice the N2O increasing trend
(Liley et al., 2000) to a negative number in both ground-based measurements and spacecraft data
(Hendrick, et al., 2012). These discrapencies have not been completely understood. Our EEMD
analysis over NDACC stations also found both positive and negative long-term changes (or
apparent trends) in NO». Note that these signals are a side-product of our solar-cycle analysis,
produced as the residual after separating NO> variabilities of different time scales. The low-
frequency IMFs suggest possible longer-term variabilities (e.g. IMFs 6 and 7 in Fig. 1, IMF 6 in
Fig. 2) that could contribute to the residual, if not carefully separated. In addition, although
NDACC stations are mostly located far from local tropospheric pollution, we cannot completely
rule out the possible contribution from tropospheric NO2 which has different trends than in the
stratosphere. An accurate evaluation of the stratospheric NO> trend requires data records that are

much longer than 20 — 30 years and is not the focus of this article.

To quantify the sensitivity of NO> solar-cycle signals with respect to the magnitude of solar UV
changes, the IMF associated with the NO2 solar response is correlated with the solar UV
irradiance. The daily Lyman-a data are averaged into monthly means to effectively remove the
large oscillations due to solar 27-day rotational cycles and are correlated with the corresponding
NO: variabilities. Figure 3 shows the scatter plots of NO> VCD changes versus the solar Lyman-
a irradiance changes over Issyk-Kul (Fig. 3a) and Kerguelen (Fig. 3b). The slope of the linear
regression represents the sensitivity of NO> VCD to the changes in solar Lyman-a. The
correlation coefficient [R?] represents the goodness of the linear fit and is a measure of the

confidence of the correlation. As shown in Fig. 3a, the result over station Issyk-Kul suggests a
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strong positive response of NO> to solar UV changes (near 10 % increase in NO2 VCD with
100 % increase in solar Lyman-a). The correlation of signals over station Kerguelen shows a
negative slope, suggesting a near 3 % decreasing of total NO2 with a 100 % increase in solar
Lyman-a (Fig. 3b). Note that although the extracted NO> signal has a significant correlation with
solar UV, the correlation sometimes shows non-statistical features when the variability of NO>

does not perfectly align with the timing of solar maxima and minima.

We examined NO; data from all 16 stations. Nine of the stations show significant positive solar-
cycle responses, with three stations showing negative or weak signals. For the remaining four
stations, we did not find any clear correlation between NO2 and Lyman-a. The analysis results

are summarized in Table 1.

5. Discussions on Analysis Results

EEMD is able to decompose a raw time series into various quasi-periodic signals, but the
decompositions may be affected by strong sporadic events. For NO., one of the most significant
interferences comes from major volcano eruptions that inject large amounts of aerosols into the
stratosphere and cause reduction in NO. levels. The Ultra Plinian of Mount Pinatubo eruption on
15 June 1991 produced the second-largest terrestrial eruption of the 20th century, resulting a
remarkable reduction in stratospheric NO». The recovery of NO> levels after the major eruption
could take a few years. Earlier studies used all available data at the time, with the Pinatubo years
in the middle of the time series (e.g. Gruzdev, 2009, 2014). While previous analysis was very
carefully carried out to simulate the corresponding aerosol impacts by using aerosol optical depth

as a proxy in the multi-variable regression analysis, possible interference of the Pinatubo effect
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may not be completely ruled out. Shorter time series outside the multi-year window of Pinatubo
effect could also lead to larger uncertainties in the resulting solar-cycle signals in NO-.
Therefore, to minimize the interference of Pinatubo eruption, our EEMD analysis only includes
data starting from 1996, assuming that NO. levels had fully recovered by 1996. The time series

from 1996 to the present covers the entire Solar Cycles 23 and 24.

The results of our analysis are summarized into latitudinal-dependence patterns in Fig. 4 and
compared to those of Gruzdev (2014). Note that our results are the NO2> VCD sensitivity to
100 % Lyman-a change (left axis), while the earlier study (right axis) showed the estimated
average NO2 VCD changes between solar minimum and solar maximum for the investigated
time period (the Lyman-o change varies from one cycle to another). In the earlier study, the
extracted NO; solar-cycle signal had no clear latitudinal dependence. Stations located at similar
latitudes often showed completely different results, with both positive and negative NO:
changes. The scatter range of the signal magnitude was wide in both hemispheres. In the present
study, the sign and magnitude of NO2 solar-cycle signal do not seem to have a clear latitudinal
dependence either. However, most of the stations with strong positive NO2 responses to solar UV
are located in the Northern Hemisphere, while the Southern Hemisphere stations show either
weak or negative NO2 solar-cycle signals. Note that some stations are located at high latitudes
where the complex NOx enhancement due to EPP in the mesosphere and the downward transport
into the stratosphere (e.g. Langematz et al., 2005; Semeniuk et al., 2011; Jackman et al., 2012)
could contribute significantly to the extracted solar-cycle signal. While the impact due to EPP
typically lasts a few days. the more frequent and stronger EPP events duing solar maximum lead

