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Abstract

This study makes use of time series of methane (CH4) data from the Halogen Oc-
cultation Experiment (HALOE) to determine whether there were any statistically sig-
nificant changes of the net circulation within the stratosphere and lower mesosphere
during 1992–2005. HALOE CH4 profiles in terms of mixing ratio vs. pressure-altitude5

are binned into subtropical and extratropical latitude zones of the southern and of the
Northern Hemisphere, and their separate time series are then analyzed using multiple
linear regression (MLR) techniques. A positive trend in the subtropics and a negative
trend in the extratropics is interpreted as indicating an acceleration of the net circu-
lation. A significant acceleration is found in the Northern Hemisphere from 20 hPa to10

7 hPa, a likely indication of changes from the effects of wave activity during those years.
No similar acceleration is found in the Southern Hemisphere. The trends from HALOE
H2O are analyzed and compared with those from CH4 for consistency because H2O
is a primary product in the upper stratosphere of the chemical conversion of CH4.
The CH4 and H2O trends have a ratio of nearly 2 : 1, and they are anti-correlated15

most clearly near the stratopause in the southern extratropics. Seasonal anomalies
are found in the HALOE CH4 time series of the lower mesosphere, and they are as-
cribed to wave-driven, secondary residual circulation cells associated with the descent
of the SAO westerlies. The time series residuals for CH4 of the lower mesosphere also
exhibit aperiodic structure, and it is anti-correlated with that of the tracer-like species20

HCl. Such structure indicates the effects of variations in the wave forcing. It is con-
cluded that multi-year, global-scale distributions of CH4 are very useful for diagnosing
large-scale changes of the net transport within the middle atmosphere.

1 Background

The Brewer/Dobson circulation (BDC) is primarily a seasonal net circulation in the25

stratosphere, having an upward component at low latitudes and a return, downward
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component at the extratropical latitudes of the northern and the Southern Hemispheres
(e.g., Butchart, 2014; Plumb, 2007). The BDC has also been referred to as the trans-
formed Eulerian mean (TEM) and residual circulations, and they are useful for viewing
the net atmospheric response to the seasonal changes in the diabatic heating (Dunker-
ton, 1978). The dissipation of Rossby and gravity wave forcings tend to accelerate5

the net circulation of the winter hemisphere (e.g., Solomon et al., 1986; Plumb, 2007;
Shepherd, 2007; Okamoto et al., 2011). In addition, any two-way, meridional exchange
or mixing of the air contributes to the primary BDC (Garny et al., 2014). Thus, it is
likely that there should be some asymmetry between the seasonal net circulations of
the Northern and Southern Hemispheres because the winter wave forcing and mixing10

processes are more pronounced in the Northern Hemisphere (Shepherd, 2007).
A schematic of the net circulation and its relation to the distribution of ozone in the

stratosphere is shown in Fig. 1 for March, where the solid black curves represent the
sense of the net circulation and the vertical orange arrow represents the approximate
region for the propagation of waves from the upper troposphere and into the middle15

atmosphere (see Shaw and Shepherd, 2008). Figure 1 indicates that the net circulation
during winter and into spring leads to an accumulation of ozone in the extratropics of
the Northern Hemisphere by March. Tracer-like molecules, such N2O and CH4, exhibit
distributions that are well correlated and vary seasonally in response to changes in the
net circulation (Plumb and Ko, 1992).20

Figure 2 is an example of the zonally-averaged distribution of CH4 for January from
a NASA/Goddard chemistry and transport model simulation (Fleming et al., 1999). The
white arrows show the stratospheric Brewer–Dobson circulation, which is strongest in
the winter hemisphere (longer arrows), and weak in the summer stratosphere. Tracer
fields such as CH4 reflect the circulation, i.e., bulging upward in the tropics and down-25

ward at high latitudes (more so in the winter hemisphere). Figure 2 shows that the
January net circulation is in the correct sense to bring about the accumulation of ozone
in the lower stratosphere by March, as shown in Fig. 1. In addition, Manney et al. (1994)
emphasize that the character of the observed winter hemisphere transport and descent
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differs for the upper vs. the lower stratosphere and depends on whether the polar vortex
is undisturbed and centered on the Pole or disturbed by Rossby-wave activity.

A current issue is whether the observed, seasonal net circulation is changing in the
presence of the steady increases in the so-called “greenhouse gases”, like CO2 (e.g.,
Butchart, 2014). Early on, Rind et al. (1990) conducted a series of simulation studies5

of those effects, and their results indicated that there will be an acceleration of the
net circulation, particularly in the Northern Hemisphere. Lin and Fu (2013) analyzed
more recent results from a collection of chemistry/climate models (CCM), and they
found that the diabatic effects from changes in the ozone and CO2 are likely driving
observed changes in the meridional temperature gradients and of the BDC of the lower10

stratosphere. Based on the results of the CCM studies, they decomposed the BDC into
a transition (100–70 hPa) branch, a shallow (70–30 hPa) branch, and a deep (30 hPa
and higher) branch. Further, the CCM studies predict an acceleration of the BDC that
will affect the rate of recovery for the ozone layer in the lower stratosphere.

