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ABSTRACT

The climatology and future changes of the Brewer-Dobson circulation (BDC) in three climate change
scenarios are studied using the latest version of the Whole Atmosphere Community Climate Model
(WACCM4), which is fully coupled to an ocean model. The results show an acceleration in both the shallow
and deep branches of circulation in response to increasing greenhouse gases (GHGs) together with an upward
displacement of the tropical upwelling in the deep branch near the stratopause. The downward control
principle reveals that different waves are involved in forcing the acceleration of the upper and lower branches.
Climatological-mean tropical upwelling in both the lower and upper stratosphere is dominated by explicitly
resolved, planetary-scale waves. Trends in the tropical upwelling in the lower stratosphere are mainly at-
tributed to explicitly resolved, planetary-scale waves. However, in the upper stratosphere, despite the fact that
resolved waves control the forcing of the climatological upwelling, their contribution to the long-term trend
diminishes with increasing GHGs, while the role of gravity waves associated with fronts increases and be-
comes dominant in the model scenario with the largest GHG increases. The intensification and upward
displacement of the subtropical tropospheric jets due to climate change leads to filtering of the westerly part of
the frontal gravity wave spectrum, leaving the easterly components to reach the upper stratosphere and force

the changes in the circulation there.

1. Introduction

The stratospheric meridional overturning circulation,
also known as the Brewer—Dobson circulation (BDC), is
responsible for mean mass transport of chemical tracers
from the equator to the poles (Birner and Bonisch 2011).
Several modeling studies have shown an acceleration of
the BDC with increasing greenhouse gas (GHG) con-
centrations (e.g., Butchart et al. 2006), which led to
growing interest in this circulation. Changes in the BDC
can modify the distribution of ozone and other chemical
compounds, resulting not only in a dynamical alteration
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of the stratosphere and stratosphere—troposphere in-
teractions but also to changes in the tropospheric radi-
ative balance.

Recent studies have clearly differentiated two branches
of the stratospheric mean meridional circulation: a shal-
low branch, located in the lowermost stratosphere, with
upwelling in the tropics and downwelling in the subtropics
and middle latitudes, and a deep branch with maximum
upwelling in the tropical upper stratosphere and down-
welling in the middle and high latitudes throughout the
entire height of the stratosphere. Birner and Bonisch
(2011) distinguish between shallow and deep branches on
the basis of the stratospheric transit times in each branch,
with the result that the shallow branch extends to about
50 hPa and the deep branch is located above that altitude.
Here we follow Birner and Bonisch and adopt 50 hPa
as the approximate level separating shallow and deep
branches.

Recently, Lin and Fu (2013) looked at the climatol-
ogy and changes in all branches of the BDC using
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chemistry—climate models from the second Chemistry—
Climate Model Validation (CCMVal2) activity. These
authors define a transition layer between 100 and 70 hPa,
with the shallow branch extending up to 30 hPa, and the
deep branch beginning above 30 hPa. They found a larger
acceleration in the shallow branch than in the deep
branch. Similarly, Hardiman et al. (2014) investigated
future changes in the Brewer—Dobson circulation in the
entire stratosphere in high-top phase 5 of the Coupled
Model Intercomparison Project (CMIP5) models (with
model lids above 1 hPa). They found differences in the
width of the changes in tropical upwelling above and
below 20 hPa. These differences suggest that different
dynamical behaviors may be related to different driving
mechanisms.

The stratospheric mean meridional circulation is driven
by wave dissipation (Holton et al. 1995). The downward
control principle (DCP; Haynes et al. 1991) makes it
possible to identify quantitatively the waves that are
responsible for driving this circulation. This principle
establishes that, in steady state, the mean vertical ve-
locity at any vertical level is controlled only by the
density-weighted integral of the wave forcing acting
above that level. Different studies using both reanalysis
and general circulation models suggest that the BDC in
the lower stratosphere is mainly forced by large-scale
waves [e.g., Fig. 4.10 of Eyring et al. (2010)], although
there is considerable intermodel variability. In particular,
in CCMVal2 models, more than 70% of the climatolog-
ical tropical upwelling at 70 hPa was due to waves that are
explicitly resolved by the models, 21.1% to parame-
terized (unresolved) orographic gravity wave drag, and
7.1% to parameterized nonorographic gravity wave
drag (Butchart et al. 2011). These percentages agree
well with results from the 1989-2009 Interim European
Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis (ERA-Interim), although in the latter only
4% of the tropical upwelling at 70 hPa was attributed to
parameterized wave drag (nonorographic gravity waves
are not included in ERA-Interim; Seviour et al. 2012).

Regarding changes in tropical upwelling associated
with increasing greenhouse gases, there is a general con-
sensus that changes in resolved wave drag are the main
driver of the acceleration in the lower stratosphere [e.g.,
Fig. 4.11 of Eyring et al. (2010)]. The multimodel analysis
of Butchart et al. (2010) revealed contributions at 70 hPa
of up to 67% from these waves and 30% from orographic
gravity waves. These results agree with other individual
model studies, such as those by Garcia and Randel (2008;
hereafter GRO8), McLandress and Shepherd (2009),
Garny et al. (2011), and Shepherd and McLandress
(2011). GROS pointed out that, as the subtropical tropo-
spheric jets intensify in response to tropospheric warming
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driven by GHG, the contribution of gravity waves in-
creases above 70hPa in the middle stratosphere. This
altitude dependence of the different wave contributions
to the upwelling highlights the importance of analyzing
the two branches of the circulation separately.

