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Abstract Total columns of the trace gases nitric acid (HNO3) and hydrogen chloride (HCl) are sensitive
to variations in the lower stratospheric age of air, a quantity that describes transport time scales in the
stratosphere. Analyses of HNO3 and HCl columns from the Network for the Detection of Atmospheric
Composition Change panning 77°S to 79°N have detected changes in the extratropical stratospheric
transport circulation from 1994 to 2018. The HNO3 and HCl analyses combined with the age of air from a
simulation using the MERRA2 reanalysis show that the Southern Hemisphere lower stratosphere has
become 1 month/decade younger relative to the Northern Hemisphere, largely driven by the Southern
Hemisphere transport circulation. The analyses reveal multiyear anomalies with a 5‐ to 7‐year period driven
by interactions between the circulation and the quasi‐biennial oscillation in tropical winds. This hitherto
unrecognized variability is large relative to hemispheric transport trends and may bias ozone trend
regressions.

Plain Language Summary Our analyses of the 25‐year Network for the Detection of
Atmospheric Composition Change column HNO3 and HCl data records from nine stations provide
observational evidence that air in the Southern Hemisphere lower stratosphere has been getting younger
relative to the Northern Hemisphere at a rate of 1 month/decade since 1994. This stands in contrast to
several model studies that predict that Antarctic ozone hole recovery in this century will increase the
Southern Hemisphere age of air relative to the Northern Hemisphere. The analyses also reveal extratropical
variability with a 5‐ to 7‐year period driven by interactions between the circulation and tropical winds.
This previously unrecognized, low‐frequency variability is much larger than hemispheric transport trends
and is likely to cause bias in trends calculated using data records shorter than about two decades.
Understanding and quantifying changes in the transport circulation matters to our ability to model how our
protective O3 layer will evolve in the future.

1. Introduction

The stratospheric ozone (O3) layer is essential for life on Earth. Ozone‐depleting substances (ODSs) are
decreasing due to the Montreal Protocol and its amendments (MP), while potent greenhouse gases
(GHGs) carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) are increasing. Increasing GHGs
warm the oceans and drive changes in the stratospheric Brewer‐Dobson circulation (BDC) and in the mixing
between the tropics and extratropics. Together, the BDC andmixing drive the transport circulation that con-
trols the distributions of ozone and long‐lived trace gases such as N2O and the chlorofluorocarbons (CFCs)
(Butchart et al., 2010; Eyring et al., 2007; Oman et al., 2010).

Changes in the stratospheric transport circulation will have far‐reaching impacts. The transit time of ODSs
to their loss region in the middle and upper stratosphere (Waugh & Hall, 2002) and ODS removal rates
through mass exchange with the troposphere (Butchart & Scaife, 2001) are both affected by the transport
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circulation. These processes impact ODS lifetimes and the recovery rate of stratospheric ozone. Changes in
the stratospheric mass flux of O3 and long‐lived gases into the troposphere will affect chemistry, climate, and
surface radiation (Butchart, 2014; Hegglin & Shepherd, 2009; Karpechko & Maycock, 2019). Notably, the
persistent influence of stratospheric transport variability on atmospheric composition at the surface was
recently identified (Ray et al., 2020). Ray et al. (2020) found that this source of variability must be accounted
for in order to correctly estimate ODS emission fluxes, which impacts our ability to accurately assess
compliance with the MP (Montzka et al., 2018).

The stratospheric transport circulation can be diagnosed by the age of air (AoA), which is defined as the
mean transit time from the Earth's surface to a point in the stratosphere (Waugh & Hall, 2002). Most chem-
istry climate models (CCMs) predict that the response to increasing GHGs will be cooler stratospheric tem-
peratures, decreased AoA, and an accelerated circulation (Butchart et al., 2010; Oman et al., 2010). Oman
et al. (2009) used a suite of CCM simulations to isolate factors affecting AoA and found that increasing
sea surface temperatures driven by GHG increases, O3 depletion and recovery, and the direct radiative effect
of GHGs all play a role, but their relative impacts depend on the time period and hemisphere. Recent CCM
studies predict that ozone hole recovery this century will counter the impact of GHG increase in the
Southern Hemisphere (SH) by causing its AoA to decrease much less than that in the Northern
Hemisphere (NH) and decelerate its circulation after 2000 (Abalos et al., 2019; Polvani et al., 2018).
Satellite temperature data provide mixed evidence for the predicted circulation change and cannot directly
address changes in AoA. Fu et al. (2015) derived an increase in tropical upwelling from temperature trends,
indicating that global circulation strengthened (accelerated) from 1980 to 2009, particularly in the SH, which
could decrease AoA. However, a later analysis of temperature data from 2000 to 2018 concluded that the
global circulation decelerated, with most of the change in the SH (Fu et al., 2019).