Observational evidence of a long-term acceleration of the several branches of the15

BDC is not so clear from time series of temperature or chemical tracers (Butchart,
2014). Garcia et al. (2011) recommend using observed tracers that are well sampled
and have a near-linear growth rate. Hydrogen fluoride (HF) is a stratospheric end prod-
uct of the photochemical conversion from chlorofluorocarbon molecules but has been
increasing non-linearly, so it is not a good candidate for such studies. H2O has shown20

long-term increases of about 0.6 % yr−1 (Scherer et al., 2008), but H2O entering the
stratosphere from below is subject to seasonal and occasional episodic changes of the
temperature at the tropical tropopause. CH4 exhibits a small, monotonic, and nearly
linear, annually-averaged trend in the troposphere, and it is unaffected during upward
transport through the tropical tropopause, unlike H2O.25

The modeled CH4 distribution in Fig. 2 is very similar to observed wintertime distri-
butions of CH4 from satellite datasets. CH4 decreases with pressure-altitude and with
latitude because CH4 is oxidized in a multi-step process to H2O in the middle and
upper stratosphere (e.g., Brasseur and Solomon, 2005). In an early study using CH4
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data from the Stratospheric and Mesospheric Sounder (SAMS) on Nimbus 7, Stanford
and Ziemke (1991) determined empirically that the minimum lifetime for its chemical
conversion to H2O is of the order of 3 to 4 months at low latitudes in the upper strato-
sphere or somewhat longer than the time constants for meridional transport. Holton
and Choi (1988) and Stanford et al. (1993) used the three-years of SAMS CH4 data as5

a tracer for the characterization of the vertical and meridional components of the sea-
sonal net transport. The present analysis study makes use of time series of CH4 mixing
ratio data as a function of pressure-altitude for 1992–2005 from the Halogen Occulta-
tion Experiment (HALOE) aboard the Upper Atmosphere Research Satellite (UARS).
While not ideal, atmospheric sampling via solar occultation is adequate for obtaining10

the large-scale variations of CH4.
The HALOE instrument obtained sunrise and sunset profiles of CH4 in the strato-

sphere and lower mesosphere, and a number of researchers have made use of its
CH4 data for studies of middle atmosphere transport. Ruth et al. (1997), Randel et al.
(1998), and later Shu et al. (2013) used the multi-year distributions of the HALOE15

CH4 mixing ratio as a tracer for the effects of semi-annual oscillation (SAO) and quasi-
biennial oscillation (QBO) forcings. Youn et al. (2006) analyzed time series of CH4,
H2O, and HF from HALOE for their trends at 10 hPa and at one latitude zone, 40 to
45◦, and they found differences for their trends between the two hemispheres. They
related the trends that they found for the Northern Hemisphere to an intensification of20

stratospheric wave activity over that 14 yr time span.

2 Objectives and analysis approach

The present study is an analysis of time series of the HALOE CH4 for an increasing
trend in the subtropical ascent and for a correspondingly increasing trend in the extra-
tropical descent in the same hemisphere. Multiple linear regression (MLR) techniques25

are used for the analyses, and they fit the seasonal and the interannually-varying forc-
ings along with the trend terms in time series of CH4 as a function of pressure-altitude.
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Specifically, CH4 time series are considered for separate subtropical and extratropi-
cal latitude zones of each hemisphere, as depicted in the simple schematic of Plumb
(2007, Fig. 13). The coefficients of the trend terms and their statistical significance are
given and discussed in Sect. 3 for the separate latitude zones and as a function of
pressure-altitude.5

Trends from analyses of the HALOE H2O are shown in Sect. 4 and compared with
those from CH4 for consistency, since H2O is the primary chemical product of the CH4
oxidation at the upper altitudes. Section 4 also relates the time series of residuals from
the analysis of CH4 in the lower mesosphere to the de-seasonalized variations in HCl,
another tracer-like molecule for the stratosphere and mesosphere. In particular, it is10

shown that the residuals from the separate MLR fits to the CH4 and HCl series have
small, irregular variations of opposite sign. It will be posited that the somewhat anoma-
lous variations in the multi-year time series of HALOE HCl for the lower mesosphere
that have been analyzed and reported by others are due to effects from non-periodic,
wave forcings during 1992–2005. Section 5 is a summary of findings from the present15

analyses.
The effects of the seasonal, net circulation are apparent from monthly, zonal-mean

cross sections of CH4, as shown by Holton and Choi (1988) from the SAMS data and by
Randel et al. (1998) and Shu et al. (2013) from the HALOE data. Qualitatively, there is
a net upward transport of CH4 at the low latitudes, a net poleward transport throughout20

the stratosphere, plus a descent of CH4-poor air within the polar vortex beginning at
upper altitudes (cf., Fig. 2). The monthly CH4 distributions also often exhibit a significant
mixing ratio gradient from the subtropics to higher latitudes along pressure surfaces in
the middle and upper stratosphere. The exact latitude location of the maximum gradient
varies seasonally, most likely according to the amount of meridional mixing of the air25

masses that occurred in the weeks before. The latitude vs. pressure-altitude images
of HALOE CH4 at the HALOE Website (http://haloe.gats-inc.com/home/) for October
of successive years indicate that the net vertical transport of the CH4 was suppressed
during 1991, 1993, 1995, 1997, 1999, and 2004, while it was elevated in 1992, 1994,
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1998, 2002, and 2003. Net effects for 1996, 2000, and 2001 are intermediate to those
of the other years. Shu et al. (2013) showed that the strength or upward extent of the
net circulation is related to the phase of the QBO and/or to the effects of the Rossby-
wave forcing. To first order, the isolines for CH4 in Fig. 2 and in the HALOE data also
indicate that there are distinct BDC branches in the Northern Hemisphere and in the5

Southern Hemisphere. The sense of that net circulation is upward in the tropics and
subtropics and downward in the extratropics.