Several studies have attempted to determine whether
changes in wave forcing that drive changes in the circu-
lation are due to differences in wave transmission or in
wave excitation. In particular, Calvo and Garcia (2009)
found that changes in the transmission of explicitly re-
solved waves were the main mechanism in simulations
of the last half of the twentieth century. This was in con-
trast with simulations of the twenty-first century, where
changes in the excitation of resolved waves, related to
anomalous convection, dominated over changes in wave
transmission. Olsen et al. (2007) showed changes in tro-
pospheric wave propagation due to warmer sea surface
temperatures (SSTs) in the tropics. Furthermore, Deckert
and Dameris (2008) demonstrated that higher tropical
SSTs enhance tropical deep convection, amplifying the
generation of tropical waves, as well as poleward-
propagating waves that can intensify the BDC in the
extratropics. Finally, Garny et al. (2011) showed that both
wave propagation and wave generation are affected by
increasing SSTs as a result of climate change and, thus,
both mechanisms can generate changes in the BDC. In
particular, Shepherd and McLandress (2011) found that
changes in wave drag in their model were largely ex-
plained in terms of changes in the location of the critical
layers within the subtropical lower stratosphere.

The fact that SSTs represent an important atmosphere—
ocean feedback and that its explicit simulation in climate
models is complex has been noted in many previous
studies (e.g., Braesicke and Pyle 2004; Kosaka and Xie
2013). Up to now, most studies that investigated changes
in the BDC with general circulation models that include
a well-resolved middle atmosphere used prescribed
SSTs from observations for past simulations or SSTs
from low-top atmosphere—ocean models to understand
future changes associated with GHGs. This lack of in-
teractive atmosphere—ocean feedbacks adds uncertainty
to the understanding of the mechanisms involved in the
BDC changes. In the present study, we use a fully coupled
atmosphere-ocean climate model with its top in the
thermosphere to analyze the BDC and its forcing in the
entire stratosphere. Special attention is paid to the less-
investigated deep branch of the circulation and to future
changes under different climate change scenarios.

This paper is organized as follows: Section 2 presents the
model and simulations used here together with the meth-
odology. Results concerning the BDC climatology are
shown in section 3, while section 4 presents future trends in
the circulation. Section 5 summarizes the main results.
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2. Simulations and method

The latest version of the Whole Atmosphere Com-
munity Climate Model (WACCM4) is part of the
Community Earth System Model, version 1 (CESM1),
developed by the U.S. National Center for Atmospheric
Research (NCAR). This improved version of WACCM
integrates a four-component coupled system, including
atmosphere, ocean, land, and sea ice models. The ocean
and sea ice components are described in Holland et al.
(2012) and Danabasoglu et al. (2012). The atmospheric
component, which includes fully coupled chemistry,
has a longitude-latitude resolution of 2.5° X 1.9° and 66
vertical levels up to about 140 km. The vertical resolution
is finer than 1.5km in the first 25 km, with a gradual in-
crease up to 2km at the stratopause, 3.5km in the me-
sosphere, and half of the local scale height beyond the
mesopause. The model includes heating from volcanic
aerosols (Tilmes et al. 2009), solar variability is specified
from the model of Lean et al. (2005), and a quasi-biennial
oscillation is imposed by relaxing the winds to observa-
tions in the tropics (Matthes et al. 2010). The parame-
terization of orographic gravity waves is related to surface
roughness, and nonorographic gravity waves are param-
eterized based on the diagnosis of frontogenesis and the
occurrence of deep convection in the model. These pa-
rameterizations are described in detail by Richter et al.
(2010). Additional information about the model can be
found in Marsh et al. (2013).

Three historical runs were performed from 1960 to
2005, each with slightly different initial conditions, and
observed concentrations of GHGs at the surface. Three
future simulations from 2005 to 2100 were run based
on the representative concentration pathways (RCPs)
adopted by the Intergovernmental Panel on Climate
Change (IPCC) for its Fifth Assessment Report. RCP2.6
is the most optimistic scenario and prescribes a decrease
in CO, starting in 2050, reaching 400 ppmv in 2100. In
RCP4.5, the CO, concentration increases from 400 ppmv
to slightly less than 550 ppmv in 2100. The RCP8.5 sim-
ulation represents a CO, doubling from 2005 to 2080,
reaching values of 950 ppmv in 2100. Mixing ratios of
ozone depleting substances (ODS) in terms of equivalent
effective stratospheric chlorine (EESC) decrease from
maximum values of approximately 4 ppbv in 2005 to ap-
proximately 1.7 ppbv in 2100.