AoA trends have been addressed using observations of long‐lived trace gases with a known surface trend
(Andrews et al., 2001; Engel et al., 2009 & 2017; Schoeberl et al., 2005; Waugh & Hall, 2002). Engel
et al. (2017) analyzed 32 CO2 and SF6 vertical profiles from 1975 to 2016 and found no significant AoA trend
in the northernmidlatitude lower andmiddle stratosphere between 24 and 35 km, but the sparseness of sam-
pling may have precluded any trend detection (Garcia et al., 2011; Waugh, 2009). Analysis of ground‐based
and satellite measurements of another long‐lived trace gas, HCl, supported by a model simulation showed
that for a short period, 2007 to 2011, dynamical variability caused AoA and HCl to increase in the NH lower
stratosphere (LS), while the opposite occurred in the SH (Mahieu et al., 2014). This suggests that separating a
long‐term transport trend forced by climate change from short‐term dynamical variability requires multide-
cadal data records.

HNO3 and HCl are produced from destruction of their long‐lived tropospheric sources, N2O and chlorine‐
containing halocarbons (e.g., the CFCs) mainly above ~30‐km altitude; below that, their distributions are
controlled primarily by transport. The columns are most sensitive to the LS transport circulation below
~22 km where more than 70% of their mass resides; see Figure S1 in the supporting information. They are
highly correlated with AoA, as well as with N2O, and each has been used to detect variations in the transport
circulation (Douglass et al., 2017; Schoeberl et al., 2005; Strahan et al., 2011; Waugh & Hall, 2002). Fourier
transform infrared (FTIR) spectrometers that are part of the Network for the Detection of Atmospheric
Composition Change (NDACC, http://www.ndacc.org) measure total columns of HNO3 and HCl at more
than 20 stations around the world (De Mazière et al., 2018). To investigate possible multidecadal transport
trends, we analyze annual mean anomalies in total column HNO3 and HCl from all nine extratropical sites
that have nearly continuous records of 20 or more years. Because the trace gas column anomalies are highly
correlated with LS AoA, we use them as proxies for changes in LS transport. We show that HNO3 and HCl
anomaly trends each provide evidence that the SH transport circulation is getting younger relative to the
NH and that most of the change occurs in the SH. In each hemisphere, the trace gas records show multiyear
width anomalies with 5‐ to 7‐year periodicity whose amplitude is large relative to the long‐term trend, illus-
trating a major challenge for identifying long‐term changes in the transport circulation.

2. Methods, Observations, and Models

The distributions of long‐lived trace gases and AoA in the LS are controlled by the combined effects of the
BDC and quasi‐horizontal mixing across the subtropics, i.e., the transport circulation (Butchart, 2014).
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The AoA used in this study is calculated with a clock tracer in the Global Modeling Initiative (GMI)
chemistry transport model (CTM) integrated with the MERRA2 reanalysis (Gelaro et al., 2017; Strahan
et al., 2013). The clock tracer is set to zero at the surface and then ages 1 day per simulated day as it
moves through the atmosphere. The correlations between the GMI AoA on model pressure levels and
GMI HNO3 and HCl column anomalies in the extratropics are >0.6 from ~30 to 90 hPa, where the
highest trace gas number densities are located, with a maximum of 0.9 at the 52‐hPa level. See supporting
information Figures S1 and S2a.

