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ABSTRACT

Following recent findings, the interaction between resolved (Rossby) wave drag and parameterized oro-
graphic gravity wave drag (OGWD) is investigated, in terms of their driving of the Brewer-Dobson circu-
lation (BDC), in a comprehensive climate model. To this end, the parameter that effectively determines the
strength of OGWD in present-day and doubled CO, simulations is varied. The authors focus on the Northern
Hemisphere during winter when the largest response of the BDC to climate change is predicted to occur. It is
found that increases in OGWD are to a remarkable degree compensated by a reduction in midlatitude re-
solved wave drag, thereby reducing the impact of changes in OGWD on the BDC. This compensation is also
found for the response to climate change: changes in the OGWD contribution to the BDC response to climate
change are compensated by opposite changes in the resolved wave drag contribution to the BDC response to
climate change, thereby reducing the impact of changes in OGWD on the BDC response to climate change.
By contrast, compensation does not occur at northern high latitudes, where resolved wave driving and the
associated downwelling increase with increasing OGWD, both for the present-day climate and the response to
climate change. These findings raise confidence in the credibility of climate model projections of the
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strengthened BDC.

1. Introduction

The Brewer-Dobson circulation (BDC) is the strato-
spheric meridional overturning circulation characterized
by upward mean motion in the tropics and poleward
and descending mean motion in the middle and high
latitudes. Although tracer distributions are also deter-
mined by mixing, the mean mass overturning is a tracer-
independent quantity and is, thus, usually considered as
the definition of the BDC (e.g., Shepherd 2007). Climate
models consistently predict a strengthening of the BDC
in response to (greenhouse gas induced) climate change
of about 2% per decade (Butchart et al. 2006, 2010). A
strengthening of the BDC will accelerate the recovery
of stratospheric ozone by speeding up the removal of
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halogens (Butchart and Scaife 2001). It will change the
latitudinal distribution of stratospheric ozone (Shepherd
2008; WMO 2011) and, consequently, the spatial distri-
bution of harmful shortwave radiation that reaches the
surface (Hegglin and Shepherd 2009; WMO 2011). A
strengthened BDC would also increase the amount of
stratospheric ozone that is transported to the tropo-
sphere, which could have detrimental effects for air
quality (Hegglin and Shepherd 2009).

It is well known that the BDC is driven by strato-
spheric wave drag provided by the breaking of Rossby
waves (also referred to as “‘resolved” waves as they are
explicitly simulated by current climate models) and
gravity waves (also referred to as ““parameterized”” waves
as their effects must be parameterized owing to their
small length scales). In the lower stratosphere, the dom-
inant gravity wave contribution to the driving of the
BDC is believed to come from orographic gravity
waves (Butchart et al. 2011). Although the gravity wave
component of the BDC cannot be directly inferred from
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observations, the multimodel mean contribution to the
net mass transport across 70 hPa (the usual measure of
the total stratospheric overturning) from resolved waves
is about 70% (Butchart et al. 2011), which agrees well
with estimates from reanalyses (Randel et al. 2008;
Butchart et al. 2011) and implies a contribution of about
30% from gravity waves. However, the relative impor-
tance of resolved and parameterized waves varies con-
siderably between different climate models. Butchart
et al. (2011) showed that in the current generation of
chemistry—climate models the contribution of parame-
terized waves to the net mass overturning varies be-
tween roughly 0% and 50% and that of resolved waves
between about 50% and 100%. Similar ranges were
obtained with an earlier generation of models (Butchart
et al. 2010). Uncertainty regarding the drivers of the
BDC response to climate change is even larger, with the
contribution of parameterized waves ranging from
roughly 20% to 95% (Butchart et al. 2010). This large
variation has been interpreted as suggesting that models
disagree on the mechanism responsible for the BDC
trend, casting doubt on the credibility of the model
projections of the BDC and its corresponding impacts
(WMO 2011).