To characterize the mean meridional circulation of
the stratosphere, we examine the vertical component of
the transformed Eulerian-mean (TEM) residual circula-
tion w* (Andrews et al. 1987). We will refer to upwelling
when W™ is positive and to downwelling when w* is
negative. Possible changes in the future are assessed by
calculating linear trends derived from deseasonalized

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 71

monthly-mean time series. The significance of trends at
the 95% confidence level is evaluated using a Monte
Carlo test. Differences between climatological values
from the first and last 20 years of the simulation are also
shown, as needed. Significant differences are assessed
at the 95% confidence level by a Student’s ¢ test.

3. Climatology of the BDC in WACCM4
a. Circulation

Figure 1a shows the latitude—-altitude cross section of
the annual-mean w* for the ensemble mean of the three
historical simulations (1960-2005). This figure clearly
distinguishes the two different circulation branches dis-
cussed in the introduction. The shallow branch, in the lower
stratosphere, is principally responsible for troposphere—
stratosphere mass exchange and consists of two cells with
rising motion in the tropics and sinking in the subtropics
and middle latitudes (Holton 1990). Tropical upwelling in
the shallow branch is stronger in December—February
(DJF) than in June—-August (JJA). In the deep branch,
the largest tropical upwelling occurs in the upper strato-
sphere around 45-50km. The associated downwelling
extends from midlatitudes to the poles, reaching a maxi-
mum at polar latitudes in the upper stratosphere and
extending down toward the polar troposphere. Similar to
the shallow branch, the deep branch is equatorially cen-
tered when the annual average is computed. However, the
seasonal averages show an intensification of the winter
cell and a shift of the tropical upwelling toward the sum-
mer hemisphere, also stronger in DJF (Seviour et al.
2012). The deep branch cell in the summer hemisphere is
very weak below 40 km, in contrast with the behavior of
the shallow branch (Figs. 1b,c). Note that the summer
to winter hemisphere branch of the TEM circulation
starts above 65-70 km in WACCM4, beyond the upper
boundary of the figures shown here.

A different look into the climatological seasonal
behavior of the BDC is presented in Fig. 2. It shows the
latitudinal distribution of the ensemble-mean, annual-
mean W as a function of time and latitude at 1hPa
(Fig. 2a) and 100 hPa (Fig. 2b). These are the levels
where the tropical upwelling in WACCM4 is largest in
the deep and shallow branches, respectively (Fig. 1a).
The seasonal behavior of w* is similar in both the lower
and the upper stratosphere, although the seasonal cy-
cle is much more pronounced in the upper stratosphere
(Fig. 2a). Thus, at 1 hPa the upwelling can comprise the
entire winter hemisphere while downwelling occurs in
the summer hemisphere from about 15° latitude to the
pole. The magnitude of the tropical upwelling is very
similar throughout the year, slightly larger in boreal
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FIG. 1. Climatology of the TEM (v*, w*) vector circulation (ar-
rows) and magnitude of w* (contours) as functions of latitude and
log-pressure altitude z,, for the ensemble mean of three simulations
of the historical period 1960-2005. (a) Annual-mean climatology,
(b) DJF mean, and (c) JJA mean. For w*, variable contours are
shown for 0, +0.1, +0.2mms ", every 0.2 mm s7! upto £1 mm s,
and every 1mms~' thereafter. Orange shading and solid lines
represent positive values; blue shading and dashed lines represent
negative values. The arrows on the lower-left-hand corner of each
panel indicate the scale of the vector circulation.
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FIG. 2. Ensemble-mean seasonal climatology of w* (1960-2005)
at (a) 1 and (b) 100 hPa. Contour intervals are 0.2mms ™! up to
1mms~ ' and every 1 mms ! thereafter. Orange shading and solid
lines represent positive values; blue shading and dashed lines
represent negative values.

winter months. In the Southern Hemisphere (SH), the
largest downwelling occurs at middle latitudes and not
in the polar region. In the lower stratosphere, upwell-
ing is confined to lower latitudes, maximizing in the
summer hemisphere in the subtropics. Downwelling is
simulated from the subtropics to the polar latitudes, and it
is larger in the winter half of the year. Note, however, that
downwelling at polar latitudes in the lower stratosphere
comes mainly from the deep branch (e.g., Birner and
Bonisch 2011). The seasonal distribution of w* at 100 hPa
can be compared with results from the ERA-Interim,
as shown by Seviour et al. (2012, their Fig. 4c). Although
the period is not exactly the same (1989-2009 for the re-
analysis versus 1960-2005 for the model) the agreement
is excellent, not only regarding the spatial distribution of
the regions of upwelling and downwelling, but also their
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magnitude. This good agreement lends confidence to our
results and supports the use of WACCM4 to investigate
future changes in the BDC.