Points for the data time series of the present study are generated using the HALOE
version 19, Level 2 CH4 profiles from occurrences of the HALOE sunrise (SR) or sunset
(SS) tangent-point observations within a latitude zone for 1992–2005, as in Remsberg10

(2008). The SR and SS profiles are binned into extratropical (55±15◦) and subtropical
(14±14◦) zones for the southern and the Northern Hemispheres and at 12 pressure-
altitudes, giving a total of 48 separate time series for analysis. Example time series
for the southern and northern extratropics are shown in Fig. 3a and b at 7 hPa (near
35 km). Each data point in Fig. 3 is an approximate snapshot of the zonally-averaged15

CH4 for the latitude zone (cf., Fig. 2). The oscillating curves in Fig. 3 are the MLR
fits to the data points from mid-1992 onward and based on the terms indicated at the
lower left of the figure. The near horizontal line is the sum of the constant and linear
trend terms. Data in the first year following the Mt. Pinatubo eruption of June 1991
often appear to have been perturbed and are not included for the MLR fittings. Initial20

analyses indicated that the only significant periodic terms for the extratropics are SAO,
annual oscillation (AO), and QBO. Generally, a QBO term of 28 month (or 853 day) pe-
riod is dominant in each data series. An additional term is added for the subtropical
time series, having a period of 21 months (or 640 days) and labeled IA, or analogous to
a modulation of the AO and QBO terms (Dunkerton, 2001). A gap of 12◦ in latitude is25

imposed between the adjacent edges of the extratropical and subtropical bins to mini-
mize effects of the rather large meridional gradients in CH4 that may occur between the
two zones. Otherwise a term for the variation of CH4 with latitude must be considered
in the MLR models. Lag-1 autocorrelation (AR-1) effects are a significant part of the
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MLR models. The accounting for AR-1 effects corrects for minor biases between the
MLR model and the CH4 points that may occur within short segments of a data series.

Nedoluha et al. (1998) reported that solar cycle (SC) effects on CH4 are very small
even near the stratopause; thus, no 11 yr or SC-proxy term was included in the MLR
models. However, there is a cooling of the middle atmospheric during this 14 yr time5

span, due to the increasing atmospheric CO2. Therefore, the analyses are conducted
for time series of the CH4 mixing ratio at pressure-altitudes rather than geometric al-
titudes. In this way, the added effects from the contraction of a pressure surface with
altitude and time are avoided. To first order then, the variations of CH4 with time at
a pressure level represent the effects of the net diabatic transport both vertically within10

a zone and horizontally to adjacent latitude regions.
Compare the time series of Fig. 3 for the two extratropical zones. Their variations

with time may be interpreted qualitatively with the aid of Fig. 2 showing the nominal
distribution of CH4. One can see that the amplitudes of the seasonal terms are different
for the two hemispheres. The effects of the SAO and the AO are clear in the Southern15

Hemisphere in Fig. 3a, where the variations are mainly a result of a radiative relaxation
from the effects of the net seasonal heating rather than from the effects of Rossby-wave
forcings. The MLR seasonal cycle has its maximum in late autumn, and the constant
term has a mean mixing ratio of 0.72 ppmv. Minimum data values of about 0.5 ppmv
are apparent for some years in the south and most often in late winter, but they are20

not fit well by the model. They occur when the measurements for this zone extend into
the polar vortex region, where the wintertime diabatic circulation is transporting low
values of CH4 downward. Figure 3b shows that a seasonal maximum occurs in late
autumn to early winter in the northern extratropics, and its minimum is in late summer.
The combined effects of the SAO and AO are of smaller amplitude in the north and25

appear to be blended compared with the southern extratropics (cf., Fig. 3a), perhaps
due to meridional mixing of the air in the north at this pressure-altitude. Its mean mixing
ratio is 0.66 ppmv or a bit lower than in the southern extratropics. Trend coefficients are
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slightly positive in the south but negative in the north, and that difference is discussed
in Sect. 3.

The corresponding CH4 time series at 7 hPa are shown for the two subtropical zones
in Fig. 4. Periodic variations in Fig. 4a for the Southern Hemisphere are primarily from
the annual and QBO cycles; its average CH4 is about 1.1 ppmv. Effects from the SAO5

term are not clearly apparent until the upper stratosphere (not shown). The data for
the northern subtropics in Fig. 4b indicate a seasonal cycle that is weaker than in the
south; interannual effects (QBO and IA) are present, too. There are also occasional
data points that appear as low outliers in winter. In general, there is less periodic struc-
ture in the CH4 of the northern subtropics at this level, most likely because of the mixing10

effects from the dissipation of Rossby waves and gravity waves. The mixing of air from
the middle latitudes is likely responsible for the occurrence of the occasional, low win-
tertime data values. Trend coefficients are weakly positive in both hemispheres. At this
point it is also noted that changes in the net circulation based on the CH4 variations in
the southern subtropics may also be affected some by the extratropical wave forcings15

of the Northern Hemisphere (see also Sect. 3).
Another example time series is shown in Fig. 5 for the northern subtropics at 30 hPa.