On the other hand, Butchart et al. (2010) showed that,
despite the large range of wave drag contributions, the
models tend to agree quite well on the strength of the
BDC, as well as (albeit to a lesser extent) on the pre-
dicted BDC trends themselves. Models with a large
parameterized wave drag contribution to the BDC trend
tend to have a small contribution from resolved wave
drag (and vice versa). However, this relationship is
based on only a few models, and there are models with
circulation responses that are not in line with this re-
lationship. Because of the many differences between the
models used in Butchart et al. (2010) (including physics,
chemistry, and resolution) it is not possible to draw firm
conclusions. To address this question, it is necessary to
perform controlled experiments in which either the re-
solved or parameterized waves are systematically per-
turbed. Such experiments have been performed by
McLandress and McFarlane (1993) for the mesosphere
and McLandress et al. (2012) for the Southern Hemi-
sphere, but Cohen et al. (2013) were the first to address
this in the context of the driving of the BDC. Employing
an idealized atmospheric general circulation model
(AGCM) Cohen et al. (2013) identified a compensation
between resolved and parameterized wave driving of the
BDC in (present day) control simulations. They found
that, when parameterized wave drag was perturbed, the
resolved wave drag changed in the opposite direction so
that the strength of the BDC remained unchanged. If
such compensation also occurred for the response to
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climate change in comprehensive climate models, this
could have far-reaching consequences for the inter-
pretation of climate model projections. In particular, it
would imply that the large variation in the relative wave
drag contributions to the BDC trend would not repre-
sent a significant source of uncertainty, alleviating some
of the concerns regarding the credibility of model pro-
jections of the BDC. It would also imply that the tradi-
tional decomposition of the BDC and its response to
climate change into resolved and parameterized wave
parts would be misleading.

In this study, we investigate whether the compen-
sation between resolved and parameterized wave
driving of the BDC identified in an idealized model in
Cohen et al. (2013) is also found in a comprehensive
model. In addition we examine, for the first time with
controlled experiments, if such compensation also
occurs in the response to climate change. This is ac-
complished by varying a parameter in the parame-
terization scheme for orographic gravity waves that
effectively controls the orographic gravity wave drag
(OGWD) strength in the present day and doubled
CO, climate. These simulations have been considered
previously in Sigmond and Scinocca (2010, hereafter
SS10), who showed that the tropospheric response to
climate change depends critically on the strength of
OGWD, but here we focus on the response of the
BDC. We show that a remarkable degree of com-
pensation between resolved wave drag and OGWD
occurs in the low to middle (but not high) latitudes for
both the present-day climate and the response to CO,
doubling.

2. Model and simulations

We analyze the same simulations as those described
in SS10, to which we refer the reader for details. We
employ the Canadian Centre for Climate Modelling
and Analysis third-generation atmospheric general
circulation model (AGCM3) (Scinocca et al. 2008).
The model has 32 levels from the surface to 1 hPa at
T63 horizontal spectral resolution. This configuration
of the model does not include a parameterization
scheme for nonorographic gravity waves and has
a rather poor stratospheric resolution, but the relevant
processes for this study occur in the lower stratosphere
and very similar results to those shown below were
found in the same type of simulations with the Cana-
dian Middle Atmosphere Model (CMAM), the middle-
atmosphere version of AGCM3 (not shown). Forty-year
time-slice simulations were run for the present-day cli-
mate (referred to as 1 X CO, or control runs) and the
doubled CO, climate (2 X CO;). In the 2 X CO, runs
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the atmospheric CO, is doubled, the sea surface tem-
perature field is perturbed with a monthly varying ano-
maly calculated from an ensemble average over models
that contributed to phase 3 of the Coupled Model In-
tercomparison Project (CMIP3), and the sea ice field is
not perturbed relative to the 1 X CO, simulations
(details in Sigmond et al. 2008). The response to cli-
mate change is defined as the difference between the
climatologies of the 1 X CO, and 2 X CO, simulations.
We focus on the Northern Hemisphere (NH) in boreal
winter [December—February (DJF)] as the BDC re-
sponse to climate change maximizes in the NH in that
season (Butchart et al. 2010).