b. Wave forcing

In WACCM4, the wave drag from resolved and pa-
rameterized waves is output separately. Within the

p(z)

w*(2)) =
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gravity wave parameterization, orographic gravity waves
and nonorographic gravity waves of frontal and con-
vective origin are also distinguished. Thus, it is possible
to use the DCP to quantify the different contribution of
these waves to the tropical upwelling. The DCP esti-
mate of w* averaged between latitudes ¢, and ¢, is
given by

b,

b, (1)

where p is the density, z is log-pressure altitude, 71 =
acosp(z + Qacosep) is the zonal-mean angular mo-
mentum, () is Earth’s rate of rotation, and a is the radius
of Earth. The terms in the integrand include the Eliassen—
Palm flux divergence due to resolved waves, V - F, and
the parameterized wave drag X due to orographic
gravity waves and gravity waves associated with con-
vective and frontal sources. We average (1) over the
turn-around latitudes (i.e., ¢; and ¢, are taken to be the
latitudes where W™ changes sign on each pressure level;
Rosenlof 1995) In what follows, the individual pa-
rameterized wave drag components will be denoted by
OGWD, CGWD, and FGWD, which stand for oro-
graphic, convective, and frontal gravity wave drag, re-
spectively. This methodology is similar to that used in
GRO8 except that, for each altitude, we evaluate the
integrand in (1) between the turn-around latitudes in-
stead of using fixed latitudes as in GRO08. Note that, in
order for the DCP to be applicable, the turn-around
latitudes where the integrand is evaluated need to be
approximately parallel to lines of constant angular
momentum, and thus (1) is not valid in the deep tropics
where lines of constant m form closed contours.
Figure 3 shows w* computed from (1) for the en-
semble mean of the three historical simulations. The
latitude limits used in the calculation correspond to the
annual-mean climatological turn-around latitudes for
1960-2005. These latitude limits are far enough from the
equator that application of (1) is justified. The estimated
value for w* computed from the DCP (dashed line) and
its actual value output from the model (black line) are in
very good agreement everywhere except near 48 km, al-
though the difference there is only about 15%. The trop-
ical upwelling clearly shows the two maxima, in the
lowermost and upper stratosphere, corresponding to the
shallow and deep branches of the circulation. The largest
values (about 1 mms ') occur at about 48 km. Through-
out the entire stratosphere, resolved waves are the main

1 2
|Sm¢|¢1

driver of the climatological tropical upwelling. In the
lower stratosphere, at 70hPa (~18.6km), their contri-
bution is about 70% of the total, versus 30% for oro-
graphic gravity waves. The contributions of convective
gravity waves (CGWs) or frontal gravity waves (FGWs)
are negligible in the lower stratosphere. These results are
consistent with other modeling studies and reanalysis
data (e.g., Butchart et al. 2011; Seviour et al. 2012).

In the upper stratosphere, at about 48 km (where the
largest upwelling occurs), most of the upwelling is at-
tributable to resolved waves. In fact, upwelling due to
resolved waves is actually larger than the total upwelling
near the stratopause because FGWs produce downwel-
ling at this level. Both OGWD and CGWD make a small
contribution to upwelling near the stratopause—about
10% of total upwelling. Note that in WACCM4 the
contribution of CGWs to the mean tropical upwelling is
close to zero throughout the stratosphere. The wave
contribution to the climatological-mean tropical up-
welling in future scenarios (not shown) is similar to the
one shown in Fig. 3 for the recent past.

4. Future trends in the BDC due to increases
in GHG

a. Circulation trends

Long-term trends, 2005-2100, in w* for three future
scenarios are shown in Fig. 4, with the trend in the vector
TEM circulation (v*, w*) superimposed (arrows). The
spatial configuration of the trends can be compared with
that of the 1960-2005 climatology shown in Fig. 1a, as
the climatologies for the future simulations showed very
similar spatial patterns. Figure 4 shows an intensification
of both branches of the circulation with increasing GHG
concentrations. The intensification is very weak in RCP2.6,
where only the change in the upper branch near the stra-
topause is significant. In RCP4.5, there is a moderate,
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FIG. 3. Tropical average of w* calculated from the DCP, showing
the contributions due to different waves in the 1960-2005 ensemble-
mean simulation. The black curve includes the total wave drag, the
red curve is the resolved wave drag, the blue curve is FGWD, the
green curve is OGWD, and the yellow curve is CGWD. The dashed
curve is the TEM vertical velocity computed directly from the model
output. Similar results hold for all other simulations discussed in this

paper.