The dominant periodic term in the data is a weak annual cycle, whose wintertime min-
imum reflects the effect of a mixing with older air from the extratropics. A weak QBO-
like term is also present in the data, and the mean mixing ratio is 1.43 ppmv. This20

region ought to be affected most by the air that ascended from the tropical upper tro-
posphere to the mid-stratosphere several years earlier. Tropospheric CH4 was increas-
ing from 1990–2003 at an average rate of 0.3 % yr−1 (or 3 % decade−1) (Dlugokencky
et al., 2009). The linear trend term from the MLR model is increasing and at a rate
of 3.7±2.6 % decade−1 or essentially equal to that of the tropospheric CH4. Trends in25

the CH4 time series at higher altitudes are interpreted as indicating a change in the
strength of the BDC, when they are positive and significantly larger than 3 % decade−1

or significantly smaller than 3 % decade−1 or even negative.
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The retrieved HALOE CH4 mixing ratios in Fig. 5 are only of order 1.2 ppmv in late
1991. Such low values may have been affected by a slight bias error in the lower strato-
sphere at that time, due to a reduced accuracy for the measured and retrieved CH4
in the presence of the aerosol layer following the eruption of Mt. Pinatubo. However,
Thomason (2012) reported that HALOE CH4 does not appear to be affected by con-5

tamination from other minor or trace species from its retrieval algorithm, at least after
that early volcanic period. The present study considers data points from mid-1992 and
onward in the MLR analyses at all latitudes and pressure-altitudes, primarily to avoid
contaminating effects in the lower stratosphere and/or anomalous net transport effects
at higher altitudes for some months following the eruption.10

3 Linear trends in CH4

Time series of CH4, like those in Figs. 3 through 5, are analyzed at 55◦ S, 14◦ S, 14◦ N,
and 55◦ N. Table 1 contains the mean mixing ratio profiles of CH4 from the constant
terms for each of the four latitude zones. The mean mixing ratio profiles show very
good symmetry between the two hemispheres for the subtropics; there is also more15

CH4 in the subtropics than in the extratropics for both hemispheres. In the middle to
lower stratosphere there is slightly more CH4 in the southern than in the northern extra-
tropics, an indication that the net wintertime descent is prolonged and/or a bit stronger
in the north. At 50 hPa the mixing ratios are very nearly identical between the two
hemispheres for the subtropics (1.52 ppmv) and for the extratropics (1.22 ppmv), indi-20

cating that the tropospheric CH4 that entered the lowest part of tropical stratosphere
was transported poleward and mixed about equally with the higher latitude air. There
is also a monotonic decrease of the CH4 with altitude in each latitude zone, due to the
chemical oxidation of CH4 to H2O. The mean CH4 mixing ratio profiles in Table 1 rep-
resent qualitatively the effects of the seasonal BDC transport within each hemisphere.25

The conceptual idea of Plumb (2007, Figs. 13 and 15) for an acceleration of the
hemispheric BDC from a species like CH4, whose mixing ratio decreases with altitude
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as in Fig. 2, is indicated here by trends that are positive by more than 3 % decade−1

in the subtropics, but more weakly positive (or negative) in the extratropics. Thus, an
acceleration of the BDC leads to a higher CH4 value in the subtropics and a lower value
in the extratropics or a steepening of its Equator-to-Pole gradient with time for a given
pressure-altitude. On the other hand, the effects of meridional mixing can transport ex-5

tratropical air back to the subtropical zone and cause a net recirculation of CH4 (Garny
et al., 2014). It is not possible to quantify those separate effects based on the CH4

observations alone. The analyzed trend terms (% decade−1) and the accompanying
confidence intervals or CI (in %) that they are present in the time series are given in
Table 2. The trend terms indicate only where there is an acceleration of the overall10

net circulation. Note that the highly significant trends are shown by boldface type; they
have a CI equal to or greater than 95 % of being present in the time series. The trend
coefficients of the low to middle stratosphere are generally significant in the northern
but not the Southern Hemisphere. It is noted that some of the relatively large trends
for the CH4 time series of the upper stratosphere also carry fairly small uncertainties15

from the MLR analysis, but those trends are not highly significant because there is
non-periodic structure in the time series of their residuals that has not been accounted
for. Checking for structure in the residuals is an important part of the MLR analysis.

Figure 6 is a plot of the trend profiles in % decade−1 from Table 2 for the subtropics
and the extratropics of the Southern Hemisphere. Their 2σ uncertainties are shown20

as horizontal bars at selected levels, and the only highly significant trends are in the
subtropics at 7 hPa or 7.0 (2.2) and at 10 hPa or 4.0 (2.2). The vertical dashed line
represents a trend of 3 % decade−1 or equivalent to that of the tropospheric CH4. First,
it appears that the shallow branch of the BDC may have experienced a deceleration
at 30 and 20 hPa (or a negative trend in the subtropics and a positive trend in the ex-25

tratropics). Those trends are not highly significant, however. The trends in the middle
stratosphere are positive in both the subtropics and the extratropics, and the subtrop-
ical trends are significant. Yet, their signs disagree with the conceptual picture for an
acceleration of the BDC. The trends around the stratopause (1 hPa) are larger, and
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they carry the correct signs for an acceleration of the BDC – larger and positive in the
subtropics and large and negative in the extratropics. Still, it is stressed that none of
those upper level CH4 trend terms are highly significant.