to higher NO> values in some of the winter months. Thus some of the extracted solar-cycle signal
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in NO: at high latitudes could include the impacts of EPP. Moreover, the strongest solar proton
events (SPEs) often occur during the decline phase of the solar cycle, making the impacts of
these events and the UV-induced solar-cycle signal slightly out of phase. At low latitudes, the

impacts of EPP are generally small.

In addition to latitude, the altitude of the station also contributes to the differences in NO. solar-
cycle signal. Figure 5 shows the NO> solar-cycle signal as a function of both latitude and
altitude, based on the results summarized in Table 1. The scatters are color coded according to
the percentage change in NO, VCD with 100 % change in solar Lyman-a. The sizes of the
scatters are proportional to the correlation coefficient [R?], which is an indicator of the statistical
significance of the corresponding NO: signal. It is clearly shown that the two stations located at
the highest altitudes, Issyk-Kul (1650 m, red circle) and Jungfraujoch (3580 m, orange circle),
have the largest positive NO2 response to solar UV. The correlation coefficients for these stations
are also among the highest. Although NDACC stations are mostly at remote areas far from local
tropospheric pollution, we cannot completely rule out the possible contribution from
tropospheric NO,. The NO; total VCD measured at high-altitude stations does not include the
lower part of the troposphere where pollution sources are. The variability signal is therefore
more likely to be for stratospheric NO2 only. Thus the solar-cycle signals at these high altitude
stations appear to be the strongest. For stations at much lower altitudes but at very remote
locations, for example the Kerguelen Islands (located in the Southern Indian Ocean, thousands
miles away from the nearest continent), the correlation is as strong as those from the high-
altitude stations. However, the magnitude of the solar cycle response is much smaller. The

background tropospheric NO, at such remote locations are not expected to show significant
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variations that could interfere with our solar cycle analysis, but could dilute the overall solar
cycle response, which is reflected in the small solar-cycle signal with a large correlation
coefficient (see the large purple scatter at 49°S in Fig. 5). For the low-altitude stations that are
not as remote, the correlations are generally weaker (shown by the smaller size of the scatters in

Fig. 5).

6. Comparison with Models

To help understand the mechanisms that control NO> responses to solar UV changes and to
predict the corresponding impacts on Os, we performed 1D photochemical-transport model runs
to study the vertical and spectral distribution of NO. sensitivity to solar UV change. The
Caltech/JPL 1D model covers from the surface to 130 km, with over 100 species and over 460

chemical reactions. It is currently configured for the mid-latitude conditions at Equinox.

Figure 6a shows the vertically and spectrally resolved NO: response to changes in solar UV
irradiance. The spectral NO> response is defined as the ratio of the percentage change in NO2 to
the percentage change in solar photon flux at the top of the atmosphere (%-[NO2] / %-photon
flux). Using the percentage solar UV change as the basis, we can avoid the impact of the large
discrepancy in SSI variabilities (as mentioned in Sect. 1). By integrating the NO, change across
the wavelength window from solar minimum to solar maximum, we calculated the overall NO>
solar-cycle variability at each altitude (Fig. 6b). The corresponding impacts on O3z purely due to
the NO: solar-cycle changes are also calculated and shown in Fig. 6¢. The largest impact on O3
is around 40 km, with the altitude range extending from about 20 km to near 60 km. Throughout

this highlighted altitude range, our model results in Fig. 6b show a negative NO- solar-cycle
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signal, which means less NO at solar maximum than at solar minimum, which leads to more O3

at solar maximum than minimum (Fig. 6c¢).

In our previous investigations on OH (Wang et al., 2013), model results suggested that the OH
solar-cycle responses have impacts on Oz above 40 km (the highlighted region is =40 — 90 km).

More OH (Fig. 7e) leads to less Oz (Fig. 7f) at solar maximum than at solar minimum.