statistically significant acceleration of the circulation in the
regions of maximum upwelling and downwelling in the
upper stratosphere and lowermost stratosphere. RCP8.5
shows the largest trends in the TEM circulation, both in the
deep and the shallow branches. The upper-stratosphere
trend implies an increase in W™ over the period of analysis
of approximately 50% of the climatological-mean value.
Note that the regions of positive upwelling trends in the
lower stratosphere and in the vicinity of the stratopause are
narrower than the climatological upwelling (1960-2005) at
those locations (red lines), indicating that the upwelling
becomes more concentrated around the equator. This is in
agreement with results (for the lower stratosphere) ob-
tained from an ensemble of several high-top CMIP5
models (Hardiman et al. 2014). A common feature in all
our simulations in the SH is the positive trend in w* at high
latitudes, implying a deceleration of the climatological
downwelling over the southern polar cap (cf. Fig. 1).
Comparison of the trends in the RCP4.5 scenario (Fig. 4b)
with trends derived from a pair simulations (not shown),
where either the mixing ratios of ODS or those of GHG
were held constant at 2001 values, revealed that the de-
celeration of downwelling over the southern polar cap is
related to ozone recovery. This has also been pointed out in
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FIG. 4. Trends in the TEM (7%, w*) vector circulation (arrows)
and w™ (contours) as functions of latitude and z,, over the period
2005-2100 for (a) RCP2.6, (b) RCP4.5, and (c) RCP8.5. Contours are
0, +0.01, £0.02mms "' decade !, and every =0.02 mm s 'decade !
thereafter. Stippling indicates where trends in W™ are not significant
at the 20 level. Orange shading and solid lines represent positive
values; blue shading and dashed lines represent negative values. Red
lines indicate the climatological (1960-2005) turn-around latitudes.
The arrow on the lower-left-hand corner of each panel indicates the
scale of the vector trend.
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FIG. 5. (a) W* averaged over the first 20 years of the RCP8.5 simulation (2005-25); contour interval is 0.5 mms .

(b) Difference in w* averaged over 2080-99 minus 2005-25. Variable contours are 0, +0.05, =0.1, 0.2 mm s™1, and
every 0.2mms ! thereafter. Stippling indicates where trends in w* are not significant at the 20 level according to
a Student’s ¢ test. Orange shading and solid lines represent positive values; blue shading and dashed lines represent

VOLUME 71

negative values.

other, recent studies (e.g., McLandress and Shepherd
2009).

In addition to the intensification of the BDC shown in
Fig. 4, the largest trends in tropical upwelling in the
upper stratosphere indicate an upward displacement of
the region of upwelling with increasing GHG concen-
trations. Thus, for simulation RCP2.6, the maximum
trend in upwelling is centered near 48 km, while for
RCP8.5, it occurs near 52km. To analyze this behavior
in more detail, differences between the averages of the
last and the first 20 years of the simulations were com-
puted. The results are shown in Fig. 5 for RCP8.5, which
is the scenario with the largest changes. Significant dif-
ferences at the 95% level were computed with a Stu-
dent’s ¢ test. The difference pattern (Fig. 5b) in the upper
stratosphere is centered at a higher altitude than the
climatological upwelling. This upward displacement is
larger in RCP8.5 than in RCP4.5, and it is not present in
the RCP2.6 simulation (not shown), which indicates that
certain changes only occur for the larger increases in
GHGs concentrations. The behavior illustrated in Fig. 5
may be understood as an upward expansion of the deep
branch tropical upwelling.

b. Trends in wave forcing

To investigate the contribution of the different waves
to changes in the BDC, the latitude—altitude distribution
of forcing is first examined. Figure 6 depicts the latitude—
altitude cross sections of the climatologies and trends in
the four types of wave forcing studied here [Eliassen—
Palm (EP) flux divergence of resolved waves, OGWD,

FGWD, and CGWD]. Results are shown for the RCP8.5
climate change scenario since it produces the largest
changes. In the lowermost stratosphere, significant neg-
ative trends in EP flux divergence appear in the sub-
tropics (Fig. 6b). These represent an intensification and
upward extension of the climatological wave dissipation
in this region (Fig. 6a). Significant trends in orographic
wave forcing also appear in the lower stratosphere be-
tween 30° and 40°N, intensifying the climatological drag
between 20 and 25km and weakening it below 20km
(Figs. 6¢,d). Nonorographic gravity waves do not dissipate
in the lower stratosphere, in agreement with results from
the DCP, which showed no contribution from FGWs and
CGWs to the climatological tropical upwelling in this re-
gion. In addition, no changes in FWGD or CGWD were
found in the future simulation in this region.

Significant trends in EP flux divergence are also found
in the upper stratosphere. Significant negative trends
enhance the climatological wave dissipation in the high
latitudes of the NH and shift upward that one in the
subtropics and midlatitudes of the SH, above 50 km. At
lower altitudes, between 40 and 50 km, there are positive
trends in EP flux divergence that weaken the climato-
logical wave dissipation therein. Taken together, the
trend patterns above and below 50 km may be interpreted
as an upward shift in the region of the largest EP flux
divergence with respect to climatology. There is also
a significant positive trend in the SH at high latitudes,
probably related to ozone recovery, as the abundance of
ozone over Antarctica impacts resolved wave propaga-
tion (Li et al. 2008). Here, this is manifested as a positive
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FIG. 6. (left) RCP8.5 climatological annual means and (right) trends per decade for (a),(b) EP
flux divergence, (c),(d) OGWD, (e),(f) FGWD, and (g),(h) CGWD. In the left panels, contours
are every =0.1ms ' day ! up to =0.5 ms~ 'day ! and then every +1ms”~'day '. In the right
panels, contours are every +0.01ms ™~ 'day ' decade ! up to +0.05ms 'day 'decade ! and
then every +0.1ms™ ' day ™' decade '. Orange shading and solid lines represent positive values;
blue shading and dashed lines represent negative values. Stippling indicates where trends are not

significant at the 20 level.
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EP flux divergence trend associated with a decrease in
wave dissipation in the southern polar latitudes.