Figure 7 is a plot of the subtropical and extratropical trend profiles from Table 2 for
the Northern Hemisphere. The highly significant, northern subtropical trends and their5

2σ uncertainties are 4.5 (2.6) at 10 hPa, 6.7 (2.5) at 20 hPa, 3.7 (2.6) at 30 hPa, and
2.9 (2.8) at 50 hPa. Significant trends for the northern extratropics are −7.9 (3.9) at
7 hPa, −12 (2.6) at 10 hPa, 2.5 (3.0) at 30 hPa, and 3.8 (2.2) at 50 hPa. The trends
at 50 and 30 hPa vary within 2.5 to 3.8 % decade−1, but they carry the same sign and
disagree with the picture of an acceleration of the net circulation or BDC. Instead, they10

are consistent with the average trend of 3 % decade−1 for the tropospheric CH4, and
they indicate that the trends in the extratropics are merely reflecting a net transport of
tropical air to the higher latitudes. The CH4 trends from 20 hPa to 7 hPa are larger and
positive in the subtropics, and the corresponding extratropical trends are increasingly
negatively up to 10 hPa and remain negative even at 7 hPa. Thus, the signs of the15

trends from those two northern zones imply that there was an acceleration of the BDC
in the middle stratosphere. In other words, an acceleration is indicated during this time
span for the lower part of the deep branch or for an upward extension of the shallow
branch of the BDC.

Youn et al. (2006) obtained a positive linear trend at 10 hPa of 9 % decade−1 at20

42.5◦ S, but almost no trend at 42.5◦ N. For comparison purposes, linear trends were
also calculated at 10 hPa for the same latitude zones of 40 to 45◦ in each hemisphere.
Those trends are 8.6 % decade−1 in the southern and −9.4 % decade−1 in the Northern
Hemisphere. A primary reason for the differing results for the Northern Hemisphere is
that the MLR model of the present study includes periodic terms and the effects of25

autocorrelation among all terms. The trends for the wider latitude zones herein are
4.8 % decade−1 in the south and −12 % decade−1 in the north (Table 2).

A change for the BDC may not be as easy to determine for the upper stratosphere
because the photochemical lifetime for the conversion of CH4 to H2O is comparable to
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the time constant for the net transport. The trends in Fig. 7 are small (−1.9 % decade−1)
and not significant at 2 hPa in the northern subtropics. This result is inconsistent with
the decreasing trends for CH4 at low latitudes reported by Nedoluha et al. (1998, their
Fig. 1) for the time span of 1991–1997. As a check, a selected re-analysis of the
HALOE data was carried out for their latitude zone of 10◦ S to 10◦ N, but for the en-5

tire time period of 1991–2005; the MLR fit to that particular time series is shown in
Fig. 8. Qualitatively, the structure in the respective time series is the same from late
1991 to early 1997. Yet, Fig. 8 indicates that the HALOE CH4 exhibits a peak value
of order 0.9 ppmv in the spring of 1997 or equivalent to the value in early 1992. Thus,
if Nedoluha et al. (1998) had extended their time series for another six months or so,10

they should not have found a decreasing trend for the HALOE CH4.
Table 2 and Fig. 7 show a negative trend (−5.7 % decade−1) at 1 hPa in the northern

subtropics, indicating that there may have been a deceleration of the net circulation
at the uppermost levels of the deep branch of the BDC. Even so, that negative trend
is not highly significant because its time series residuals have non-periodic structures15

that are unaccounted for (see also Sect. 4). The role of changes in the wave forcing on
the net circulation is more complicated near the tropical stratopause. It depends on the
altitude region for the wave dissipation, as well as effects of the meridional transport
and mixing on the CH4. In support of that prospect, Randel et al. (2000) reported that
there was a minimum in stratospheric wave forcing for the years 1993–1997, followed20

by an increase in 1998–1999. An inspection of the latitude vs. pressure-altitude cross
sections of CH4 at the HALOE Website indicates that the seasonal BDC (as defined
by the character of its monthly CH4 distributions) extends to higher altitudes in the
northern than in the Southern Hemisphere in the early and middle 1990s than for later
in the time series (cf., September/October distributions for 1992 and 1994 with those of25

1999 and 2002). It is noted that those annual differences are modulated by the phase of
the QBO; however, a QBO term is included in the present MLR models, and it fits those
oscillations well. Apparent negative trends in Fig. 7 are present from 3 to 0.7 hPa for the
northern subtropics, where secondary residual circulations associated with the descent
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of the SAO or with stratospheric warming events are often pronounced (Hitchman and
Leovy, 1986). For example, the qualitative effect during and just following a warming
event is to enhance meridional transport of a tracer (like CH4) in the upper stratosphere
and mesosphere. Pawson and Naujokat (1999) recorded no midwinter warming events
for the Northern Hemisphere in the middle 1990s; Manney et al. (2005) reported that5

midwinter warming events were more prevalent after that. Thus, it may be that the
subtropical trend profiles are merely reflecting the effects of changes in stratospheric
wintertime warming activity during 1992–2005, rather than representing any longer-
term trend for a change of the deep branch of the BDC at those upper levels. Such
dynamical forcings would tend to be of large amplitude, but somewhat episodic, and10

they may explain most of the structure that is present in the MLR model residuals for
the upper stratosphere and lower mesosphere of the Northern Hemisphere.