Comparing the features in the top panels and the bottom panels in Fig.s 6, the NO2 and OH solar-
cycle effects on Os have completely opposite directions. Their combined effects determine the
solar-cycle change in middle atmospheric Os. In the upper middle atmosphere, OH effects
dominate and more OH leads to less Oz. Between 40 — 60 km where the two effects overlap, they
partially cancel out, leading to smaller Oz variabilities due to solar cycles. At the lower part of

the middle atmosphere, below 40 km, NO: effects plays a more important role.

In order to fully understand the chemical mechanisms behind the NO solar-cylce response
pattern in Fig. 6a, we investigated the precursors of NO> and the key chemical reation rates. Fig.
7 shows the vertically and spectrally resolved response of the key species and chemical reactions
to the changes in solar UV irradiance. The spectral response functions highlight individual
chemical reactions involved in the NOx solar-cycle responses, which helps isolate the dynamical

impacts in 3D models.

The stratospheric NO2 mainly comes from reaction 4, the reaction of NO (Fig. 7b) with O3 (Fig.

7d), with NO being produced through reaction 1, the reaction of N2O (Fig. 7c) with O(*D) (Fig.

Wang et al. 30 July 2020 18



7e). As seen in Fig. 7a, with the increasing solar UV flux at solar maxima, NO2 shows a strong
negative response around 200 nm throughout the middle atmosphere and an extended positive
response around 300 nm thoughout the middle atmosphere, especially in the stratosphere. A
smaller positive response at 35 — 55km and a smaller negative response at 40 — 60 km are also
shown. These responses partially cancel out with each other, resulting the overall negative

vertical profile of NO> solar-cycle signal in Fig. 6b.

The features of NO2 UV responses in Fig. 7a clearly resemble the responses of its production
rate through reaction 4 (NO + Oz —> NOz + O) in Fig. 7f. The combination of the responses in
NO (Fig. 7b) and Os (Fig. 7d) thus explains the patterns in Fig. 7f as well as Fig. 7a. To further
understand Fig. 7b, the NO responses to UV changes, we need to analyze its source species N2O
and O(*D). When solar UV increases, O(*D) is enhenced via two photolysis reactions 2 and 3: O3
+ hv —» 02 + O(!D) and N2O + hv — Nz + O(*D). The enhanced N0 loss through its direct
photolysis, reaction 3, leads to the strong negative N2O response around 200 nm. The decreasing
effect at lower altitudes is clearly due to the rapidly decreasing UV as light penetrating through
the stratosphere. The much weaker negative N2O response around 300 nm is most likely a result
of the enhanced N2O loss through its reaction with increasing O(*D). This hypothesis is
confirmed by the strong positive O(*D) response (Fig. 7e) and the negative O3 response (Fig. 7d)
at the same wavelengths with very similar patterns. The other positive O(*D) response at shorter
wavelengths (below 240 nm) and above 35 km is due to the enhanced photolysis of O at the
corresponding wavelengths. The negative O(*D) response at below 35 km is a typical result of
the atmospheric shielding effect — The enhanced Os during solar maxima at these wavelengths

(see Fig. 7d) blocks the incoming short-wavelength UV from further penetrating into the lower
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part of the stratosphere. This shielding effect results in less short-wavelength UV available at
below 35 km for O, photolysis and O(*D) production at the corresponding wavelengths. These
combined effects of N2O and O(*D) result in the NO responses to solar UV changes. NO quickly
reacts with Oz in the NOx cycle; updating the equilibrium state with NO2 and Thus the reaction
between NO and O3 determines the changes in NO2. The spectral response of NO> (Fig. 7a) is
therefore very similar to those of the direct NO2 production rate through NO + Oz — NO2 + O3
(Fig. 7f); the latter is close to a direct sum of the spectral responses in NO and Oz (Fig.s 7b and
7d), as expected in the photochemical equilibrium. This analysis decomposes the chemical
machnisms governing the NOx solar-cycle responses, which is very important for understanding

the NO variabilities in more complex 3D models and to identify the impacts from dynamics.

While the 1D model predicts a negative NO: solar-cycle signal throughout the highlighted
altitude region (20 — 60 km) where NO> plays an important role controlling Oz, most NDACC
stations show positive NO2 solar-cycle signals in the observed NO, VCD. In the previous study
by Gruzdev (2014), the comparison between NDACC observations and 2D model results showed

similar discrepancies.

