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Abstract

Upwelling branch of the Brewer–Dobson circulation (BDC) controls the tropical lower
stratospheric water vapor (WV) through dynamic cooling near the tropopause. Down-
welling branch of BDC dominates the extratropical middle-lower stratospheric Hydro-
gen Chloride (HCl) by dynamic transport. Climatologically, a symmetric weakening5

BDC indicates increasing tropical lower stratospheric WV and decreasing extratropi-
cal middle-lower stratospheric HCl. However, the global ozone chemistry and related
trace gas data records for the stratosphere data (GOZCARDS) show that the tropi-
cal lowermost stratospheric WV increased by 18 % decade−1 during 2001–2011 and
the boreal mid-latitude lower stratospheric HCl rose 25 % decade−1 after 2006. We in-10

terpret this as resulting from a slowdown of the tropical upwelling and a speedup of
the mid-latitude downwelling. This interpretation is supported by composite analysis of
Eliasen–Palm Flux (EPF), zonal wind and regression of temperature on the EPF from
the ERA-Interim data. Results present that the enhancing polar vortex and weaken-
ing planetary wave activity leads to a downwelling branch narrowing equatorward and15

a local speedup of 24 % at 20 hPa in the mid-latitudes. Moreover, there are regressive
temperature increase of 1.5 K near the tropical tropopause and that of 0.5 K in the mid-
latitude middle stratosphere, which also indicates the tropical upwelling slowdown and
the mid-latitude downwelling speedup during 2001–2011.

1 Introduction20

It has recently been discovered that the stratospheric trace gases, such as Water Vapor
(WV) and Hydrogen Chloride (HCl), tend to have anomalous trends since the begin-
ning of the 21st century (Mahieu et al., 2014; Fueglistaler, 2012). Solomon et al. (2010)
suggested that decrease of the lower stratospheric WV leads to a 25 % reduction of
the global warming rate near 2000, which indicates that WV plays an important role25

in the balance of the global radiation. Mote et al. (1995) detected the “tape recorder”
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effect on tropical WV above the tropopause and pointed out that the WV variability is
dominated by dehydration based on the tropical Cold-Point Tropopause Temperature
(CPTT). The tropical CPTT is connected with dynamic cooling of upwelling branch of
Brewer–Dobson circulation (BDC). In addition, in December, January, February and
March (DJFM), a large proportion of WV transport into stratosphere over the Tropical5

Western Pacific (TWP) is known as “stratospheric fountain” (Geller et al., 2002; Ban-
nister et al., 2004; Bonazzola et al., 2004). Thus, the variability of the BDC in the boreal
winter affects the annual tropical lower stratospheric WV (Dessler et al., 2014).

The principal source for Stratospheric HCl is the decomposition of chlorofluorocar-
bons (CFCs) in the upper stratosphere under intense ultraviolet radiation (UV). HCl10

is relatively long-lived in the stratosphere (Mohanakumar, 2008; Andrews et al., 1987)
and is transported downward by the downwelling branch of deep BDC. Due to the Mon-
treal Protocol, the total atmospheric chlorine of CFCs decreased since 1992/93 and
stratospheric HCl declined after 1997 as shown from ground-based Fourier-transform
infrared (FTIR) spectrometers and various satellite observations (Kohlhepp et al., 2011;15

Jones et al., 2011). When CFCs emission tends to be stable, HCl concentration in the
upper stratosphere is dominated by the photochemical exposure which is also related
to deep BDC (Waugh et al., 2007). However, the contrary HCl trends after 2006 in the
mid-latitudes and the Arctic in boreal middle stratosphere (Fig. 2d and f) cannot be
explained simply by the slowdown of the downwelling argued by Mahieu et al. (2014).20

There might be the opposite trends of the local downwelling in the mid-latitudes and
the Arctic.