4 Trends in H2O and HCl

Supporting evidence is sought from the concurrent trends in HALOE H2O. Trend pro-
files are obtained from HALOE H2O using the same terms that were applied in the15

MLR models for CH4, and the results are compared for the extratropics in Figs. 9 and
10. First, it is noted that the mean mixing ratio profiles for H2O are nearly symmetric
for each latitude zone between the two hemispheres (not shown). H2O values for the
subtropics increase from about 3.9 ppmv at 50 hPa to about 6.2 ppmv at 0.3 hPa. H2O
increases in the upper stratosphere from the subtropics to the extratropics, due mostly20

to the oxidation of CH4 to H2O and to its net transport poleward. To first order, half of
the H2O in the upper stratosphere and lower mesosphere is the result of the chemical
oxidation of CH4 to H2O, and the sum of 2CH4 + H2O is nearly conserved (Brasseur
and Solomon, 2005). Therefore, it is expected that the trends for CH4 vs. those for
H2O will have a 2 : 1 ratio at those altitudes but be opposite in sign. The remaining25

part of the H2O trend in the lower mesosphere is from the H2O that entered the strato-
sphere through the tropical tropopause, where the air has an H2O mixing ratio of about
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3.5 ppmv. Seasonally-varying, entry-level values have been reported for the HALOE
H2O of the lower stratosphere (see Randel et al., 2006). Therefore, the H2O and CH4
trends are shown for the extratropics only, and the H2O trends are not plotted for the
lower stratosphere.

The trend terms for H2O are highly significant in the extratropics of the Southern5

Hemisphere from 2 hPa to 0.3 hPa in Fig. 9. The trends for CH4 in that altitude region
also have a fairly high CI of between 73 and 92 %, and they vary from −8.4 to −11 % in
Fig. 6 (and in Table 2). The trends for H2O are opposite in sign and vary between 3.0
and 4.6 % in Fig. 9 and are in good accord with expectations from the methane oxida-
tion chemistry. The respective trends for the extratropics of the Northern Hemisphere10

also have opposing signs, but their magnitudes do not agree as well with the simple
estimates from the conversion of CH4 to H2O (cf., Figs. 7 and 10).

Trends in H2O in the middle stratosphere in Fig. 9 are slightly negative in the south-
ern extratropics and they are more negative in the subtropics (not shown). This finding
reflects changes for the H2O entering the stratosphere during 1992–2005. In fact, Ran-15

del et al. (2006) reported observing a sharp decrease in HALOE H2O in 2001 that
persisted through 2005, and they ascribed that decrease to a change in the BDC near
the tropopause. The linear trends for H2O from the current study are also negative and
highly significant at 50 hPa and at most other levels of the lower stratosphere. However,
there are large differences in the H2O trends at 7 and 10 hPa across the two subtropical20

zones of each hemisphere (cf., Figs. 9 and 10), indicating differences for the net trans-
port within the hemispheres. Further, the H2O trend in the Northern Hemisphere at
5 hPa is positive and highly significant or 4.6 (0.3) % decade−1. Taking into account the
age-of-air for 55◦ N, that finding agrees with the long-term trend of about 6 % decade−1

that was reported as representative of H2O for the years prior to 2001 (Scherer et al.,25

2008).
To summarize the joint findings from CH4 and H2O, the trends from CH4 are sig-

nificant and of the correct sense for a speed-up of the BDC at pressure-altitudes of
20 to 7 hPa in the Northern Hemisphere. Conversely, there is no clear evidence for
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a change in the BDC in the Southern Hemisphere, except perhaps for the extratrop-
ics of the lower mesosphere. The weakly positive CH4 trends of the lowest part of the
stratosphere (or below the 20-hPa level) are merely indicative of the slow increases
of tropospheric CH4 during 1992–2005. The concurrent trends for CH4 and H2O are
highly significant in the lower stratosphere of the Northern Hemisphere, but the trend5

for H2O is judged as mainly a result of the episodic change in 2001 for the entry-level
H2O. The H2O trends for the middle stratosphere are negative in the southern but not
in the Northern Hemisphere, most likely because of a more vigorous meridional mixing
of the air masses in the Northern Hemisphere. Together then, the trends from both CH4
and H2O indicate that the low altitude part of the deep branch of the BDC underwent10

an acceleration up to near 7 hPa in the Northern Hemisphere during 1992–2005.
Figure 11 is the MLR model fit to the CH4 time series data at 0.7 hPa of the northern

extratropics and subtropics. Note that the IA term is not important at 0.7 hPa and is
excluded in the subtropical MLR model of Fig. 11. The extratropical minimum occurs in
late summer, due to the nearly complete oxidation of the CH4 at that time. Conversely,15

there is a maximum in the subtropics in late summer in response to the diabatic circula-
tion associated with the radiative relaxation away from the very warm temperatures of
the polar summer stratopause. Upon closer inspection, one can readily see that these
predominant, annual cycle variations in the data of the extratropics are underestimated
by the MLR model terms in 1992, in 1998–1999, and in 2003–2005 and overestimated20

in 2000 and 2001. The late summer maximum of the subtropics is overestimated by the
model in 1996 and in 2000–2001; the model also clearly underestimates the data in
the winter of 1997–1998. Occasional seasonal amplitude anomalies are also present
in the CH4 analysis for the southern subtropics, but are nearly absent in the southern
extratropics (not shown). Of course, the seasonal terms of the MLR model simply pro-25

vide an average fit to the data across all the years. Thus, the time series of HALOE
CH4 of the Northern Hemisphere indicate that there must be a connection to effects
from aperiodic dynamical forcings. It ought to be possible to verify those instances of
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MLR/data mismatch with the aid of a model study for a CH4-like tracer, transported with
the aid of assimilated temperature and ozone fields for those years.