To examine long‐term transport trends, we calculate annual mean HNO3 and HCl column amounts with
measurements from six NH stations 28–79°N and three SH stations 34–77°S over the period 1994–2018.
FTIR measurements require daylight, and stations poleward of 60° have few or no measurements during
winter. For these stations we calculate annual means from late spring through midfall to exclude air that
may have been perturbed by heterogeneous chemistry. The supporting information describes the NDACC
FTIR measurement network and retrieval methods, the FTIR data sets, and the details of analysis methods.
We use the spatial and temporal variability of MERRA2 meteorology manifested in the GMI CTM simula-
tion to extrapolate NDACC FTIR column measurements into zonal and temporal means that reflect all days
in a season. This gap‐filling method is unaffected by bias in the GMI‐simulated column amounts because
only the simulated variability, not a column amount, contributes to the extrapolation. This method is helpful
when a station is unable tomake frequent measurements (i.e., fewer than fivemeasurements per month), for
example, due to poor weather or instrument problems. This method and its evaluation are described in the
supporting information.

The mean downward motion of the BDC outside the tropics causes HNO3 and HCl columns to increase with
latitude. To compare trends at different latitudes, we normalize each station's record by its long‐term mean
and then compute annual anomaly percentages. The quasi‐biennial oscillation (QBO) is the largest source of
variability in the extratropics after the annual cycle, and its variability is mostly but not entirely biennial
(Baldwin et al., 2001). In order to identify trends and variability with time scales longer than a QBO cycle,
we apply a 3‐point binomial (low‐pass) filter to the data. The resulting anomaly time series for all stations
are shown in Figure 1 along with hemispheric averages. The HNO3 and HCl anomaly trends seen in
Figure 1 include trends from their tropospheric source gases, N2O and various chlorocarbons; source gas

(a) (b)

(c) (d)

Figure 1. NDACC FTIR annual mean total column anomalies as a percent of each site's long‐term mean, 1994–2018,
for (a) HNO3 from five NH sites, (b) HNO3 from three SH sites, (c) HCl from six NH sites, and (d) HCl from three
SH sites. Hemispheric means are shown in black.
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trends will be accounted for later in the analysis of interhemispheric (IH) transport trends. Although there
are some outliers, for each species the variability and trends of the anomaly records from all stations within
each hemisphere show remarkable similarity.

We also perform the same analysis with midlatitude (36‐60°) HNO3 and HCl stratospheric columns for
2005–2018 from the AuraMicrowave Limb Sounder (MLS) (Livesey et al., 2018) and with total columns from
the GMI simulation. We restrict the GMI CTM comparison to 2000–2018 because of unphysical trends in the
MERRA2 transport circulation in the 1990s (Douglass et al., 2017). The low‐pass filtered annual mean
anomalies for MLS and the GMI CTM show the same variability and trends as the NDACC analysis
(Figure 2). The MLS anomalies are calculated using measurements with near‐global daily coverage. The
close similarity between the MLS and NDACC results demonstrates that measurements from the nine sites
are sufficient to represent changes in the extratropical transport circulation. The NDACC FTIR measure-
ments provide the longest continuous data sets for long‐lived stratospheric trace gases, making this network
uniquely important for detecting stratospheric transport change.

3. Transport Trends and Variability
3.1. Asymmetry of Southern and Northern Hemisphere Transport Trends

To identify transport circulation change, the contributions from trends in tropospheric source gases, N2O
and various chlorocarbons for HNO3 and HCl, must be accounted for in the anomaly time series
(Figure 1). Source gases enter the stratosphere primarily through the tropical tropopause, and a model simu-
lation confirms that tropospheric trends affect both hemispheres of the stratosphere equally (see supporting
information). The impact of source gas trends is eliminated by differencing the SH and NH anomaly time
series for each species. The IH anomaly differences, SH − NH, for HNO3 and HCl have a correlation coeffi-
cient (r) of 0.92 and show a clear downward trend in Figure 3. MLSHNO3 andHCl IH anomalies (blue) show
similar trends and variability over the period 2005–2018. The IH difference in theMERRA2midlatitude AoA
(red) closely follows both NDACC anomaly records (black) and indicates that the SH AoA is getting younger

(a) (b)

(c) (d)