The model includes the Scinocca and McFarlane
(2000) parameterization scheme for orographic wave
drag. We vary the internal parameter G(v) (hereafter
referred to as G), which is a multiplicative factor that
scales the amount of gravity wave momentum flux pro-
duced by the interaction of the low-level circulation with
the topography. A factor similar to G is common to all
OGWD schemes currently used in comprehensive cli-
mate models and effectively controls the strength of
OGWD. We consider the simulations with G = 0.25 and
1.0, which SS10 referred to as the WEAK and STRONG
(drag) cases. The G = (.25 setting is essentially equiv-
alent to that used in CMAM for the purpose of polar-
ozone studies, while the G = 1.0 setting is that used in
the operational AGCM3 (Scinocca et al. 2008). It is
important to realize that G is not well constrained due to
the lack of global gravity wave observations and that
both G = 0.25 and 1.0 settings yield reasonable present-
day simulations, with G = 0.25 having smaller biases in
lower stratospheric temperature and G = 1.0 having
smaller biases in mean sea level pressure. As we will see
in the next section, the OGWD contribution to the BDC
trend in NH winter (DJF) varies between —10% for G =
0.25 and 68% for G = 1.0, more or less covering the
range in OGWD contributions to the BDC trend sim-
ulated in chemistry—climate models (Butchart et al.
2010). In the next section we investigate whether
changes in the OGWD are compensated by opposite
changes in the resolved wave drag, thereby reducing
the impact of the OGWD changes on the total BDC,
both for the present-day climate and in the context of
the response to climate change. To investigate the ro-
bustness and linearity of the results we analyze new
present-day and doubled CO, simulations with G = 0 (ef-
fectively turning off the OGWD parameterization
scheme), G = 0.5, and G = 0.75. In the remainder of
this paper “‘response’ is used only in the context of the
response to climate change, whereas ‘“change” is as-
sociated with the difference between different settings
of G.
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3. Results

Before considering the interaction between resolved
and parameterized orographic gravity waves, we first
describe general features of the BDC for the simulations
with G = 0.25 (the CMAM setting). For this case, the
left panels of Fig. 1 show the residual vertical velocity w™
at 70hPa, a diagnostic often used to characterize the
latitudinal structure of the BDC. The black solid line
shows w* computed via the direct method [using Egs.
(1) and (2) of McLandress and Shepherd (2009)]. For
the 1 X CO, climate (Fig. 1a) one can clearly identify the
familiar upwelling (positive w*) in the tropics and
downwelling (negative w*) in the extratropics that de-
fines the BDC. The vertical dashed lines represent the
so-called ““turn around” latitude, the location at which
w* is zero and the tropical upwelling changes to extra-
tropical downwelling. We apply the downward control
principle of Haynes et al. (1991) to quantify the separate
wave drag contributions to w* [using Eq. (3) of
McLandress and Shepherd (2009)]. Note that downward
control cannot be applied in the tropics. The sum of the
contribution of OGWD (red line) and of resolved wave
drag [quantified by the Eliassen-Palm (EP) flux di-
vergence and denoted by the blue line] is shown by the
gray line and corresponds closely to the actual w*
poleward of the turn-around latitude, hence fully ac-
counting for the extratropical downwelling and thus (by
mass conservation) also for the tropical upwelling.
Consistent with previous studies (e.g., McLandress and
Shepherd 2009) we find that resolved wave drag is the
main driver of the downwelling in the region north of
45°N. The OGWD contribution is characterized by
a meridional dipole centered around 35°N, with up-
welling equatorward of 35°N and downwelling pole-
ward of 35°N. This circulation is consistent with
a region of large OGWD at the upper and poleward
flank of the subtropical jet (Fig. 1a of SS10). The net
downward mass flux in the extratropics [which is pro-
portional to W* integrated between the turn-around
latitude and the pole and is calculated as in Holton
(1990)] is here used as a proxy for the strength of the
BDC. The OGWD contribution to the net downward
mass flux is 28 %, which lies in the middle of the range
found in chemistry—climate models (Butchart et al.
2011) and is similar to the value of about 30% inferred
from reanalyses (Randel et al. 2008; Butchart et al.
2011).

The response to climate change (Fig. 1d) shows the
robustly documented strengthening of the BDC, with
increased upwelling (positive Aw™) in the tropics and
increased downwelling (negative Aw™) in the extra-
tropics. The region of tropical upwelling narrows in
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FIG. 1. The residual vertical velocity at 70 hPa in NH winter (DJF) computed via the direct method, and from downward control using
parameterized wave drag (OGW), resolved wave drag (EP), and resolved stationary wave drag (EPstat) for (left) G = 0.25 and (center)
G = 1.0, and (right) the difference between G = 1.0 and 0.25, for (a)—(c) 1 X CO, and (d)—(f) the response to climate change. The vertical
dashed lines represent the turn-around latitude in the 1 X CO, climate for G = 0.25 in (left) and (right), and G = 1.0 in (center).

response to climate change, a feature that has also been
found in other climate models (e.g., Li et al. 2010). The
downward control analysis reveals an interesting anti-
correlation between the resolved wave drag and OGWD
[previously noted by McLandress and Shepherd (2009)],
which is suggestive of a strong coupling between re-
solved and orographic gravity waves. The response to
climate change of the net downward mass flux is mainly
due to resolved wave drag changes, with OGWD having
a small negative contribution (=10%). In terms of the
importance of OGWD changes for the BDC trend, the
G = 0.25 case thus represents the lower end of the range
found in chemistry—climate models (Butchart et al.
2010).