A number of investigators have analyzed time series of HCl in the lower mesosphere
to verify concurrent changes in the effects of reactive chlorine on ozone (e.g., Froide-
vaux et al., 2006). HCl is the primary product of the chemical conversion of free chlorine5

from methyl chloride and from CFC molecules in the upper stratosphere (Brasseur and
Solomon, 2005). For this reason HCl may also be considered as a tracer-like species
for studying transport and age-of-air, particularly for the uppermost stratosphere and
lower mesosphere. Model studies show peak values of HCl occurring in the lower
mesosphere in 1999, while the HCl time series from HALOE at 0.46 hPa and up to10

2001 indicated that the observed maximum occurred a year of two earlier or in 1997
(e.g., Waugh et al., 2001). However, the complete time series of HALOE HCl shows
two maxima – one in 1997 and another from 2001–2002 (WMO, 2007, Figs. 1–12).
It may be that there were significant variations in the observed HCl due to dynamical
forcings at those altitudes, and the transport models do not represent them so well.15

The MLR models of the present study are fitting the periodic terms in the observed
data fairly well. But as indicated in the CH4 time series of Fig. 11, some forcing effects
are not periodic. In particular, major stratospheric, midwinter warming events can alter
the distributions of tracers, but not in the same way each year and perhaps not ev-
ery winter. Further, the usual method of de-seasonalizing a data time series can also20

impart significant structure to the MLR model residuals.
Spatial gradients for CH4 and HCl in the lower mesosphere are opposite in sign both

vertically and in the meridional direction, such that any anomalies in their respective
residuals should have opposing features that would tend to confirm effects from dy-
namical forcings. Therefore, MLR analyses are applied to time series of both CH4 and25

HCl in the lower mesosphere. As shown in Fig. 11, CH4 has seasonal and QBO-like
forcings that are resolved and accounted for reasonably well with the MLR models;
the same terms are applied to the HALOE HCl time series. A quadratic term is also
added to the linear term for the HCl MLR model because HCl varied non-linearly dur-
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ing 1992–2005. Figure 12 shows time series of the residuals (data minus MLR model
curve) for HCl in the northern extratropical zone at 0.7 hPa (near 52 km). In general,
the residuals indicate a good fit to the data, although they tend to be mostly negative
from late 1998 through 1999 and mostly positive in 1995–1996 and in 2001. Figure 13
shows the corresponding residuals for CH4; they indicate little to no bias from 19925

to mid-1999, but then a clear negative bias in 2000 and 2001, or opposite to that from
HCl. Thus, there is aperiodic structure remaining in the residuals for both HCl and CH4,
and their opposing signs indicate that the net circulation at this level is being altered by
dynamical forcings. In fact, it should be clear that one ought to achieve more consistent
HCl model/data comparisons by analyzing time series of the HCl within a latitude zone10

but referenced to a constant CH4 level instead of to an altitude or even a pressure level.
A corollary is that it is important to know how well a given chemistry/climate model is
able to simulate the observed time series of the CH4, too. Further, it should be possible
to extend the HALOE CH4 and HCl time series by considering data from the Atmo-
spheric Chemistry Experiment (ACE), which began providing operational data early in15

2004 (Bernath, 2013) and/or data from the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) that began operations in 2002 (Fischer and Oelhaf, 1996).

5 Conclusions

Time series of the tracer-like molecule CH4 obtained with the UARS HALOE exper-
iment are analyzed using MLR techniques for their periodic and trend terms during20

1992–2005. The sunset and sunrise profile data are binned according to subtropical
and extratropical latitude zones in both the southern and Northern Hemispheres. Time
series are generated and analyzed from 50 to 0.4 hPa. Based on an examination of the
data time series, both seasonal and interannual terms are included in the MLR models,
in addition to a linear trend term. The trend terms are examined to see whether there25

had been any change in the net circulation for the southern or Northern Hemispheres
during 1992–2005 in accordance with the simple concept of Plumb (2007) for a hemi-
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spheric BDC. The adoption of that concept suggests that an acceleration of the circu-
lation is indicated whenever the CH4 trends are positive by more than 3 % decade−1

in the subtropics and less than that or negative in the extratropics. Further, since the
analyses are conducted at pressure levels rather than at geometric altitudes, it is pre-
sumed that any significant trends must be due mainly to changes in the effects of wave5

forcings on the distributions of CH4.
The primary findings of this study are as follows. The CH4 trend terms for the North-

ern Hemisphere are significant from 50 to 7 hPa. They are positive in the subtropics
and larger than the tropospheric CH4 trends of about 3 % decade−1 from 20 to 7 hPa.
In the northern extratropics the trends are clearly negative at 10 and 7 hPa. At those10

levels the overall trend signature across those two zones represents an acceleration of
the BDC for the Northern Hemisphere. The CH4 trends are positive and significant at
7 and 10 hPa for the southern subtropics, but the corresponding trends in the southern
extratropics are also positive; thus, their combination is not in the proper sense for in-
dicating an acceleration or deceleration of the southern hemispheric BDC. CH4 trends15

are not highly significant for the stratosphere above the 7-hPa level in either zone of
both hemispheres. The early climate model simulations of Rind et al. (1990) are quali-
tatively consistent with these findings, in that their model runs show more wave activity
and dissipation throughout the winter in the northern than in the Southern Hemisphere
for their model scenario of steady increases of CO2 in the atmosphere. Still, it may be20

that estimates of the net circulation from HALOE are only representative of 1992–2005.
The trends for HALOE H2O are compared for the extratropics with those from CH4

