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Interannual fluctuations in the seasonal cycle of nitrous oxide
and chlorofluorocarbons due to the Brewer-Dobson circulation
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[11 The tropospheric seasonal cycles of N,O, CFC-11 (CCI3F), and CFC-12 (CCL,F,) are
influenced by atmospheric dynamics. The interannually varying summertime minima in mole
fractions of these trace gases have been attributed to interannual variations in mixing of
stratospheric air (depleted in CFCs and N,O) with tropospheric air with a few months lag. The
amount of wave activity that drives the stratospheric circulation and influences the winter
stratospheric jet and subsequent mass transport across the tropopause appears to be the
primary cause of this interannual variability. We relate the observed seasonal minima of
species at three Northern Hemisphere sites (Mace Head, Ireland; Trinidad Head, U.S.; and
Barrow, Alaska) with the behavior of the winter stratospheric jet. As a result, a good
correlation is obtained between zonal winds in winter at 10 hPa, 58°N—68°N, and the
detrended seasonal minima in the stratosphere-influenced tracers. For these three tracers,
individual Pearson correlation coefficients () between 0.51 and 0.71 were found, with overall
correlations of between 0.67 and 0.77 when “composite species” were considered. Finally, we
note that the long-term observations of CFCs and N,O in the troposphere provide an
independent monitoring method complementary to satellite data. Furthermore, they could
provide a useful observational measure of the strength of stratosphere-troposphere exchange
and, thus, could be used to monitor any long-term trend in the Brewer-Dobson circulation
which is predicted by climate models to increase over the coming decades.

Citation: Simmonds, P. G, et al. (2013), Interannual fluctuations in the seasonal cycle of nitrous oxide and
chlorofluorocarbons due to the Brewer-Dobson circulation, J. Geophys. Res. Atmos., 118, 10,694-10,706, doi:10.1002/jgrd.50832.

1. Introduction

[2] The seasonal cycles of long-lived trace gases, such as
nitrous oxide (N,O) and various chlorofluorocarbons (CFCs),
are significantly influenced by dynamical transport processes
[Liang et al., 2008; Douglass et al., 2008; Ishijima et al., 2010;
Nevison et al., 2011], particularly stratospheric-tropospheric
exchange (STE), which is considered here to include both
stratosphere-troposphere transport and troposphere-stratosphere
transport [Bourqui, 2004]. For these trace gases which are
destroyed primarily in the stratosphere (henceforth referred
to as stratospheric tracers), the depth of the observed annually
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varying summertime minima has been attributed to the trans-
port and mixing of stratospheric air, depleted in these tracers,
with tropospheric air with a lag time of 3—4 months [Liao
et al., 2004; Nevison et al., 2004, 2007, 2011; Jiang et al.,
2007]. In addition to the STE influence, there is a contribu-
tion to the seasonal cycle of N,O arising from its seasonally
varying surface sources [Nevison et al., 2007, 2011; Huang
et al., 2008]. The complex seasonal cycle in the Southern
Hemisphere is more difficult to reconcile with seasonal varia-
tions in surface sources and stratospheric intrusions as there
are larger modeling uncertainties there [Prinn et al., 2000;
Liao et al., 2004; Huang et al., 2008; Nevison et al., 2011].

[3] By mass conservation, the wintertime descent of stra-
tospheric air in the extratropics, due to the Brewer-Dobson
circulation (BDC), is balanced by the upward transport
of tropospheric air in the tropics in a ~40° latitudinal belt
(20°S-20°N) [Wernli and Bourqui, 2002]. The maximum
STE occurs in late winter/early spring, primarily in the
midlatitudes (30°-70°N) and accounts for 67-81% of the
annual input of air of stratospheric origin into the Northern
Hemisphere (NH) extratropical troposphere [Liang et al.,
2009]. Given the strong gradient in stratospheric tracers
between air entering and leaving the stratosphere, depletion
of such tracers is sensitive to the amount of stratosphere-
troposphere transport.
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[4] The BDC is driven by vertically propagating Rossby
and gravity waves in the stratosphere and the lower meso-
sphere at heights between 15 and 60 km. The breaking of
these waves drive a net zonal westward force on the atmo-
sphere at the height of the wave breaking, a deceleration of
the dominant eastward winds at that level, and the meridional
circulation. This deceleration of the jet drives the meridional
circulation in the stratosphere and, hence, high-latitude con-
vergence and the descent of stratospheric air into the tropo-
sphere. The Rossby wave activity varies from year to year,
with years when the breaking is stronger causing greater decel-
eration of the jet, more vertical transport, and, consequently, a
greater degree of STE. Various model simulations of the
impact of increasing greenhouse gases on climate predict
strengthening of the BDC, which, in turn, suggests an increase
in the transport of stratospheric air into the troposphere
[Butchart and Scaife, 2001; Butchart et al., 2006; Garcia
and Randel, 2008, and references therein; Liang et al., 2008].

[s] Nevison et al. [2011] reported a strong anticorrelation
between the residuals derived from the detrended monthly
means of N,O and the mean polar (60°-90°) lower strato-
spheric (100 hPa) temperature in winter/spring in both hemi-
spheres. The stratospheric temperature was serving as a
proxy for STE in their study. The amount of wave activity
driving the stratospheric jet behavior and, subsequently, the
mass transport across the tropopause was thus reported to
be the primary cause of interannual variability in tropo-
spheric N,O, CFC-11, and CFC-12 mixing ratios.

[6] Insection 2 of this paper, we describe the methods used
for tracer species measurements and analysis. Section 3
describes the meteorological analysis. We confirm in section
4 that the observed variations in tracer mixing ratios are in
approximate quantitative agreement with the values expected
from year-to-year fluctuations in STE. Results and discussion
in section 5 explore the relationship between the magnitude
of the summertime minima of N,O, CFC-11, and CFC-12
mixing ratios at the surface and the variation of the STE. In
section 5.3, we provide a limited examination of aircraft
measurements of tracer vertical profiles [NOAA’s Carbon
Cycle and Greenhouse Gas Group’s (CCGQG) Aircraft pro-
gram; www.esrl.noaa.gov/gmd/ccgg/aircraft/] to establish if
there is a link between STE and the lowermost troposphere. In
section 6, we briefly examine other modes of atmospheric
circulation that might be expected to influence the seasonality
of stratospheric tracers, and the conclusions are in section 7. In
section 8, we propose potential applications of our results.