Therefore, the combination of variations of WV and HCl can be used to fully un-
derstand the change of deep BDC which is abbreviated as BDC in the below. Recent
studies found that the BDC has weakened since the beginning of the 21st century in25

the Northern Hemisphere (NH) according to air age (Ploeger et al., 2015; Stiller et al.,
2012). However, the mid-latitude air age in the middle and lower stratosphere is not only
dominated by the deep BDC but also by the shallow BDC. Furthermore, the deep BDC
and the shallow BDC can vary independently (Garny et al., 2011; Gerber, 2012; Stiller
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et al., 2012). Additionally, the HCl concentrations can be different in the air parcels with
the same age but different transport pathways (Waugh et al., 2007). Therefore, the
deep BDC has direct and efficient influence on the stratospheric HCl and WV. Hence,
the mismatching trends of the WV in the tropics and HCl in the extratropics in the re-
cent observations allow one to deduce an anomal latitudinal structural change in the5

BDC. This kind of latitudinal structure changes have not been discussed before.
Hence, we focused on two points in this study: (1) the latitudinal structure of the

recent boreal BDC; (2) the connections between the latitudinal structure of the BDC
changes and the mismatching trends of WV and HCl. The data set is described in
Sect. 2. Section 3.1 and 3.2 present the trends of the boreal BDC and the latitudinal10

structural changes of the BDC. Section 3.3 shows the relationship between BDC and
WV. Section 3.4 discusses the connection between BDC and HCl. The conclusion is
provided in Sect. 4.

2 Data and methodology

2.1 Data15

Monthly zonal average WV, HCl and temperature data are from Global OZone Chem-
istry And Related trace gas Data records for the Stratosphere (GOZCARDS Version
1.1) satellite data set. WV data is derived from Level 2 satellite products by HALOE
(1991–2005) V19, UARS MLS (1991–1993) V5, ACE-FTS (2004–2012) V2.2 and Aura
MLS (2004–2012) V3.3. HCl data is derived from Level 2 products by HALOE (1991–20

2005) V19, ACE-FTS (2004–2012) V2.2 and Aura MLS (2004–2012) V3.3. Tempera-
ture data is derived from MERRA (1979–2012) V5.2.0. Details can be obtained from
http://gozcards.jpl.nasa.gov.

European Centre for Medium-Range Weather Forecast (ECMWF) ERA-Interim re-
analysis monthly mean data (Dee et al., 2011) with 1.5◦×1.5◦ grid was used to calculate25

Eliasen–Palm Flux (EPF) and Transformed Eulerian Mean (TEM) velocity.
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2.2 Methodology

EPF of planetary waves (PWs, wave number 1–3) is expressed in Eq. (1) and
TEM velocity (residual meridional circulation, approximative to BDC) is expressed
in Eq. (2) (Andrews et al., 1987). In vector Figures of EPF, items are normalized
by 3.14×6378 km horizontally and by 1000 hPa vertically. The unit is m2 s−2 (http:5

//www.esrl.noaa.gov/psd/data/epflux/).F(ϕ) = −r0 cosϕu′v ′ (1a)

F(p) = f r0 cosϕ v ′θ′

θp
(1b)

v
∗
= v − ∂

∂p

(
v ′θ′

θp

)
(2a)

ω
∗
=ω+ ∂

r0 cosϕ∂ϕ

(
v ′θ′ cosϕ

θp

)
(2b)

Where overbars and primes denote zonal means and departures, subscripts without
parentheses denote partial differentiation, p is the pressure, ϕ is the latitude, f is the10

Coriolis parameter, r0 is the radius of the earth, θ is the potential temperature, u and v
are zonal and meridional velocity, and ω is vertical velocity.

Deep BDC is driven by the breaking of PWs (EPF convergence) in the extratropical
stratosphere in winter as known “downward-control principle” (Haynes et al., 1991;
Holton et al., 1995). Due to the vertical EPF expressed as Eq. (1b) (EPFp, the eddy15

heat flux) indicates the upward propagation of PWs mainly in extratropical stratosphere,
EPFp in the lower stratosphere region 45–75◦N could be a proxy for the BDC (Newman
et al., 2001; Li and Thompson, 2013). Generally, EPFp is negative. Thus, absolute
value of EPFp at 50 hPa in 45–75◦N can represent the intensity of the BDC.