Significant negative trends in OGWD are simulated in
the subtropical upper stratosphere of the NH, enhancing
the climatological wave-induced acceleration. Significant
negative (easterly) trends in FGWD are simulated in the
subtropics and NH midlatitudes (Fig. 6f). They indicate
a decrease of the climatological westerly FGWD in the
subtropics and an enhancement of the climatological
easterly component in the NH midlatitudes (Fig. 6e).
These changes occur mainly during winter in each
hemisphere, as explained below. The CGWD is the result
of dissipation of gravity waves excited by deep convection
in the tropics. These waves dissipate at much higher al-
titudes (mainly above 50km; Fig. 6g) and, accordingly,
they were not found to drive the climatological tropical
upwelling in the stratosphere (Fig. 3). In terms of trends,
weaker trends than in the case of FGWD are observed
above 50km in the tropical and subtropical regions, al-
though they intensify during JJA (not shown).

To quantify the contribution of each of these waves to
the trends in the climatological tropical upwelling, the
DCP has been applied to the RCP4.5 and RCP8.5 sim-
ulations (Fig. 7) in a similar way as it was applied to the
historical climatology. That is, we have applied (1) to
each RCP scenario between the climatological annual-
mean turn-around latitudes of the historical ensemble
(1960-2005). No results are shown for RCP2.6 since no
significant trends in w* were found in the tropical region
in this case (Fig. 4a).

In the lower stratosphere, the net trends in tropical-
mean upwelling in RCP4.5 and RCP8.5 seen in Fig. 7 are
consistent with the results shown in Fig. 4. Trends in

resolved wave drag and in OGWD are the only impor-
tant driver of the enhanced upwelling of the shallow
branch up to about 18 km (~70hPa); above this level,
orographic gravity waves (OGWs) play a nonnegligible
role. In the lower stratosphere, the relative contribution
of the different waves to the total trend is similar in both
RCP scenarios, although the magnitude of the trends is
larger in RCP8.5. Our results in this region are consis-
tent with those obtained by GRO0S8, who applied the DCP
between fixed latitudes in a previous version of WACCM.
In the upper stratosphere, RCP4.5 and RCP8.5 show
significant trends in w* centered above 50 km (~1 hPa),
above the location of maximum climatological w*
(Fig. 1a), in agreement with the upward extension of the
circulation pointed out above. Interestingly, the contri-
bution of FGWs to the trend in ™ increases dramatically
from RCP4.5 to RCP8.5 compared to the increase driven
by resolved EP flux divergence. Thus, while in RCP4.5,
36% of the total upwelling trend near 50 km is attributed
to FGWs (and 64% to resolved waves), in RCP8.5 the
FGW contribution increases up to 56% versus 30% for
resolved waves, such that changes in FGW driving be-
come the largest contributor to the trend in tropical up-
welling in the upper stratosphere in the scenario with the
largest increase in GHGs.

We have also applied the DCP in simulation RCP8.5
between the climatological turn-around latitudes and the
pole in each hemisphere (Figs. 8a,b)—that is, over the
latitude ranges where there is climatological downwelling.
We note, however, that in these regions the trends in
vertical velocity are not uniformly negative. This is par-
ticularly true of the SH, where poleward of 65°S the trend
in vertical velocity is actually positive below about 45 km



AuGusT 2014

N

Trend NH (RCP8.5)

(o))
(=]

(9
o

: Total Wave Drag
: Resolved Wave Drag

: OGWD

: FGWD

:CGWD

: w¥ (TEM, Model Output)

w
o

N
(=)

Log-Pressure Altitude (km)
S
o

-0.06 -0.04 -0.02 0.00

trend w{mms?/dec)

Trend SH (RCP8.5)

N

(o))
o

Ul
o

w
o

Log-Pressure Altitude (km) o
N
o
T

N
o
T

<,

-0.08 -0.06 -0.04 -0.02 0.00

trend w{mms?/dec)
Trend 655-90S (RCP8.5)

—

N—

(o))
o

Ul
o

Log-Pressure Altitude (km) A~
w N
(=) (=]

N
o

-0.10 -0.08-0.06 -0.04 -0.02 0.00 0.02 0.04
trend w¥mmsY/dec)

FIG. 8. Trends in w* attributable to different waves for simula-
tion RCP8.5: (a) in the Northern Hemisphere, between the
northern turn-around latitude and the North Pole; (b) in the
Southern Hemisphere, between the southern turn-around latitude
and the South Pole; and (c) between 65°S and the South Pole. Line
colors are as in Fig. 3. Shadowing indicates the 2o confidence limits.

PALMEIRO ET AL.

2971

(cf. Fig. 4). In the NH (Fig. 8a), the mean downwelling
trend between the northern turn-around latitude and the
pole in the lower stratosphere is attributed to resolved
waves and OGW; at 18 km, the percentages are 70% and
30%, respectively. In the upper stratosphere, 50% of the
trend is attributed to FGWs while the other 50% is due to
OGWs and resolved waves; above 50 km, the contribution
of FGWs is dominant. CGWs contribute negligibly to the
intensification of downwelling in the NH, as near zero
trends were found everywhere.