[7] Finally, from the Mace Head Atmospheric Research
Station (MHD), we propose a “composite” (mean of N,O,
CFC-11, and CFC-12) tracer value whose seasonal variation
can be used as a good proxy measure of the strength of STE
and, hence, the Brewer-Dobson circulation.

2. Methods (Measurements and Analysis)

2.1. Mace Head, Ireland (53.3°N, 9.9°W)

[s] MHD is located in Connemara, Co. Galway, on the
Atlantic Ocean coastline of Ireland and is operated as part
of the Advanced Global Atmospheric Gases Experiment
(AGAGE), a network of globally distributed observing sites.
MHD offers a “clean” sector from 180° to 300° (~S through
WNW) not affected by recent emissions. Meteorological
records show that on average, over 70% of the air masses

arrive at the site in the clean air sector. Air is sampled at a
height of 14 m above sea level from a tower situated 90 m
from the shoreline and 50 m from high water. The area
around MHD is generally wet and boggy with exposed rock.
The soil type is peat with a depth that varies from a few cen-
timeters on hill slopes to a few meters on flatter grounds.
There are few trees, with the vegetation consisting mainly
of grasses, sedges, ferns, rushes, gorse, and heathers (http://
macehead.org).

[9] N,O, CFC-11, and CFC-12 measurements are recorded
every 20 min using an automated custom-built gas chromato-
graph coupled with twin electron capture detectors with a
standard calibration and ambient air analysis alternated 36
times throughout each day. By averaging the two bracketing
calibrations, this provides a calibrated measurement every
40 min. Data were selected from 1995 to 2010 to coincide
with the introduction of improved higher-precision instru-
mentation, particularly for N,O, as part of the transition from
Global Atmospheric Gases Experiment to AGAGE [Prinn
et al., 2000]. All AGAGE data are reported on the Scripps
Institution of Oceanography 2005 calibration scale.

2.2. Trinidad Head, U.S. (40°N, 124.2°E)

[10] We examine CFC-11 and CFC-12 baseline-selected
observations recorded at Trinidad Head (THD) located on
the west coast of California, which is also part of the
AGAGE network and employs the same instrumentation
and calibration methodology as MHD. Although we include
observations of N,O, we note that the seasonal cycle of N,O
at THD is sometimes influenced by summertime coastal up-
welling [Lueker et al., 2003].

2.3. Point Barrow, Alaska (71.3°N, 156.6°W)

[11] Point Barrow (BRW) is one of the observing sites of
the National Oceanic and Atmospheric Administration/Earth
System Research Laboratory/Global Monitoring Division
(NOAA/ESRL/GMD:; http://www.esrl.noaa.gov/gmd) and re-
cords CFC and N,O mixing ratios through in situ measure-
ments, typically once an hour, using the Chromatograph for
Atmospheric Trace Species (CATS) [Hall et al., 2007]. Data
for these species are also collected every ~1-2 weeks as part
of a flask sampling program (NOAA/HATS). Flask and in situ
data, where available, are combined into a single data set re-
ferred to as “NOAA/HATS Combined”. In this investigation,
we explore both NOAA in situ CATS and NOAA/HATS
Combined (HATS), which are statistically filtered to remove
pollution events [Hall et al., 2011]. The current calibration
scales are CFC-11 (NOAA-1993), CFC-12 (NOAA-2008),
and N,O (NOAA-2006A; http://www.esrl.noaa.gov/gmd/ccl/
n2o scale.html). The ratio of NOAA/AGAGE for N,O is
0.9999+0.0010 with slight time dependence; for CFC-12, the
ratio is 0.9966+0.0011 with good consistency. For CFC-11,
the ratio is time dependent (2002—2012, standard deviation is
0.3-0.4%); however, it is not necessary to adjust the numbers
to a common calibration scale when analyzing seasonal varia-
tions relative to the long-term trend at the same site.

2.4. Baseline Mass Mixing Ratios

[12] The MHD monthly mean baseline mixing ratios of
N,O, CFC-11, and CFC-12 are calculated from the long-term
observational record of trace gas measurements. Baseline
mixing ratios are defined here as those that have not been
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influenced by significant anthropogenic or local emissions
within the past 30 days of travel to MHD, i.e., those that
are well mixed and are representative of the midlatitude
Northern Hemisphere background concentrations. Baseline
mixing ratios are calculated for each hour by interpolating,
using a quadratic best fit function, within a moving time
window from all measurements recorded when the air is
classified as “baseline”. Points are defined as baseline or
not, through the use of air history maps calculated using the
Numerical Atmospheric dispersion Modeling Environment
model. The process selects only those measurements that
have a small local footprint (the contribution from the nine
grid cells centered on MHD is low), a minimal contribution
from populated areas, and a minimal contribution from south-
erly latitudes. Using MHD N,O observations, the method
defines ~47% of them as baseline, significantly less than what
might be expected from the clean air sector due to the removal
of local and southerly influences. Full details of the method for
calculating atmospheric baselines from remote surface sites
are described in Manning et al. [2011].

[13] Work has been undertaken to understand the uncer-
tainty in estimating the baseline trends, growth rates, and sea-
sonal cycles. Working with the estimated hourly baseline
values, the time series is split into two separate components,
namely, a long-term trend and a seasonal variability compo-
nent. Three different methods have been explored in order to
define the long-term and seasonal variability components and
enable an estimation of the uncertainty.