December–February (DJF) mean is used for boreal winter EPF, ω
∗

and other dy-20

namic variables. However, temperature is averaged from December to March (DJFM),
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because the influence of PW activities in DJF on stratospheric temperature will con-
tinue till March (Newman et al., 2001).

After 25-month moving average, the high-frequency signals are eliminated, and long-
term (more than two years) interannual variability is left. Linear regression is used to
calculate the correlation between temperature and EPFp.5

3 Results

3.1 Trends of the boreal BDC

The BDC proxy (EPFp at 50 hPa over 45–75◦N in Fig. 1a) in DJF from ERA-Interim
shows that BDC in boreal winter tended to increase in 1993–1999 period. How-
ever, the BDC proxy tends to weaken with a trend of 2.21×105 pam−2 s−2 decade−1

10

(33 % decade−1) after 2000, which passes statistical significance test at the 90 % con-
fidence level. The change of upwelling in BDC can affect the tropical CPTT by dynamic
heating. Thus, the tropical lowermost stratospheric temperature can test the long-term
trend of BDC. During 2001–2011, the temperature near the tropical tropopause (10◦ S–
10◦N) (Fig. 1b) rises with a trend of 2.21 Kdecade−1 based on the GOZCARDS-15

MERRA data. The trend exceeds the significance test at the 99 % confidence level.
The tropical tropopause warming is consistent with the declining of BDC observed in
Fig. 1a. Apparently, the result is similar to the ozone analysis in the tropical lower strato-
sphere (Aschmann et al., 2014) that the BDC tends to decrease after 2000. In addition,
the decline of BDC during 2001–2011 was confirmed by air age increases in the boreal20

main stratosphere from Lagrangian transport models and observations (Ploeger et al.,
2015; Mahieu et al., 2014; Stiller et al., 2012).

3.2 The latitudinal structural changes of the BDC

There is not only a shift of the BDC trend but also latitudinal structural changes of the
BDC after 2000. BDC (red thick hollow arrow in Fig. 1c) is a net Lagrangian transport of25
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mass through the middle atmosphere (Andrews and McIntyre, 1976). According to the
principle of mass conservation, the flow would be accelerated if the flow pipe narrows.
Figure 1f shows an acceleration of downwelling (also as shown by “downward black
thin hollow arrow” in Fig. 1d and e) on the south side of axis of polar vertex (35–
65◦N in Fig. 1c) corresponding to the polar vortex enhancement (in Fig. 1d) at 20 hPa.5

2007–2011 average TEM vertical speed of 4.02×10−4 pas−1 increased by 24 % over
2001–2005 average TEM vertical speed of 3.25×10−4 pas−1 (in Fig. 1f). Comparing
to the averaged EPF (BDC proxy) and zonal wind in winter during the period of 2001–
2011(Fig. 1c), the differences of EPF and zonal wind between 2007–2011 and 2001–
2005 show that the decline in the upward propagation of PWs could result in a negative10

anomaly of BDC (red thick hollow arrows in Fig. 1d) accompanied by a polar vortex
enhancement. It is suggested that the more powerful circumpolar westerly would block
the downwelling brach of BDC outside the polar region. In other words, the downwelling
branch narrowed equatorward and sank faster in the mid-latitudes (downward black
thin hollow arrow in Fig. 1d). The regression of EPFp from Fig. 1a with temperature of15

DJFM in 2001–2011 (Fig. 1e) can also support the latitudinal structural changes during
the period. A negative center (near −2 K) in the Arctic implies an upwelling anomaly
(upward black thin hollow arrow) which is validated by the weakening downwelling and
shifting to upwelling (in Fig. 1g) on the north side of axis of polar vertex (65–85◦N) at
20 hPa. The anomalies of the temperature and TEM vertical velocity in the Arctic area20

indicate the downwelling branch was narrowing equatorward. The narrowing leads to
a local speedup of downwelling in the mid-latitudes (Fig. 1f and the downward black
thin hollow arrow in Fig. 1e) which is also verified by a positive center (near 0.5 K) in
the middle stratosphere. The positive center (near 1.5 K in Fig. 1e accounts for 62 % of
the total temperature increase in Fig. 1b) is located in the lowermost stratosphere over25

tropics, from which the reduction of the upwelling of BDC can be inferred (downward
red thick hollow arrow).