Figure 2. Hemispheric annual mean percentage anomalies from NDACC FTIR measurements (black), MLS satellite
data (blue), and the GMI model (red) for (a) NH HNO3, (b) SH HNO3, (c) NH HCl, and (d) SH HCl. MLS and GMI
results are an average over 36‐60°. MLS stratospheric columns are 215–0.1 hPa for HNO3 and 100–0.1 hPa for HCl; GMI
results are total columns. All anomalies are calculated with respect to each data set's full length (25 years for NDACC,
14 years for MLS, and 19 years for GMI). MLS anomaly time series are offset between −2 and +1 (%) relative to the FTIR
time series for ease of comparison. All three records have different long‐term means because they have different lengths.
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relative to the NH. Table 1 reports statistically significant negative trends
from a linear fit of the IH differences of the HNO3 and HCl time series,
1994–2018.

To express the trace gas trends in terms of an LS transport trend, we per-
form a linear fit of the IH AoA differences at 52 hPa to HNO3 and to HCl
IH anomaly time series; see correlations and fits in supporting informa-
tion Figure S2b. Applying the fitted slopes and their standard deviations
to the fitted trace gas trends, we find the NDACC HNO3 IH trend corre-
sponds to an IH AoA trend of −0.87 (0.58) month/decade and the
NDACC HCl IH trend represents an AoA trend of −1.03 (0.64) month/
decade (2 standard deviations in parentheses). The two long‐lived column
measurements show the same IH transport trend to within their uncer-
tainties. Supporting information Figure S2 shows that AoA/anomaly cor-
relations are >0.8 between 70 and 30 hPa, suggesting that the IH trace gas
trends are responding to transport changes in the deep branch of the BDC
(i.e., above 70 hPa) (Konopka et al., 2015, and references therein).

Recent studies have found a wide range of climatological AoA values and
trends over decadal time scales in different meteorological reanalyses
(Chabrillat et al., 2018), so how does usingMERRA2 AoA affect the trans-
port trends calculated here? Investigating three reanalyses (MERRA2,
ERA‐I, and JRA), Ploeger et al. (2019) found robust similarities between
seasonal transport and AoA variations, and all showed mainly decreasing
AoA from 1989 to 2015. Both studies found that AoA is older in MERRA2
than in the ERA‐I or JRA reanalyses, and Ploeger et al. (2019) diagnosed
the cause as increased recirculation in the MERRA2 tropical LS, i.e.,
aging by mixing. They also showed that the fraction of young air in the
LS below 500 K (40–50 hPa) was increasing in all three reanalyses
although the hemispheric symmetry of the increase differed among them;
this will lead to hemispheric differences in their AoA trends. Indeed,
Chabrillat et al. (2018) showed differences between NH and SH midlati-
tude LS AoA trends in five reanalyses during the period analyzed here,
suggesting the choice of reanalysis will affect the AoA trends derived

from the observed column anomalies. Figures from both studies show that ERA‐I and MERRA2 have SH
LS midlatitude AoA trending younger relative to the NH. While we find that MERRA2 transport in the
GMI CTM does not reproduce the observed trace gas anomaly slopes (i.e., long‐term trends) in either hemi-
sphere, we find that it does reproduce the slope and variability of the IH anomaly differences (compare
orange and black lines in Figure 3). This close agreement demonstrates that MERRA2 provides reliable
information on hemispheric differences in transport and AoA trends, and in their variability between
2000 and 2018.

Trace gas trends for each hemisphere can only be determined after accounting for tropospheric trends in the
source gases for HNO3 andHCl. Accounting for N2O growth is straightforward because surface mixing ratios
have increased at a fairly steady rate of about 0.27%/year for decades (Elkins &Dutton, 2009). Accounting for
chlorine decline is more complex because organic chlorine‐containing source gases have different lifetimes

(a)

(b)

Figure 3. NDACC (black), MLS (blue), and GMI (orange) interhemispheric
difference (Southern Hemisphere − Northern Hemisphere) for (a) HNO3
and (b) HCl anomaly time series. The IH difference of GMI CTM age of air
at 52 hPa (red) is plotted in each panel (see the right axis). The dashed line
shows the linear trend for the NDACC anomalies. The trends and their
uncertainties are reported in Table 1.