Due to the strong diurnal variability, NO> as well as the solar zenith angle (SZA) change rapidly
during sunrise and sunset when NDACC NO, VCD measurements are carried out. The changes
in the observed NO: solar-cycle signal during the measurement time window have to be
quantified. We did sensitivity studies with the 1D model to investigate the sensitivity of NO>
solar-cycle signals to the time of day. Figure 8 shows the calculated NO> variability between

solar maximum and solar minimum at different times (and thus different SZAs) around sunrise
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and sunset. The resulting vertical profiles are somewhat different in the magnitude. However, the
negative sign remains for all cases. Therefore, the fact that measurements might not be always
carried out at exactly the same SZA could possibly introduce additional uncertainties to the

magnitude of the extracted solar-cycle signal, but will not change the sign of it.

Besides geo-locations (altitude and latitude) and the measurement time, other factors that could
also contribute to the observed signals in Fig. 5 include the distance from major pollution sources
and long-range atmospheric transport. The impacts due to these factors may be examined using

global 3D chemistry-transport models.

As a preliminary investigation, Fig. 9 shows the zonally averaged NO. solar-cycle signals
extracted from the CCMI WACCM-SD model run from 1979 to 2014. In order to investigate the
contribution of NO. variability in each vertical grid to the total VCD NO: variability, we present
the model calculated NO> solar-cycle signal as the corresponding NO2> VCD changes (%) per
100% change in Lyman-a changes at each vertical interval of 1 km. The patterns in different
seasons are shown in the four panels: 9a (December — February), 9b (March — May), 9¢ (June —
August), and 9d (September — November). There is a seasonal difference on top of the vertical
and latitudinal patterns. At mid-Ilatitudes, the NO> solar-cycle signal is generally negative or very
small (in agreement with the 1D model results), except for the thin layer at the bottom of the
middle atmosphere (40 — 100 hPa) where NO> solar-cycle signal has a significant positive value.
This positive NO> solar-cycle signal is especially strong at the tropical region and is generally
stronger in the northern hemisphere than in the southern hemisphere, which leads to an overall

positive NO2 change in the total column at the tropics and some part of the northern mid-latitude.
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This is consistent with the mostly positive solar-cycle signals in NO> VCD data from NDACC
stations in the northern hemisphere and the weak or negative signals in NO2 VCD from stations
in the southern hemisphere. The seasonal difference at these latitudes is not very strong. This
layer of strong positive NOz solar-cycle signal was not predicted in our 1D model or the 2D
model used by Gruzdev (2014). Thus, the positive solar response in the NO. column observed
over the NDACC network is likely a result of the general circulation. The simpler 1D or 2D
models are not adequate to reveal these complex features, resulting in the apparent discrepancies
in NO; solar-cycle variability between NDACC observations and 2D models as reported by

Gruzdev (2014).

At high latitudes where the dynamics of polar vortex and the EPP effects play a crucial role (e.g.
Langematz et al., 2005; Semeniuk et al., 2011), the model results show totally different patterns.
The high-latitude NO> variability is far more complex than at mid- to low-latitudes. The dramatic
seasonal differences and the deep vertical extension of the high-latitude NO. solar-cycle
variability suggest significant impacts of NO intrusions from the mesosphere, especially during
the polar winter (see the North Pole in Fig. 9a and the South Pole in Fig. 9c). Further
investigations with models specialized in polar chemistry and transport (including polar vortex
dynamics and accurate prescription of the solar proton events and energetic electron
precipitation, etc.) are needed to fully understand the high-latitude NO, variability. At mid- to
low-latitudes where the contribution of mesospheric NO. variability is much smaller, the

observed total column NO; variability comes mostly from the stratosphere.

To see how the complex responses in the 3D model may impact the ground-based observations,
we integrate the WACCM-SD NO: concentration from 250 hPa to 0.7 hPa (focus on the

stratospheric variability) and calculate the ratio of % annual mean NO2 change and % Lyman-a
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change over the 11-year solar cycle (shown in Fig. 10 as the blue-solid line). The annual average
corresponds to a robust solar response that is expected if we had a globally dense surface
network. The resultant NO> solar response exhibits a double-well structure: there is a positive
maximum of about 8 % near the Equator due to the thin layer of positive NO> changes in the
lower stratosphere (shown in Fig. 9), and two negative minima of about —3 % in northern and
southern subtropics due to photochemistry. Beyond 60° latitude, the polar dynamics is dominant
and the solar response is strongly positive. To further isolate the photochemical effect at low
latitudes, we calculate the solar response in the upper stratospheric region from 10 hPa to 0.7 hPa
(Fig. 10, pink-dashed line), which is predominantly negative of about —3% below 60° latitude.
The tropical maximum is solely due to the lower stratospheric response, as is shown by the
orange-dashed line in Fig. 10. For comparison, the upper-stratospheric response (pink-dashed
line) agrees with the 2D model simulation used by Gruzdev (2009) (Fig. 10, green-thick line).
We also integrate the NO2 column in our 1D model from 12 km to 50 km. The 1D model result
shows that, without any meridional circulation, the tropical solar response may be slightly more

negative, which is —3.4 % in the diurnal average (Fig. 10, black triangle).