2.4.1. Method 1 (KZ-1year)

[14] A Kolmogorov-Zurbenko (KZ) [Rao and Zurbenko,
1994] filter involves a number of iterations of a moving
average of a given time duration and is ideally suited to this
type of problem. For this application, the length of the
moving average window was set to 1 year, and for Method 1,
the number of iterations was set to 1. With these parameters,
Method 1 is a simple 12 month running average approxi-
mately removing wavelengths smaller than 1 year. At each
hour in the time series, the 12 month average of the baseline
mass mixing ratios centered on this hour is calculated. This
is the long-term trend component; subtracting this from
the actual hourly baseline estimate at this time gives the
seasonal variability.

2.4.2. Method 2 (KZ-2year)

[15] The KZ filter was used again, but for this method, the
number of iterations was set to 4, i.e., a 12 month moving
average was applied to the data 4 times, thereby approxi-
mately removing periods smaller than 2 years.

2.4.3. Method 3 (3yr-quadratic)

[16] Ateach hour, calculate the 12 month average centered
on this hour (y,). For the 3 year period centered on this hour,
calculate the quadratic line using the standard value decom-
position that best fits y, data. This is the long-term trend
component; subtracting this from the actual hourly baseline
estimate at this time gives the seasonal variability.

2.5. Analysis of Vertical Profile Measurements

[17] We next examine if vertical profile measurements of
N,O and CFC-11 can provide a connection between STE
and the lowermost troposphere. Selected vertical profiles
for the tracer species were obtained from the small aircraft
sampling program of the CCGG group of NOAA/ESRL
(http://www.esrl.noaa.gov/gmd) for the following sites: ETL

(East Trout lake, Saskatchewan, Canada, 54.4°N, 105.0°W),
a remote site in the same midlatitude band of the NH as
MHD, and ULB (Ulaanbaatar, Mongolia, 47.4°N, 106°E),
with limited data from 2006 to 2008 due to funding con-
straints to compare with previously recorded vertical profiles
[Ishijima et al., 2010] from a site in Surgut, West Siberia,
Russia (61.3°N, 73.4°E). Vertical profiles recorded at THD
were quite sparse in some years, with significant gaps due to
the removal of contaminated data; however, we did examine
N,O vertical profiles to observe the potential interference by
local sources, especially in summertime during periods of
strong coastal upwelling [Lueker et al., 2003].

[18] Monthly averages (one to six profiles per month) were
calculated from the vertical profile observations and binned
into 1000 m altitude bands (0—1 km, 1-2 km, etc.); however,
due to limited data at the higher altitudes, we averaged values
for the highest 2 km band. Since there are no in situ mea-
surements at either ETL or ULB, we subtracted the THD
NOAA/HATS Combined monthly means from the ETL
average monthly vertical profiles and MHD NOAA/HATS
Combined monthly means from the ULB average monthly
vertical profiles, as proxies for the absence of in situ measure-
ments at these sites. These mixing ratio vertical profile anom-
alies were then compiled into bimonthly summaries and
plotted against the individual altitude levels. We accept that
the sites selected provide only limited spatial sampling; how-
ever, for many other sites, vertical profiles were quite sparse,
often with large uncertainties. The detailed analysis of more
sites and the absence of in situ observations at any specific
site would not have contributed significantly more informa-
tion and was beyond the scope of this investigation.

[19] We also note that evidence for a Jet-STE-surface link
might be possible from satellite data. Recently published
CFC-11 and CFC-12 profiles from analysis of data from the
Michelson Interferometer for Passive Atmospheric Sounding-
Envisat have indicated clear evidence of transport from
the stratosphere to the troposphere [Kellmann et al., 2012].
Interestingly, the authors noted that CFC trends in the strato-
sphere vary with altitude and latitude, and in some regions,
even positive trends are observed, which, in some cases, could
be only explained by changes in atmospheric age of air spectra
or vertical mixing patterns. However, at most altitudes and
latitudes, negative trends are observed which are, on average,
consistent with the trends in tropospheric CFC mixing ratios.
In general, the satellite observations do not have sufficient
resolution and precision for studying stratospheric tracers in
the lowermost troposphere (generally <4000 m) [Kellmann
et al., 2012]. Furthermore, they cannot accurately define the
amplitude of the tracer seasonal cycles, which is the strength
of the surface-based observing sites with high-frequency,
high-precision measurements.

3. Analysis of Meteorological Data

[20] Global monthly means of the Northern Hemisphere
winter zonal wind (U) at 10hPa were retrieved from the
ECMWF ERA-Interim data set [Berrisford et al., 2009] for
the years 1991-2011 at a resolution of 2°x2°. From these
data, Northern Hemisphere winter mean zonally averaged
zonal winds were constructed for all NH latitudes. For exam-
ple, the DJF03 zonal wind average at a given latitude is
constructed by averaging the December 2002, January 2003,
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Figure 1. (a) Selected examples of the jet behavior at 10 hPa
from 2000 to 2011. “Clima” is the average climatology using
all years 1992-2011. (b) Latitudinal variation of the DJF
winds in the band from 58°N to 68°N.

and February 2003 10 hPa mean zonal winds for that latitude.
A climatological December, January, and February (DJF)
mean value is obtained by averaging all 20 DJF values for
the years 1992-2011. The deviation from the climatological
mean of each DJF at each 2° band (58°N—-68°N) was calcu-
lated and is used to define the stratospheric jet. The mean zonal
easterly winds at 60°N and 10 hPa is the widely used WMO
definition of sudden stratospheric warmings and is a strong
indication of dynamical coupling. Here we use the deviation
of the climatological mean across the latitudinal range from
58°N to 68°N as an estimate of the uncertainty in our wind
analysis. Moreover, the median of these values is assumed
here to show the behavior of the stratospheric jet in that year
and is used in the correlation with the tracer species mixing
ratios. Negative deviations from the mean imply a weaker
than average jet, a stronger than average downward transport,
and, consequently, a greater degree of STE. Figure 1a shows
the latitudinal variation of the jet behavior at 10hPa for
selected years with strong and weak jets. Plotted are DJF
values of zonal winds averaged at each 2° latitude band in

the NH. “Clima” is the average climatology using all years
1992-2011. For example, 2000 and 2005 are typical years
with strong jets at around 64°N and, consequently, less
STE. Conversely, for the years 2002, 2004, and 2006, the
jet is very much reduced and/or moved south. These are years
with strong STE when we might expect lower summer
minima in the seasonal cycles of the stratospheric tracers.
Figure 1b shows the latitudinal variation of the DJF winds
in the band from 58°N to 68°N. Except for 1993, 2007,
2010, and 2011, the magnitude of the latitudinal variation is
less than 5 m/s.