in the upper stratosphere and lower mesosphere because H2O is the primary product
of the oxidation of CH4 at those altitudes. An approximate inverse and 2 : 1 relationship
between their trends (CH4 : H2O) is found near the stratopause in both hemispheres,25

but that result is most significant in the Southern Hemisphere. Trends for HALOE H2O
in the low to middle stratosphere are large and significant, but they reflect mainly the
episodic change in 2001 for the entry of H2O into the stratosphere from below.
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The variation of CH4 with time in the lower mesosphere also provides some clues
about the effects of aperiodic wave forcings in the lower mesosphere. Others have
noted that there are modest disagreements in the modeled trends for HCl compared to
those observed with HALOE, particularly from about 1996 to 2002. But both CH4 and
HCl should serve as tracers of changes due to dynamical forcings. It is shown that their5

respective time series residuals are anti-correlated. A part of the anomalies in the CH4
residuals is due to the significant variations in the seasonal amplitudes of the observed
CH4, and they are ascribed to wave-driven, secondary residual circulations associated
with the SAO and QBO. Therefore, a better approach would be to analyze for trends in
HCl as referenced to constant CH4 values. In summary, it is concluded that near-global10

distributions of CH4, as remotely measured from a satellite, are an excellent diagnostic
of the effects of seasonal and longer-term changes in the transport within the middle
atmosphere.
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Table 1. Mean CH4 mixing ratio profiles (ppmv).

P 55◦ S 14◦ S 14◦ N 55◦ N
(hPa)

0.4 0.19 0.24 0.25 0.18
0.5 0.20 0.26 0.27 0.19
0.7 0.21 0.30 0.33 0.21
1.0 0.24 0.36 0.40 0.24
2.0 0.34 0.56 0.61 0.34
3.0 0.44 0.71 0.75 0.42
5.0 0.60 0.92 0.94 0.55
7.0 0.72 1.06 1.07 0.66
10.0 0.84 1.19 1.18 0.78
20.0 1.02 1.37 1.33 0.98
30.0 1.10 1.45 1.43 1.08
50.0 1.22 1.53 1.52 1.22
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Table 2. CH4 trend profiles (% decade−1) and their confidence intervals (%) per latitude zone.

Pressure 55◦ S 14◦ S 14◦ N 55◦ N
(hPa)

0.4 −8.4, 73 7.2, 2 8.0, 24 −15.0, 89
0.5 −10.0, 80 7.2, 2 5.5, 20 −16.0, 90
0.7 −11.0, 91 6.6, 2 −2.6, 36 −16.0, 90
1.0 −11.0, 92 5.2, 6 −5.7, 34 −14.0, 88
2.0 −6.3, 64 2.7, 18 −1.9, 33 −8.1, 78
3.0 −1.2, 19 8.2, 52 0.9, 16 −5.7, 72
5.0 3.5, 43 7.0, 88 6.7, 48 −4.7, 89
7.0 4.3, 82 7.0, 98 4.7, 83 −7.9, 97
10.0 4.8, 93 4.0, 98 4.5, 98 −12.0, 97
20.0 5.0, 56 −0.3, 36 6.7, 99 −3.0, 68
30.0 2.1, 9 −1.1, 46 3.7, 99 2.5, 95
50.0 −0.5, 86 −1.2, 70 2.9, 99 3.8, 99
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Figure 1. Brewer–Dobson circulation (BDC) and stratospheric ozone. The sense of this net
circulation or BDC is shown by the black arrows overlain on the zonally-averaged ozone distri-
bution (or its number density in molecules per cm3 vs. latitude and altitude) for March 2004, as
measured by the OSIRIS satellite instrument. Wiggly orange arrow indicates the propagation of
waves from the troposphere as they affect the ozone. The dashed black line is the tropopause
(adaption of figure in Shaw and Shepherd, 2008).
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Figure 2. Methane distribution (ppmv) for January based on a chemistry and transport model
simulation. White arrows indicate the sense and strength of the net circulation (image courtesy
of Eric Fleming).
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Figure 3. Time series of CH4 is from HALOE at 7 hPa and for the extratropics of the (a) South-
ern and of the (b) Northern Hemisphere. Solid and open circles indicate the bin-averaged CH4
data for sunset and sunrise, respectively. The oscillating curve is the MLR fit to the data based
on the terms indicated at the lower left, and the near-horizontal line represents the sum of the
constant and linear trend terms.
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Figure 4. As in Fig. 3, but for the subtropics of the (a) Southern and of the (b) Northern Hemi-
sphere.
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Figure 5. As in Fig. 3, but at 30 hPa for the subtropics of the Northern Hemisphere.
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Figure 6. Subtropical and extratropical trend profiles for CH4 in the Southern Hemisphere.
Vertical dashed line is approximate trend for tropospheric CH4. Horizontal bars at selected
levels are the 2σ error estimates for the trend terms.
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Figure 7. As in Fig. 6, but for the Northern Hemisphere.
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Figure 8. Time series of HALOE CH4 at 2 hPa at low latitudes for comparison with that of
Nedoluha et al. (1998).
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Figure 9. Extratropical trend profiles for CH4 and H2O for the Southern Hemisphere.
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Figure 10. As in Fig. 9, but for the northern extratropics.
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Figure 11. As in Fig. 3, but for CH4 at 0.7 hPa in the northern (a) extratropics and (b) subtropics.
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Figure 12. Time series of HCl residual (data – MLR curve) at 0.7 hPa and for the 55◦ N zone.
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Figure 13. As in Fig. 12, but residual for CH4.
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