Lastly, we compare the simulated stratospheric NO2 solar-cycle response with the NDACC
observations in Fig. 4. In contrast to Gruzdev’s (2014) linear regression, our EMD-extracted
more positive solar-cycle responses in the northern hemisphere agree better with the WACCM
simulation, thus revealing the influence of EPP-induced NO: in the northern stratosphere.
However, the EMD-extracted solar-cycle responses from 4 stations in the southern hemisphere
are much lower than the WACCM-SD simulation, suggesting that the observed EPP-induced

stratospheric NO> in the southern hemisphere is weaker than expected. To rule out the effect of
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the zonal averaging of the WACCM-SD simulation, we have performed another calculation
using only the time series at model grid points closest to the four stations and verified that the
simulated NO solar-cycle responses at those grid points remain the same as in the zonal
averages. Unfortunately, there is not enough NDACC measurements of NO> column to confirm

the positive response in the tropical region.

The WACCM-SD result discussed above implies that dynamics in the tropical lower stratosphere
and the polar stratosphere is the dominant contributing factor of the positive sign of the
simulated NO- solar-cycle responses. Note that the ground-based measurements of total column
NO: also consists of a significant fraction (=20 % or less, depending on the altitude of the
station) from the tropospheric that could be affected by a number of factors such as urban
sources (less possible due to the remote location of many of the stations) and the tropospheric
circulation. The local NO2 solar responses over the NDACC stations likely contributed to the
more scattered variability in Fig. 4 than the smooth responses predicted by photochemistry and
WACCM-SD. The double-well structure as simulated in WACCM-SD may serve as a critical
test of dynamics impacts that are missing in the 1D or 2D models. Continuous network
measurements and long-term satellite measurements of NO. are crucial for further improving our

ability to understand the coupled effects of atmospheric dynamics and chemistry.

7. Conclusions

The response of NO- to solar UV irradiance changes during the most recent two solar 11-year
cycles was quantified using long-term observations from NDACC stations and compared with

model simulations.
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We use EEMD approach to separate the NO- solar-cycle signal from the variabilities of other
time scales as well as the longer-term trend. A positive correlation between the extracted solar-
cycle mode of NO2 with solar Lyman-a is found for data over nine stations, while a negative
correlation is reported for three stations. The stations with strong or moderate positive NO> solar-
cycle responses are all located in the Northern Hemisphere, leaving the Southern Hemisphere
stations with weak or negative NO- responses. Further correlations with altitude show that the
stations with the highest altitudes and the minimal interference of tropospheric variabilities have
the strongest positive NO> responses to solar cycles. At high latitudes where EPP could play a
significant role in the stratospheric NO variabilities, the extracted solar cycle signals could

include responses due to both solar UV and the EPP.

At low latitude where the EPP-induced NO:> signal is negligible, we use a 1-D photochemical
model to study the direct UV-induced NO: solar-cycle response definitively. The detailed
analysis of the spectral responses of NOx and their precursor spices explains the spectral regions
and the altitude ranges where NOx show positive or negative responses to the soalr UV changes.
Our results suggest that the variability in NO2 and the corresponding NOx—O3 chemistry plays an
important role for Oz at the altitude range of about 20 km to near 60 km, with 40 km being the
center of the peak effect. Since OH variability and the HOx—O3 chemistry is believed to control
O3 variability at the upper middle atmosphere above 40 km, our results suggests that, at the 40 —
60 km region, the combined effects of NOx and HOx likely determine the variability in the Os
catalytic loss. Above 60 km, the chemical loss of Os is likely dominated by HOx chemistry.