4. Simple Quantitative Explanation of Observed
Tracer Fluctuations

[21] We now estimate the magnitude of typical variations of
tropospheric mixing ratios and compare these with interannual
fluctuations in the MHD data.

[22] Fluctuations in the mean westerly jet and the asso-
ciated changes in meridional overturning are highly corre-
lated from year to year because they are driven by the
same wave breaking and dissipation in the middle atmo-
sphere [Andrews and Mclntyre, 1978]. Assuming all of the
resulting upward mass flux occurring in a “tropical pipe” is
balanced by equal and opposite downward fluxes into the
extratropical troposphere [Holton et al., 1995], we can esti-
mate an idealized mass flux based on lower stratospheric
vertical residual velocities [Andrews and Mclntyre, 1978].
Using typical interannual fluctuations in the upwelling
velocities, we can then estimate the % fluctuation in the
tropospheric mass mixing ratios of the tracers. Figure 2
shows this process schematically.

[23] The rate of upwelling mass M passing through the
tropopause is given by

dM /di= pp W*f4 M

[24] where p7is the density of air at the tropical tropopause,
W* is the density averaged residual vertical velocity in the
tropical upwelling region, fis the proportion of the globe in
the upwelling region, and A is the surface area of the Earth.

Stratosphere

Troposphere m,

Pole Equator Pole

Figure 2. Schematic representation of an idealized mass
budget between tropical upward mass flux and equal and
opposite downward fluxes into the extratropical troposphere.
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Figure 3. Mass mixing ratio trend lines for the Mace Head

N,O from the application of the three detrending methods
(left-hand axis) and estimated seasonal variability mass
mixing ratios for each method (right-hand axis).

[25] The mass m; of the troposphere can be approximated
(assuming hydrostatic balance) as

m; = (4/g)-(Po—Pr) @)

[26] where g is gravity; and Pr and P, are the pressure at
the tropopause and the surface, respectively.

[27] From (5) and (6), the fractional rate of tropospheric
mass exchanged with the stratosphere F can be obtained from

dF/dt = (prg W*f)/(Po—Pr) ©)

[28] If we now consider W* as a typical interannual
variation in the upwelling velocity, then an estimate of a
typical fluctuation in the troposphere-stratosphere mass
exchange can be made. We use typical values of pr~0.1
kg m>, g~10ms 2, f~0.3, dt~1.6 x 10’s (assuming
active transport for around 6 months in the winter half
year), P,=10°Pa, and P;= 10" Pa. We estimate W* as 0.1
m ms~! based on typical year-to-year variability seen in
general circulation models in the lower stratosphere
[Scaife et al., 2002].

[29] This gives a typical year-to-year fluctuation (F') of
0.005 or about 0.5% of the tropospheric air. Assuming a
well-mixed troposphere with mean mass mixing ratios
of 320 ppb, 540 ppt, and 250 ppt for N,O, CFC-12, and
CFC-11, respectively, and complete depletion of the tracers
in the stratosphere, this simple theory suggests typical
year-to-year fluctuations of around 1-2 ppb, 2-3 ppt, and
1-2ppt for N,O, CFC-12, and CFC-11, respectively.
These numbers are similar in magnitude to the year-to-
year fluctuations observed, namely, 0.6 ppb, 1.2 ppt, and
0.9 ppt, respectively. Given that chemical depletion in
the stratosphere is also unlikely to be complete, the consis-
tency between these estimates confirms that the year-to-
year fluctuations in surface tropospheric mixing ratios of
the stratospheric tracers are likely to be strongly affected
by year-to-year fluctuations in stratosphere-troposphere
mass exchange.

5. Results and Discussion

5.1. Seasonal Variability of the Tracer Species at Mace
Head, Ireland

[30] Figure 3 illustrates the mass mixing ratio trend lines
for MHD N,O from the application of the three detrending
methods and the estimated seasonal variability mass mixing
ratio for each method. While the trends determined by each
method are in close agreement, it is clear that the seasonal
variability derived from each detrending method does have
small but significant differences. Figure 4a shows monthly
means of seasonal variability (average of the three detrending
methods) for CFC-11, CFC-12, and N,0, from 1995 to 2011,
where CFC-11 and CFC-12 were normalized to N,O units by
multiplying by the ratio of the mean tropospheric mixing
ratio x(N,O)/x(CFC), where x(N,0) is in ppb and x(CFC) is
in ppt. Although the maximum STE is expected during the
winter months, the greatest impact, i.e., in the minima of
the species mixing ratios at the surface, is observed in the
summer months from June through September due to the
several months lag time for the transport of stratospheric
air down to the lower troposphere and subsequent mixing
[Nevison et al., 2004; Liang et al., 2009]. The spring 1996
and 1997 minima in CFC-12 are notably out-of-phase with
the other two tracers. In both of these years, there is a positive
deviation of the wind relative to the climatological mean,
implying no significant deceleration of the jet. Therefore,
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Figure 5.