To summarize, the reduction of the tropical upwelling and the local strengthening
of the mid-latitude downwelling compose the latitudinal structural changes of the BDC
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after 2000. The decline of upwelling is in accord with the BDC weakening. The local
acceleration of the mid-latitude downwelling results from the branch narrowing equa-
torward which is related to weak planetary wave activity and cold polar vortex enhance-
ment.

3.3 Relationship between BDC and WV5

The decline of the upwelling branch controls the increase of the tropical lower strato-
spheric WV. According to “tape recorder” effect, the maximum warming 1.5 K (Fig. 1e)
in tropical lowermost stratosphere, as caused by the decline of upwelling in the weak-
ening BDC, results in an increase of the tropical lower stratospheric WV by dehydration
of air crossing the cold-point tropical tropopause (Schiller et al., 2009) in 2001–2011.10

GOZCARDS data show that WV at 68 hPa in 2001–2011 increased by the linear rate of
0.60 ppmvdecade−1 (17.5 %decade−1) which exceeds the significance test at the 99 %
confidence level (Fig. 2a). WV at 46 hPa showed a similar trend of 0.27 ppmvdecade−1

(7.3 %decade−1) that passes statistical significance test at the 90 % confidence level
(Fig. 2b). Fueglistaler (2012) analyzed tropical stratospheric WV from HALOE and also15

found the trend after 2000.

3.4 Relationship between BDC and HCl

There is a trend shift of boreal HCl in 2006/07. GOZCARDS data at 32 hPa show
that mid-latitude (40–60◦N) stratospheric HCl had a decreasing trend at a linear rate
−0.40 ppbvdecade−1 (−25.5 %decade−1) before 2006 and had an increasing trend20

of 0.38 ppbvdecade−1 (24.7 %decade−1) after 2006 (Fig. 2c). Both trends exceed
the significance test at the 99 % confidence level. In order to show only the down-
welling impacts, HCl regressed against the monthly solar 10.7 cm flux (at the 99 %
confidence level) was removed from the monthly HCl data in Fig. 2d. Trend shift of
the residual HCl remains in 2006/07. Trend after 2006 is 0.32 ppbvdecade−1 and25

still passes statistical significance test at the 90 % confidence level. HCl in the mid-
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latitudes had similar trends of −0.15 ppbvdecade−1 (−11.3 %decade−1) before 2006
and 0.33 ppbvdecade−1 (24.5 %decade−1) after 2006 at 46 hPa, −0.44 ppbvdecade−1

(−24.8 %decade−1) before 2006 and 0.17 ppbvdecade−1 (9.8 %decade−1) after 2006
at 22 hPa (pictures omitted), which was also noted by Mahieu et al. (2014). However,
HCl in the Arctic (70–90◦N) at 22 hPa continuously decreased after 2001 (Fig. 2e).5

Declining trend is −0.32 ppbvdecade−1 which passes statistical significance test at the
95 % confidence level. After removal of the solar cycle signals (Fig. 2f), HCl reduced
faster after 2006/07 which is opposite to that in the mid-latitudes. It is similar at 15 hPa
in the Arctic (pictures omitted). According to the atmospheric continuity equation, mass
flux determines the local HCl concentration. Under the approximate conditions of no10

divergence and no horizontal HCl gradient, the strength of the local downwelling dom-
inates the extratropical lower stratospheric HCl concentration by downward transport.
Therefore, the increase in the mid-latitudes and decrease in the Arctic of HCl after
2006/07 can support the local speedup in mid-latitude and slowdown in the Arctic of
the downwelling resulting from the narrowing equatorward of the downwelling branch15

of BDC.