In the SH, Fig. 8b shows that in the lower stratosphere,
almost 100% of the downwelling trend is due to resolved
waves. However, above 45 km, where the downwelling
trend extends to polar latitudes, FGW, CGW, and re-
solved wave contributions increase reaching similar
magnitudes at 53 km. Above this altitude, resolved waves
become again the principal contributor. OGW were
found to contribute negligibly to the SH downwelling
trends. Finally, in order to determine the cause of the
positive trend in vertical velocity over the southern
polar cap at altitudes below 45 km (implying a weaker
downwelling), we have applied the DCP between 65°S
and the South Pole (Fig. 8c). The results show that re-
solved waves and OGW are responsible for this positive
trend over the southern polar cap, with negligible con-
tributions from other waves. This result is consistent with
the pattern of trends shown for the EP flux divergence
(Fig. 6b), which shows a decrease in resolved wave forc-
ing below 50km at high southern latitudes.

Changes in tropical upwelling are forced by changes in
wave dissipation, which in turn are modulated by changes
in the background winds. To understand the mechanisms
that drive the changes in wave forcing with increasing
GHGs, Fig. 9 shows the climatology (contours) and the
trends (colors) of the zonal-mean zonal wind for the three
RCP scenarios. There is a direct relationship between the
intensification and upward shift of the subtropical jets
and the increasing load of GHGs. The largest trends
are present in the extreme scenario, RCP8.5 (Fig. 9c¢),
consistent with the largest trends in meridional temper-
ature gradient (not shown). In agreement with GRO8 and
Shepherd and McLandress (2011), the intensification of
the subtropical jets enhances wave propagation and dis-
sipation in the subtropical stratosphere (Fig. 7b). The
negative trends in the SH present in all the RCP simu-
lations reflect the impact of ozone recovery.

Changes in the zonal-mean zonal wind can affect the
propagation and dissipation of gravity waves. We show
here how these changes affect FGWs, which are the main
contributor to the changes in tropical upwelling found
in the upper stratosphere in the RCP8.5 simulation (see
Fig. 6f). Figures 10a and 10b show vertical profiles of the
climatological FGW eddy momentum flux associated



2972

-50 0 50
Latitude
b) __Ubar (RCP4.5)

-50 0 50
Latitude

ar (RCP8.5)

zp (km)

-50 0 50
Latitude
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with waves of easterly (red) and westerly (blue) phase
velocity, together with the zonal-mean zonal wind (black)
at 20°N and 20°S. These are approximately the latitude
limits for the maximum trend in the deep branch up-
welling, near the stratopause. The net FGW momentum
flux (green curve) is zero at the source but quickly
becomes positive below 20 km owing to the filtering of
westerly components of the spectrum by the climato-
logical subtropical jet (black curve). Above 20km,
where the climatological zonal-mean zonal wind turns
negative, easterly components of the spectrum are at-
tenuated sharply, and the net FGW momentum flux be-
comes negative. The negative net flux decreases above
50km, giving rise to the climatological positive wave drag
seen in Fig. 6e.

Trends in FGW momentum flux are shown in Figs. 10c
and 10d. At the source of the waves, near 5km, both
westerly and easterly components of the spectrum be-
come weaker with respect to climatology; that is, the
tendencies have the opposite sign of the climatological
values. This behavior is associated with a weakening of
the zonal-mean zonal wind below 10km. It is not alto-
gether clear why this weakening of the tropospheric
zonal-mean wind reduces the FGW momentum fluxes at
their source, but a possibility is that the frequency of
occurrence of fronts diminishes at this location; since the
diagnosis of frontogenesis is the trigger for the FGWs in
the model (Richter et al. 2010), infrequent frontogenesis
will result in a weakening of the momentum flux asso-
ciated with these waves. Some distance above the wave
source, at 15-20 km, there is a sharp intensification of
the momentum flux carried by the easterly components
of the spectrum, which is most pronounced in the SH.
This is related to the strengthening of the subtropical
jets with increasing GHG concentrations (black curves).
Above about 25 km, where the trends in the zonal-mean
wind become negative, the flux carried by the easterly
components is in turn attenuated, such that the momen-
tum flux tendency of the easterly components of the
FGW spectrum becomes small everywhere above 30 km.
This, together with the decrease in the flux associated
with westerly components of the spectrum noted above,
produces a positive tendency in the net flux (green lines).
Above 50 km, where the waves dissipate, this in turn gives
rise to a negative tendency on FGWD, consistent with
Fig. 6f.

5. Summary

WACCM4, the latest version of the Whole Atmo-
sphere Community Climate Model, coupled to a fully
interactive ocean model, has been used to investigate
trends in the Brewer—-Dobson circulation due to climate
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change. The model reproduces both branches of the
climatological circulation as previously documented in
ERA-Interim (e.g., Seviour et al. 2012) and other
modeling studies (e.g., Birner and Bonisch 2011). The
shallow branch, in the lowermost stratosphere, has up-
welling in the tropics and downwelling in the subtropics;
the deep branch, whose maximum upwelling is located
in the upper stratosphere (~48 km) is global in extent,
with downwelling extending to polar latitudes and
down into the polar troposphere (not shown). A seasonal
analysis shows the shift of the tropical pipe into the
summer hemisphere in both branches of the circulation;
this shift is more noticeable in the deep branch.