(a) Scatterplot of the % seasonal variability of N,O from the long-term average of N,O at

MHD using three detrending methods versus the % variability of the winds. The uncertainty, over the
58°N—68°N latitude band, of the % variability of the winds is applicable to all three methods but, for
clarity, is only added to the KZ-2year points. (b) Scatterplot of the seasonal variability of N,O from
the average of the three detrending methods, including the uncertainty versus the % variability of the

winds with uncertainty.

strong STE is unlikely to have occurred, and the seasonal
variations in CFC-12 mixing ratios will be largely domi-
nated by tropospheric transport and sources, with CFC-12
still growing at an annual average rate of 3—4 ppt/yr during
1996-1997.

[31] Asnoted by Nevison et al. [2004], the degree of deple-
tion should be proportional to the atmospheric lifetime,
where CFC-11 with the shortest lifetime (4552 years) has
the lowest summertime minimum in the seasonal amplitude.
It was also noted that CFC-12 leads the other stratospheric
tracers by about 1 month. Our data confirm this observation,
at least in the early part of the record; however, the time lag in
CFC-12 gradually disappears, so that after about 2000, the
CFC-12 minima are in August and are in phase with the other
two tracers. Interestingly, this period coincides with the
transition when the tropospheric mixing ratio of CFC-12
maximizes and then begins to decline. Liang et al. [2008]
suggested from a model simulation that this time lag in
CFC-12 may be associated with changes in the distribution
of regional emissions in the 1990s because of rapid decreases

in emissions in North America and Europe. Figure 4b shows
that the climatological average (1995-2011) seasonal cycle
for each species, as in Figure 4a CFC-11 and CFC-12, were
normalized to N,O units (ppb).

5.2. Relationship With Circulation

[32] As discussed in the introduction, the strength of the
stratospheric meridional circulation and, therefore, STE
mixing is associated with the behavior of the upper strato-
spheric jet (and variations in Rossby wave activity). So we
correlated the species’ seasonal variability at the surface with
the jet’s behavior. As a measure of the stratospheric jet, we
use the wintertime zonal winds (averaging the December,
January, and February winds) at 10 hPa and 58°N—68°N,
expecting that these will provide a robust predictor of the
depth of the surface summertime minima in the seasonal
cycles of the stratospheric tracers.

[33] Figure 5a compares the % variation of the seasonal var-
iability from the long-term average of N,O at MHD for each
detrending method (K Z-1year, KZ-2year, and 3yr-quadratic)
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Table 1. Correlations Between the Variability of the (% Deviation From the Average) DJF 10 hPa Winds in the 58°N-68°N Latitude Band
and the Mean Tracer Seasonal Variability (% Deviation From the Average) of the Three Detrending Methods From 1995 to 2011 at MHD,

THD, and BRW?

Latitude, Longitude

Significance Level of

Station/Tracer Species Network Time Series Mean Correlation (%)
Mace Head, Ireland (MHD) 53.33°N, 9.9°W 1995-2011

N,O AGAGE 0.71 (0.69-0.72) 99.9
CFC-11 AGAGE 0.55 (0.50-0.59). 97.8
CFC-12 AGAGE 0.63 (0.59-0.65) 99.3
Composite Tracer® AGAGE 0.68 (0.65-0.69) 99.7
Trinidad Head, U.S. (THD) 41.05°N, 124.15°E 1996-2011

N,O° AGAGE 0.41°(0.37-0.43) 88.5
CFC-11 AGAGE 0.69 (0.60-0.73) 99.7
CFC-12 AGAGE 0.59 (0.56-0.60) 98.4
Composite Tracer? 0.78 (0.75-0.79) 99.9
Barrow, Alaska (BRW) 71.32°N, 156.61°E 1995-2011

N,O NOAA (HATS) 0.15 (0.01-0.25) 435
CFC-11 NOAA (HATS) 0.42 (0.37-0.43) 90.7
CFC-12 NOAA (HATS) 0.26 (0.13-0.33) 68.7
Barrow, Alaska (BRW) 71.32°N, 156.61°E 1999-2011

N,O NOAA (CATS) 0.53 (0.42-0.60) 93.8
CFC-11 NOAA (CATS) 0.68 (0.62-0.71) 99.0
CFC-12 NOAA (CATS) 0.51 (0.40-0.59) 92.5
Composite Tracer® 0.67 (0.64-0.71) 98.8

“The range in brackets shows the uncertainty in the correlation when the different methods are used individually.

®Mean N,O, CFC-11, and CFC-12 seasonal variability.
“Seasonal cycle potentially influenced by summertime coastal upwelling.

9Mean CFC-11 and CFC-12 seasonal variability. When N,O is included in the composite »=0.77. (HATS)=NOAA/HATS Combined.

with the % variability of the DJF winds, including uncertainty
over the 58°N-68°N latitude band. In Figure 5b, we average
the seasonal variability for N,O from the three detrending
methods, including the uncertainty over the three methods,
versus the % variability of the winds as in Figure 5a. Overall,
there is a good correlation between the tracer seasonal variabil-
ity and the winds; however, this relationship is weaker in some
years and notably anticorrelated during 1995, 2003, 2009, and
2011. The winter of 2009/2010 had a very weak polar vortex
and exceptionally negative North Atlantic Oscillation (NAO)
[Fereday et al., 2012]; furthermore, there were reemerging
ocean temperature anomalies in late 2010 associated with a
repeat negative NAO [Taws ef al., 2011]. Winter 2010/2011
also showed unusual circulation patterns (A. Maidens, et al.,
Predictability of the North Atlantic Oscillation in early winter
2010/11, submitted to Monthly Weather Review, 2013). There
also appears to be some evidence for a recent shift in the posi-
tion of the polar jet that might be expected to enhance the
interannual variability of the stratospheric circulation [Mizuta,
2012]. Clearly, there are several interconnected and competing
influences affecting these correlations, for example, both the
El Nifio and the easterly phase of the quasi-biennial oscillation
(QBO) are associated with a warmer polar stratosphere in
winter [Garfinkel and Hartmann, 2007].