4 Conclusion and discussion

The trends of boreal BDC tended to decrease and create latitudinal structural changes
after 2000. The latitudinal structure of recent changes in the boreal BDC presented
the reduction of the tropical upwelling and the local strengthening of the mid-latitude20

downwelling. The acceleration of downwelling in the mid-latitudes is caused by the
branch narrowing equatorward which is related to the weaker planetary wave activity
and the stronger polar vortex. In addition, the variation of WV in the tropics and HCl in
the extratropics support the latitudinal structural changes of the BDC. The increasing
tropical lower stratospheric WV results from the higher tropical CPTT which is mainly25

caused by the decline of the upwelling after 2000. The increasing HCl in the mid-
latitudes is caused by the local speedup of downwelling after 2006/07.
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Numerous simulation studies (Eichelberger et al., 2005; Garcia and Randel, 2008;
Butchart et al., 2010; Li et al., 2010; Fleming et al., 2011; Douglass et al., 2014) claimed
that BDC will be stronger in the future. Those results are not consistent with the ob-
servations described in this paper. However, Winter and Bourqui (2011) found that
mid-latitude zonal symmetric surface heating forcing, decreasing the meridional tem-5

perature gradient between the tropics and the mid-latitudes, results in a decline of the
upward propagation of PWs in the polar region and enhances the polar vortex. Realis-
tically, zonally asymmetric land-ocean warming is more likely to affect the PWs activity.
Hu et al. (2014) confirmed that increasing the meridional temperature gradient of sea
surface temperature (SST) could enhance the BDC and would be accompanied by10

increased PWs activity and a decline in the polar vortex. But in 2001–2011, the Pa-
cific Decadal Oscillation (PDO) shifted from the warm phase to the cold phase. An
increase of North Pacific SST weakened the meridional temperature gradient between
the tropics and the mid-latitudes which was opposite to the simulation conditions of Hu
et al. (2014). It appears the modification of the PDO in the meridional temperature gra-15

dient is a likely reason for the weaker PWs activity and the latitudinal structural changes
in the boreal BDC in the beginning of the 21st century.
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Fig. 1

Figure 1. (a) Time series of 45–75◦ N mean vertical EPF of ERA-Interim in DJF at 50 hPa, thin
lines for piecewise linear fitting; (b) 10◦ S–10◦ N mean monthly temperature from GOZCARDS in
DJFM at 68 hPa, thin line for piecewise linear fitting and thick curve for 25-month running mean;
(c) mean EPF (black thin arrows) of PW and zonal wind (contours, ms−1) in DJF of 2001–2011
from ERA-Interim, red thick hollow arrow indicate the deep branches of BDC; (d) as in (c), but
for the anomalies between 2007–2011 and 2001–2005, red thick hollow arrows indicate the
anomalies of the deep BDC branch, black thin hollow arrows indicate the local anomalies in the
weakening downwelling BDC branch; (e) temperature (in DJFM, unit, Kelvin) regressed on 45–
75◦ N mean EPFp (in DJF at 50 hPa) in 2001–2011, Stippled regions passed the 90 % (filled)
and 85 % (hollow) confidence test levels, black and red curves respectively indicate potential
temperature and potential vorticity (2, 3, 4 PVU); (f) 35–65◦ N TEM vertical speed of BDC in
DJF at 20 hPa, black and red curves respectively indicate 3 and 5 year running means; (g) as
in (f), but at 65–85◦ N.
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Fig. 2

Figure 2. Time series of monthly H2O and HCl from GOZCARDS, thick gray curve for 25-month
running mean and thin red line for piecewise linear fitting; (a, b) H2O in tropic 10◦ S–10◦ N at 68
and 46 hPa; (c) HCl in mid-latitude 40–60◦ N at 32 hPa; (d) as in (c), but HCl regressed against
the monthly solar 10.7 cm flux was removed from the results; (e) HCl in the Arctic 70–90◦ N at
22 hPa; (f) as in (e), but HCl regressed against the monthly solar 10.7 cm flux was removed
from the results.
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