Table 1
Trace Gas Anomaly and AoA Trends in the Extratropical Lower Stratosphere for the Period 1994–2018

Region HNO3 (%/year) HCl (%/year) AoA from HNO3 (month/decade) AoA from HCl (month/decade)

Interhemispheric difference (SH − NH) −0.37 (0.24) −0.35 (0.20) −0.87 (0.58) −1.03 (0.64)
Southern Hemisphere −0.28 (0.24) −0.24 (0.16) −0.66 (0.58) −0.70 (0.49)
Northern Hemisphere 0.08 (0.16) 0.10 (0.22) +0.19 (0.38) +0.29 (0.64)

Note. Two standard deviations are shown in parentheses. Northern and Southern Hemisphere trends are adjusted to account for source gas trends (see the sup-
porting information). Statistically significant AoA trends are in bold.
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and are therefore being removed from the atmosphere at different rates; see the supporting information for
details. Using the trace gas anomaly/age relationship determined from the IH analysis above, and after
accounting for source gas trends, we find small positive but insignificant trends for HNO3 and HCl in the
NH that represent AoA trends of +0.19 (0.38) and +0.29 (0.64) month/decade, respectively (Figure S4).
The SH trends are larger, negative, and significant, corresponding to AoA trends of −0.66 (0.58) and
−0.70 (0.49) month/decade for HNO3 and HCl, respectively. There are two indications that the source gas
accounting methods were reasonable: the close agreement between (1) HNO3 and HCl hemispheric age
trends in each hemisphere and (2) the IH trend calculated from the hemispheric trends
(−0.66 − 0.19 ¼ −0.85 for HNO3 and −0.70 − 0.29 ¼ −0.99 for HCl) and the IH trends determined without
applying source gas adjustments (−0.87 and −1.03, top row of Table 1). However, the uncertainties in the
individual hemispheric trends are higher than those in the IH difference trends, which may come from
the approximate nature of the source gas accounting. Together, the HNO3 and HCl trend results in
Table 1 show that the SH is getting younger relative to the NH by about 1 month/decade and that this is
largely driven by changes in the SH transport circulation.

3.2. Periodic Variability and Trend Detection

A striking feature of the NDACC, MLS, and GMI records in Figure 2 is the ~5‐ to 7‐year period variability
with a width of several years whose amplitude is large relative to the long‐term trend. The results of several
recent studies suggest that this variability is driven not by the QBO directly but by interactions between the
BDC annual cycle and the QBO (Ploeger & Birner, 2016; Strahan et al., 2014, 2015). The descending tropical
wind regimes of the QBO drive a meridional circulation that creates extratropical composition anomalies
during winter and spring that persist until the following winter (Gray & Russell, 1999; Randel &
Newman, 1998); circulation and mixing are weak during summer (Orsolini, 2001). Using a CTM simulation
integrated with reanalysis meteorology, Ploeger and Birner (2016) showed that the QBO easterly phase at
~22 km (~40 hPa) in the LS shifts the midlatitude AoA spectrum to younger ages. The mean downward
motion of the BDC in the extratropics followed by recirculation of the young AoA anomalies back into
the tropics allows them to ascend and circulate poleward again. This transport “loop” allows extratropical
anomalies to persist 2–3 years, a period that would be present in our analysis after low‐pass filtering and con-
sistent with the width of the anomaly peaks and troughs. Strahan et al. (2014) found observational evidence
for this pathway in MLS N2O anomalies that they linked to AoA variations in the SH midlatitudes. In a sub-
sequent study, they showed that positive N2O anomalies (i.e., younger air) were created during QBO easterly
phases that occurred during SHwinter (Strahan et al., 2015). Furthermore, these studies identified the occur-
rence of three QBO easterly phases during SH winter in a 4‐year period that created large positive N2O
anomalies in the midlatitudes from 2010 to 2013. This broad positive feature and the large negative N2O
anomalies in 2005 and 2014 (Figure 4a of Strahan et al., 2015) anti‐correlate with the SH HNO3 anomaly
structure in Figure 2b. Why this interaction occurs with a 5‐ to 7‐year period is unknown but may be related
to the frequency with which the QBO easterly phase descends to a particular altitude and the timing relative
to the BDC annual cycle.