[34] Table 1 summarizes the Pearson correlation coeffi-
cient (7) for the individual tracers at MHD and the winds
during 1995-2011. For the years when the stratospheric jet
is strongly decelerated (relative to the climatological mean),
we observe deeper summertime minima (relative to the mean)
in the species mixing ratios. The average individual correla-
tion coefficients (r) (1995-2011) at MHD for N,O, CFC-11,
and CFC-12 were 0.71, 0.55, and 0.63, respectively, with
stronger winds corresponding to higher tropospheric tracer
concentrations as expected. All three correlation coefficients
are significant at the 95% confidence level. It is noteworthy

that over the shorter time frame of 1995-2008, correlations
were 0.80 (N,0), 0.76 (CFC-11), and 0.74 (CFC-12), in close
agreement with previous reports [Nevison et al., 2004, 2011].

[35] We next create an artificial new composite tracer by
averaging the seasonal variability of the three tracers at
MHD, and in Figure 6, we relate this composite tracer to
the winds. We observe good correlations between the com-
posite and the strength of the deviations of the previous win-
tertime (DJF) stratospheric winds in 13 of the 17 years of
observations. In 1995, 1998, 2009, and 2010, the composite
tracer and the winds are anticorrelated. Correlations of this
composite tracer with the winds, as shown in Figure 6, are
0.68 (1995-2011) and 0.82 (1995-2008). The years that
show the largest summer minima for the composite tracer
were 1999, 2001, 2002, 2004, and 2006, while 2003 also
has a significant minimum. This implies that a weak strato-
spheric jet and the resulting enhanced vertical transport leads
to greater STE and, thus, lower summer minima in the sea-
sonal cycles of all of the stratospheric tracers. Manney et al.
[2005, 2008] reported that the years with the most intense
recent warming in the Arctic were observed in 2004 and
2006/2007 and, most recently, in the winter of 2009 [Manney
et al., 2009; Di Biagio et al., 2010]. Where the mean zonal
winds have a large positive deviation from the 20 year average
(1996, 1997, 2000, 2005, 2007, and 2008), the tracer seasonal
variability also shows strong positive deviations, i.e., smaller
summer minima. As noted previously, there are other factors
that cause climate variability in both the stratosphere and the
troposphere, in addition to the stratospheric winds which will
influence the depth of the tracer summertime minima. We
would not therefore expect to see a perfect correlation in
all years.

[36] We also include in Figures 7a and 7b and Table 1 similar
correlations of the composite tracer with the winds for THD
and BRW (CATS and NOAA/HATS Combined data sets),

10,700



SIMMONDS ET AL.: SEASONAL AMPLITUDE OF N,O AND CFCS

60—

&
g 40 2000
s
] 1996
© 2007
E % % 20
8 09 2008 o 2005
o izom -
c
o
£ r T ‘1998 T 0 T T T 2601
2 -60 -40 -2 ] 20 40 60
< 2001 2003
2
% 20 n—|';]1995
8 == 2002
H 2006
% @ 2004
c 40
o
2]
3
]

1999 60—

Variability of DJF winds from the long-term avrage (%)
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Figure 7. (a) Scatterplot with the linear trend line of THD composite tracer (mean of CFC-11 and CFC-12)
versus the % variability of the winds with uncertainty. (b) Scatterplot with the linear trend of BRW CATS
composite tracer (mean of N,O, CFC-11, and CFC-12) versus the % variability of the winds with uncertainty.
The composite is the mean of the three detrending methods as described in the text.
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Figure 8. Mixing ratio vertical profile anomalies for N,O and CFC-11 at (a—d) ETL, (e¢) ULB, and (f)
THD. (Error bars are 1o standard deviation.) Data were provide by B. Miller, C. Sweeney, and S.
Montzka through ongoing work at NOAA and Cooperative Institute for Research in Environmental

Sciences.

using the same three detrending methods as employed at
MHD. Note that at THD, where overall species correlations
are generally good, the composite only includes CFC-11 and
CFC-12 with a high correlation of 0.78. We initially excluded
N,O at THD due to the potential ocean upwelling; however,
including N,O in the composite yields a similar correlation
of 0.77, suggesting that the influence of N,O upwelling may
be quite small. Interestingly, at THD, there is a good corre-
lation between the winds and the seasonal variability during
2009-2010, which was not the case at MHD. BRW correla-
tions using the NOAA/HATS Combined data are notably

weaker (43.5-90.7% level of significance) than the in situ
CATS data (92.5-99.0% level of significance) (see Table 1).
This may be partly due to the lower-frequency flask data incor-
porated into the NOAA/HATS Combined data set, but other
factors, including local sources and variations in tropospheric
transport, could be also important. It is generally accepted that
detecting the small amplitudes of these tracer seasonal cycles
is more difficult when using data from a ~1 to 2 week flask
sampling program compared with the much higher frequency
of in situ measurements [Liang et al., 2009; Nevison et al.,
2011]. It is noteworthy at BRW that the seasonal variability
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Table 2. Correlations Between the Mean Tracer Seasonal Variability
(% Deviation From the Average) of the Three Detrending Methods
for N,O, CFC-11, and CFC-12 and the NAO and ENSO Indices

Tracer ENSO® (1995-2011) NAO® (1995-2011)
N,O 0.18 0.0
CFC-11 0.004 0.22
CFC-12 0.08 0.09

“Www.cpc.ncep.noaa.gov.
>www.cgd.ucar.edu/cas/hurrell/indices.html.

in 2009 and 2010 are anticorrelated with the winds (see MHD)
but correlated during 2011.

[37] Tracer-tracer correlations of the mean of the August sea-
sonal variability from 1996 to 2011 (month of the largest sum-
mertime minima) determined from the KZ-2year detrending
method reveal robust correlations. For example, at MHD,
N,O versus CFC-12 has »=0.89, N,O versus CFC-11 has
r=0.78, and CFC-11 versus CFC-12 has »=0.78. Similarly,
at THD, N,O versus CFC-12 has r=0.72, N,O versus CFC-
11 has »=0.56, and CFC-11 versus CFC-12 has »=0.70.
This suggests that our baseline selection process effectively
removes any major contribution from terrestrial sources to
the seasonal tropospheric boundary layer mixing ratios of
the tracers. However, this is not conclusive, and there could
remain some small influences from seasonal coastal marine
fluxes, particularly for N,O. Similar constraints may apply
equally to BRW. In addition to the summertime upwelling
of N,O at THD, there may be also seasonal CFC variations
driven by transport of emissions from nearby coastal cities
which we cannot rule out.