The application of the DCP between the turn-around
latitudes of the climatological tropical upwelling revealed

that different waves are involved in driving the clima-
tology of the shallow and the deep branches. The clima-
tological upwelling of the shallow branch is mainly driven
by resolved waves (70%) with a nonnegligible contribu-
tion of OGWs (30%) at 70 hPa (~18.6 km), in agreement
with Butchart et al.’s (2011) multimodel and reanalysis
study. Resolved waves are also dominant in forcing the
upwelling of the deep branch, followed by FGWs, which
contribute negatively and consequently slow down the
climatological circulation at these altitudes. Contribu-
tions from OGWs and CGWs are less than 10% to the
deep branch upwelling.

Simulations using climate change scenarios show an
acceleration of the BDC that increases with increasing
loading of GHGs. Significant trends are found in both
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branches of the BDC in RCP4.5 and RCP8.5 scenarios
(larger in RCP8.5), but the trends are much weaker and
mostly not significant in the RCP2.6 scenario. Trends in
tropical upwelling are confined to lower latitudes than
the climatological upwelling in the lower and upper
stratosphere, where the maximum upwelling in both
branches occurs, which indicates a narrowing of the
tropical upwelling region in the lower stratosphere and
in the stratopause region. In addition, the maximum
changes in the upwelling of the upper stratosphere appear
at higher altitudes than the climatology, indicating an
upward extension of the circulation in these climate
change scenarios. In WACCMA4, the largest changes in
the tropical upwelling occur at 100 hPa and at 1 hPa. In
the upper stratosphere, the tropical upwelling increases
up to 50% in the RCP8.5 scenario compared to clima-
tology over the period covered by this simulation.

To identify the waves involved in the acceleration of
the mean meridional circulation, we have applied the
downward control principle, choosing the climatological
turn-around latitudes of the historical period as the
limits of integration for calculating tropical and extra-
tropical mean w* tendencies. The trend in the shallow
branch upwelling is mainly due to waves that are explic-
itly resolved in the model (70%) while parameterized
orographic gravity waves account for 30% in the lower
stratosphere (at 70 hPa). This agrees with results from
other chemistry—climate models such as the Atmospheric
Model with Transport and Chemistry (AMTRAC) (Li
et al. 2008), the Canadian Middle Atmosphere Model
(CMAM) (McLandress and Shepherd 2009), and the
previous version of WACCM, WACCM3.5 (GROS). In
addition, Calvo and Garcia (2009) showed that the main
driver of trends in the tropical upwelling of the lowermost
stratosphere in WACCM3.5 was the EP flux divergence
due to large-scale tropical Rossby waves. We note,
nevertheless, that models are by no means unanimous
in their attribution of trends in the shallow branch; in
a minority of the models included in Fig. 4.11 of Eyring
et al. (2010), the trend is due to changes in parameterized
wave driving. In addition, the absolute magnitude of the
trend, regardless of its source, varies considerably among
models.

In the upper stratosphere, where frontal and convec-
tive gravity waves start to break, the contribution to the
trend in the tropical upwelling is more heterogeneous
than in the lower stratosphere. At these altitudes, frontal
gravity waves play an important role in determining the
upwelling trend, and their contribution becomes larger
as the GHG burden increases. Trends in w* calculated
from the DCP revealed that more than 50% of the
tropical upwelling trend near the stratopause in simu-
lation RCP8.5 is due to changes in frontal gravity wave
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drag while resolved wave drag accounts for 30%. The
same methodology applied to the extratropics confirmed
that frontal gravity waves are the main contributor to
extratropical downwelling trends. The dominant role of
frontal gravity waves in driving the mean meridional
circulation trends in the upper stratosphere is related to
changes in the background zonal-mean zonal winds.
These changes in the winds modify the spectrum of
frontal gravity waves such that the net momentum flux
becomes more positive above the region where the
subtropical jet intensifies (~15km), such that the flux
divergence in the upper stratosphere becomes more
negative, which enhances tropical upwelling.

Finally, it should be borne in mind that the results
presented here must be presumed to be model dependent.
This is particularly the case in the upper stratosphere, where
gravity waves are a major driver of the trends, since gravity
waves are parameterized in general circulation models and
these parameterizations differ among the models. Even in
the lower stratosphere, Fig. 4.11 of Eyring et al. (2010)
shows that, while all models produce positive tropical mass
flux trends at 70 hPa, the magnitude of the trends and the
relative contribution thereto by different waves varies from
model to model. Nevertheless, insofar as the trends com-
puted here depend on filtering of the (parameterized)
upward-propagating gravity wave spectra by the evolving
zonal-mean wind distribution, the sign and vertical dis-
tribution of the trends should be robust.
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