The observed large‐amplitude, low‐frequency variability raises two important issues regarding stratospheric
trend detection. The first issue is data record length. MLS data span only two cycles of this variability; thus,
its trends depend strongly on the end points. The longer NDACC records show that this is indeed a problem
for MLS, as the first full year of measurements, 2005, has the largest positive IH anomaly in the MLS and
NDACC records (Figure 3) and will be present but not accounted for in 2005–2018 trends. Other trend stu-
dies using shorter satellite data records report hemispheric asymmetry in circulation and AoA trends, e.g.,
Stiller et al. (2017) and Han et al. (2019), but examination of Figures 2, 3, and S4 places their trends into
the context of the longer NDACC record. For example, Figure 3 reveals that the dramatic decrease (increase)
in SH (NH) AoA from 2005 to 2012 reported by Stiller et al. (2017) (1) is part of a much longer record of oscil-
lating hemispheric transport strength and (2) coincidentally begins on the peak of a large positive anomaly
(2005) and ends near a negative one (2011), which is the largest IH AoA oscillation of the 25‐year record.
Trends calculated using variable‐length NDACC data sets show the fitted IH trend approaches −0.3% to
−0.4% per year (−0.7 to −1.1 months per decade) when 21 or more years of data are used, which is roughly
four periods of the variability. As the data record length increases, future trend calculations may differ due to
periodic variability with time scales greater than those we can detect today.
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The second issue with low‐frequency variations in data records is the accurate regression of variability. In
spite of declining ODS levels, Ball et al. (2018) found negative O3 trends in the NH LS where O3 has a long
lifetime and is controlled by transport. Analytical methods using indices of tropical wind speed and direction
to remove QBO variability from trace gas records, e.g., Ball et al. (2018) and Stiller et al. (2012), cannot
regress information on periodic variability that has a time scale greater than the longest QBO period
(~3 years). But the anomalies shown here and the results from studies noted in section 3.2 indicate that
the QBO's interaction with the BDC annual cycle leaves multiyear imprints on midlatitude trace gases.
This suggests that standard methods for regressing QBO variability are inadequate for removing the full
impact of the QBO on trace gases, which will confound the calculated trend.

4. Conclusions

Understanding the change in the transport circulation, rather than the BDC, is more directly relevant to pro-
jecting how O3 will evolve in the future. The transport circulation directly controls not only the distribution
of LS O3 but also that of key trace gas families inorganic chlorine and odd nitrogen (Cly and NOy) that pro-
duce the radicals that control O3 at all altitudes of the global stratosphere. Our analysis of the 25‐year
NDACC data records from nine stations provides observational evidence that the southern extratropical
LS has been getting younger relative to the NH at a mean rate of 1 month/decade since 1994, with most
of the change originating in the SH (~0.7 month/decade). Like Engel et al. (2017), we find a positive but
insignificant trend in the NH AoA. The AoA is determined by the BDC and subtropical mixing, so the
decrease in SH AoA could mean either increased mixing or increased (accelerated) circulation, or both.
The HNO3 and HCl columns are most sensitive to transport circulation changes at 70 hPa and above, sug-
gesting that the deep branch of the BDC and mixing are affected. The previously noted model studies have
predicted that Antarctic ozone hole recovery will slow the GHG‐driven decrease in the SH AoA relative to
the NH; however, long‐lived trace observations show the opposite trend, suggesting that at present, O3 recov-
ery may not be the dominant influence on the SH transport circulation. Explanation of the observed AoA
trends awaits further model investigation and evaluation.

The close similarity between the annual mean anomalies calculated from the NDACC data records and
those calculated fromMLS observations, which are made daily with near‐global coverage, demonstrates that
temporally sparse measurements from a ground‐based network with a handful of stations in each hemi-
sphere are sufficient to capture changes in the extratropical transport circulation. The continued existence
of the NDACC FTIR network is vitally important for the detection of stratospheric climate change.
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