5.3. Vertical Profiles

[38] Mixing ratio vertical profile anomalies for N,O and
CFC-11 obtained at ETL, Saskatchewan, are shown in
Figures 8a—8d. This site was selected as there was a record
of monthly aircraft vertical profile measurements from 2006
to 2010, with relatively few missing months. The mixing
ratio anomalies are averaged over 2 month periods and plotted
against altitude at 1 km intervals. We compare two individual
years, namely, 2006, a year with a strong deviation of the jet,
and 2008, a year with no significant deceleration of the jet.
Figure 8a plots the 2006 N,O mixing ratio anomalies from
winter to summer with a clear distinction between the summer
months and the spring and winter (note that vertical profiles
were missing in January and October 2006). Mixing ratio
anomalies are broadly homogeneous during the summer
months, with an apparent increase in the lowermost altitudes
during the spring and wintertime periods, possibly reflecting
the seasonality of local surfaces fluxes. However, it should
be noted that the data are quite noisy with substantial error
bars. Summertime N,O mixing ratio anomalies in 2008
(Figure 8b) are surprisingly similar to the summer and winter
months in 2006, again with large uncertainty. Profiles of
CFC-11 shown in Figures 8c and 8d are more complicated
with much greater variability in their mixing ratio anomalies,
with the suggestion that anomalies in 2006 are more homo-
geneously mixed compared to the summer and winter in
2008. Given the large uncertainties, we accept that this does
not allow for a robust interpretation. Figure 8¢ shows the
N,O mixing ratio anomalies at ULB, Mongolia, during
2006, with a winter-to-summer progression similar to ETL.

Even allowing for the uncertainty, they appear to be well
mixed over the narrow altitude range. Ishijima et al.
[2010] reported vertically homogeneous N,O mixing ratios
over Surgut, Siberia, and noted that these vertical profiles
will be influenced both by variation in the local-regional
fluxes and by the temporal variation of the planetary bound-
ary layer height.

[39] Finally, in Figure 8f, we examine THD N,O mixing
ratio anomalies in July—August 2006 and 2008. Summertime
2006 shows a decrease in mixing ratio over the altitude range,
whereas summertime 2008 appears to be more homoge-
neous. With the large uncertainties, we cannot rule out a con-
tribution from local N,O coastal upwelling sources in the
lowermost altitudes.

6. Relationship With Other Modes of Variation

[40] Itiswell established that other variations in atmospheric
circulation, in particular the El Nifio—Southern Oscillation
(ENSO) and the North Atlantic Oscillation (NAO), are linked
to the strength of the winter stratospheric circulation through
dynamical coupling. A positive ENSO and a negative NAO
are linked to stronger STE and, thus, deeper summertime min-
ima of the stratospheric tracers [Calvo et al., 2004; Ineson and
Scaife, 2009]. There is evidence for a significant ENSO signal
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Figure 9. Scatterplots and linear trend line of the seasonal
variability component of the MHD composite tracer versus
(a) ENSO (ENSO 3.4; www.cpc.ncep.noaa.gov) and (b)
NAO [Hurrell and Deser, 2009] (www.cgd.ucar.edu/cas/
hurrell/indices.html) indices.
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in the Arctic stratospheric temperatures [Manzini, 2009].
During the intense Arctic stratospheric warming observed
in the winter of 2008-2009, Di Biago et al. [2010] noted
large variability of N,O, O3, and CO at Thule (76.5°N,
68.8°W) associated with the rapid transport of air from the
extratropics. As discussed by Hamilton and Fan [2000],
the dynamical quasi-biennial oscillation may modulate
STE to produce an additional QBO effect in global mean
tropospheric tracer mixing ratios. However, model results
for the magnitude of the QBO signal in global mean surface
N,O is estimated to be on the order of 0.1-0.2 ppb yr ! peak
to peak [Hamilton and Fan, 2000] compared to an average
seasonal amplitude of ~0.7 ppb, so the impact of the QBO
is likely to be small.

[41] Table 2 lists the Pearson correlation coefficients (r)
for each stratospheric tracer at MHD between the mean of the
(% deviation from the average) three detrending methods versus
the annual NAO [Hurrell and Deser, 2009] (www.cgd.ucar.
edu/cas/hurrell/indices.html) and ENSO (ENSO 3.4; www.
cpe.ncep.noaa.gov) indices. Although N,O is weakly corre-
lated with ENSO and CFC-11 is also weakly correlated with
NAO, these values are not statistically significant. Figure 9
compares the seasonal variability of the composite tracer with
the NAO and ENSO indices. The general lack of correlation
with these indices suggests that tracer mixing ratios are better
correlated with stratospheric winter flow than the major modes
of tropospheric variability. This is consistent with the process
illustrated schematically in Figure 2.

7. Conclusions

[42] We have demonstrated good correlations between
the midstratospheric circulation at 10 hPa, 58—68°N, and the
detrended seasonal variability from the baseline monthly
mean mixing ratios of the three stratospheric tracers N,O,
CFC-11, and CFC-12. There are several plausible methods
for detrending the observed data, and this uncertainty has been
included in the analysis by the use of three different methods.

[43] The degree of wintertime (DJF) deceleration of the
stratospheric jet is due to enhanced stratospheric wave activity
driving the mass transport across the tropopause. With a lag of
3—4 months, this can quantitatively account for much of the
interannual variability of the summertime minima of these
long-lived trace gases. The year-to-year fluctuations in surface
tropospheric mixing ratios of the stratospheric tracers are, as
expected, strongly affected by annually varying fluctuations
in stratosphere-troposphere mass exchange. As suggested by
Ishijima et al. [2010], the location of the strongest STE may
vary with spatiotemporal distribution of tracers in the strato-
sphere and the lifetime in the troposphere. The major modes
of tropospheric variability, such as the ENSO and the NAO,
do not correlate as well with the interannual variability of the
seasonal cycles of the tracers.