Below 40 km, NOx chemistry is more important.
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In contrast to the positive NO- solar-cycle signal over most of the NDACC stations, the signal
predicted by the 1D model is negative throughout the altitude region where NOy is important for
O3, which agrees with the 2D modeling work by Gruzdev (2014), who showed that such a
negative response holds almost globally except the deep polar regions. While the stations are
located at remote areas or far from pollution sources, interferences from tropospheric NO2 cannot
be completely ruled out. The fact that the NDACC stations reveal scattered NO; responses at
similar latitudes also suggests that dynamics may play an important role. Thus, we also
investigate the NO> solar-cycle signal simulated by WACCM-SD. We found hints of a complex
seasonal difference in addition to the vertical and latitudinal patterns. The vertical profile of NO;
solar-cycle response is more complex than in the 1D model. In particular, the WACCM-SD
results reveal a significant positive NO> response at the bottom of the stratosphere at mid- and
low-latitudes. This feature, together with the negative UV-induced NO; response (as shown by
the 1D model results) and the EPP-induced response at high latitudes, creates a unique double-
well structure as a result of the coupled effects of atmospheric dynamics and chemistry.
Continuous network measurements and long-term satellite measurements of NO- are required to

verify the simulated double-well structure.

This work provides new evidence of NO> response to solar cycles to help resolve the long-

standing puzzles in the field.
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Figure 1. EEMD decomposition results for station Issyk-Kul. Left panels are timeseries of NO-
signals [10% cm], with the raw data on the top and decomposed signals below. Right columns
show the corresponding power spectra. For the raw data, the power spectrum is obtained using

the fast Fourier transform (FFT). For the IMFs, the power spectrum is obtained using the
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marginal Hilbert spectrum (MHS). The residual is the longer-term trend on top of the baseline

value. In this case, IMF 5 represents the solar 11-year cycle signal of NO:.
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Figure 2. EEMD decomposition results for station Kerguelen. Left panels are signals, with the
raw data [10 cm™?] on the top and decomposed signals below. Right columns show the
corresponding power spectra. The residual is the longer-term trend on top of the baseline value.

In this case, IMF 5 represents the solar 11-year cycle signal of NO..
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For 100% increase of Solar Lyman-a, NO2 VCD increases by (9.3+/- 0.4) %
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Figure 3. Linear correlation of the extracted NO2 solar-cycle signal (from Figs. 1 and 2) and

Solar Lyman-a changes at station Issyk-Kul (top) and Kerguelen (bottom).
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Figure 5. The altitude and latitude dependence of the NO> sensitivity to solar Lyman-a change.

The scatters are color-coded according to the percentage change in NO2 VCD with 100 %

change in solar Lyman-a. The sizes of the scatters are proportional to the correlation coefficient

[R?] from Table 1.
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Figure 6. Vertical profile of NO. solar-cycle signal in comparison with OH solar-cycle signal
and their implications for Oz from the 1D model. (a) The vertically and spectrally resolved NO-
response (% change in NO») to changes in solar UV irradiance (% change in the photon flux). (b)
Vertical profiles of NO2 solar-cycle signal from the model. (c) The corresponding Oz variability
solely due to the changes in NOz in Panel b. The highlighted altitude region (=20 — 60 km)
shows where NO- solar-cycle changes have significant impacts on Os. Panels d, e, and f are the
same as Panels a, b, and ¢ except that they are for OH instead of NO>. The highlighted altitude
region (=40 — 90 km) shows where OH solar-cycle changes have significant impacts on Os. See

more details in Wang et al. (2013).
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Station

Neumayer
Dumont
Kerguelen
Lauder
Issk-Kul
Jungfraujoch
Aberystwyth
Harestua
Zhigansk
Sodankyla
Kiruna
Scorebysund

Latitude

[°]

-70.62
-66.67
-49.3
-45.04
42.6
46.55
52.4
60.2
66.8
67.37
67.84
70.48

Longitude  Altitude NO:- solar-cycle signal

[°] [mASL]  [% change/100% change in

Lyman-o]
8.37E 42 -0.27
140.0E 20 1.6
70.3E 10 -2.7
169.68W 370 21
77.0E 1650 9.3
7.98E 3580 7.4
4.1W 50 5.3
10.8E 596 2.9
123.4E 50 8.3
26.65E 179 4.6
20.41E 419 -1.1
21.97W 68 59

Table 1. Summary of the 12 stations with significant NO2 solar-cycle signal.

Error

0.02
0.2
0.1
0.2
0.4
0.6
0.4
0.4

0.6
0.1
0.4

RZ

0.58
0.14
0.61
0.38
0.69
0.45
0.42
0.18
0.26
0.18
0.39
0.43

The % response in NO2 VVCD is determined by the slope in the linear correlation between NO-

changes and Lyman-o changes (as shown in Fig. 3). The error bar is determined by the

uncertainty of the linear regression. The correlation coefficient [R?] represents the goodness of

the linear fit.
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