[44] From the analysis of a very limited number of vertical
profiles, we show that these do not contradict our interpreta-
tion that STE can result in the transport of depleted mixing
ratios of the stratospheric tracers into the lower regions of
the troposphere, under conditions when there is strong decel-
eration of the jet. However, we do recognize that the analysis
of a much larger vertical profile database, which was beyond
the scope of this study, may potentially provide a more
compelling argument.

[45] There are a few years when the relationship between
the species’ seasonal variability at the surface and the behav-
ior of the jet is broken either collectively or as individual
species. In particular, at MHD, we observe an anticorrelation
between the composite seasonal variability and the winds
after 2008, with BRW also showing anomalous years in
2009 and 2010. Conversely, at THD, the winds and the com-
posite seasonal variability are correlated during 2009-2011.
Without more years of observations, we can only speculate
on the possible cause of this discrepancy, although we would
expect that transient changes in the lower stratosphere distri-
bution of tracers or local/regional emissions coupled to tro-
pospheric transport processes must impact the seasonality
of the stratospheric tracers.

8. Potential Applications

[46] It is remarkable that the very small amplitudes (<1%)
of the seasonal cycles of these tracers relative to their mean
mixing ratios can provide clear evidence of stratospheric
circulation and cross-tropopause transport. We can see two po-
tentially novel applications for this work. The first is seasonal
forecasting of trace gas values in summer. While seasonal fore-
casts for many extratropical regions are unreliable and often
show low forecast skill [Arribas et al., 2011], the link between
the previous winter circulation anomalies and the following
summer minima in trace gases such as N,O and CFCs appears
to be strong enough to provide potentially high forecast skill
for summer variations in trace gases strongly affected by
STE, assuming that tracers are not strongly affected by tropo-
spheric factors. The predictor variable of midstratospheric
circulation for the winter period is analyzed in near real time
by many operational forecast centers [Swinbank and O Neill,
1994]. Given the relationship with the mass flux of tracers
entering the troposphere in spring, it would be therefore rela-
tively straightforward to constrain the mixing ratios of these
tracers in forecasts or even produce forecasts of the fluctua-
tions, albeit small, in trace gas mixing ratios themselves.

[47] A further novel application of this work is for monitor-
ing the Brewer-Dobson circulation by proxy. This circulation
is known to be driven by the same atmospheric wave drag
that weakens the strength of the extratropical winter jet
in the stratosphere [Andrews and Mcintyre, 1978; Holton
et al., 1995]. The average pumping action of the wave drag
on the stratospheric meridional overturning results in both
the Brewer-Dobson circulation and the relationship between
winter stratospheric winds and the transport of tracers from
the stratosphere into the troposphere as discussed here. The
strength of this relationship gives a year-to-year composite
tracer correlation of 0.68 (1995-2011) (Table 1) between
the summer minima in the surface mass mixing ratios of the
stratospheric trace gases at MHD and the extratropical winter
jet. However, it is not possible to directly measure STE and
the associated Brewer-Dobson circulation because both the
tropical upwelling in the lower stratosphere and the return
downwelling flow in the extratropics have small velocities
of less than 1 mm/s that are well beyond any direct mea-
surement capability. Trends have so far not been detectable
in atmospheric reanalyses [Iwasaki et al., 2009] or tracer
measurements [Engel et al., 2008]. The results shown here
suggest an alternative. By detrending the baseline N,O and
CFC-11 and CFC-12 mixing ratios to remove long-term
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Figure 10. The ratio between the trend in the seasonal cycle
of a composite tropospheric tracer and its least squares fit error
assuming that future interannual variability in tracer transport
remains unchanged. The crossing of the dashed and solid line

indicates when the error is equal to the trend so that it starts to
become detectable above the natural variability.

variations in global emissions, the depth (peak-to-trough am-
plitude) of the seasonal cycle can be estimated. Although other
processes such as tropopause folds and deep convection may
also contribute to stratosphere-troposphere exchange [e.g.,
Poulida et al., 1996; Fischer et al., 2003; Stohl et al., 2003;
Hegglin et al., 2004; Tang et al., 2011], the residual depth of
the summer minimum is so well related to the strength of the
Brewer-Dobson circulation that it should be possible to use
it as a monitoring tool to test the climate model predictions
of increasing the Brewer-Dobson circulation by monitoring
the depth of the summer minimum. This depth depends
on the difference between summer and winter circulation.
However, while the fractional increase is expected to be the
same through the seasonal cycle, the difference between sum-
mer and winter absolute mass fluxes across the tropopause
increases in the future. Climate projection data suggest that
the difference in mass flux between winter and summer will
increase by around 1.3% per decade [Butchart and Scaife,
2001]. Interannual variability in the depth of the summer min-
imum in our composite tracer is 26%. It is a reasonable
assumption that this will remain constant in the future as most
climate projections show little change in the interannual vari-
ability of the extratropical circulation. We can therefore
estimate the uncertainty in any observed trend in the summer
tracer minimum and calculate how many years of monitoring
would be needed for this trend to be detectable above the
climate variability “noise” using standard least squares fitting
[Squires, 1985]. The results are shown in Figure 10, where it
is not until the end of the 21st century that the increasing
Brewer-Dobson circulation is likely to be detected in observed
tracer mixing ratios. However, if the noise could be attributed
to other factors such as ENSO, as described above, and if im-
proved temporal or spatial coverage observations of the tracer
species were available, then it may be possible to statistically
remove the variability and better estimate the trends in the
summer minimum, thereby allowing detection of the trend in
the Brewer-Dobson circulation on a shorter time scale.
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