We next investigate the effect of increasing G (or
equivalently: the strength of OGWD) on resolved
waves and the BDC. For the 1 X CO, climate (Figs. 1b,c)
an increase of G from 0.25 to 1.0 results in an ampli-
fication of the OGWD-induced meridional circula-
tion centered around 35°N (which is consistent with an
amplification of the OGWD maximum at the upper

and poleward flank of the subtropical jet as shown in
Figs. 1b and 1c of SS10). As the center of this dipole is
located close to the turn-around latitude, this OGWD
change would suggest a substantial BDC strengthening
with increasing G. The OGWD contribution to the
strength of the BDC (in terms of the net downward
mass flux) increases from 28% for G = 0.25 to 57% for
G = 1.0 (which is at the high end of the range found in
chemistry—climate models) and would, in the absence
of resolved wave drag changes, result in a BDC that is
35% stronger in the G = 1.0 relative to the G = 0.25
case. We find, however, that the midlatitude w* is
virtually insensitive to changes in the OGWD (see
black line in Fig. 1c). Changes in the OGWD con-
tribution to w* are almost entirely compensated by
opposite contributions from resolved waves. The
compensation mainly comes from stationary waves
(indicated by the dashed blue lines) and does not occur
at high latitudes (north of about 60°N). We thus find
that the compensation previously identified in an ide-
alized AGCM (Cohen et al. 2013) also occurs in our
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comprehensive AGCM, and that the compensation is
limited to middle latitudes. As a result of the lack of
compensation at high latitudes (which will be discussed
further below), the net downward mass flux is 9%
higher in the G = 1.0 relative to the G = 0.25 case. We
note that, while compensation by resolved waves leads
to a small w* change, the zonal-mean zonal wind is
sensitive to changes in G (see Fig. 3 of SS10). This is
consistent with the findings of McLandress and
McFarlane (1993) and Cohen et al. (2013) and suggests
that the zonal-mean zonal wind is more sensitive to
small changes in the momentum budget than is the
residual circulation.

Similar results are found for the response to climate
change (Figs. le,f). For the G = 1.0 case the strength-
ening of the upper flank of the subtropical jet resulting
from tropospheric warming (Fig. 3h of SS10) allows
more orographic gravity wave flux to reach the base of
the BDC, as was also shown by Li et al. (2008) and
McLandress and Shepherd (2009). In response to CO,
doubling this leads to increased OGWD induced up-
welling equatorward of 35°N and increased OGWD-
induced downwelling poleward of 35°N, a response that
was not found for the G = 0.25 case. The OGWD con-
tribution to the BDC strengthening in response to cli-
mate change increases from —10% for G = 0.25 to
+68% for G = 1.0 (which is at the middle to high end of
the range found in chemistry—climate models). This
would, in the absence of changes in the response of re-
solved waves, result in a BDC response to climate
change that is 127% stronger in the G = 1.0 compared to
the G = 0.25 case. As with the control climate we find,
however, that the midlatitude w* response to climate
change is virtually insensitive to changes in G (see black
line in Fig. 1f), particularly for the region south of 52°N.
Figure 1f shows that changes in the OGWD are almost
entirely compensated by opposite changes in the (sta-
tionary) resolved wave drag. Such compensation does
not occur at high latitudes. While the resolved wave drag
and OGWD changes in Fig. 1f are anticorrelated up
to the pole, the magnitudes are different, which causes
the high-latitude w* response to climate change to be
weaker in the G = 0.25 relative to the G = 1.0 case (see
black line in Fig. 1f). This lack of high-latitude com-
pensation implies that the shape of the BDC response
to climate change is different for the two G settings: the
w* response to climate change is limited to low to
middle latitudes in the G = 0.25 case (Fig. 1d) but ex-
tends to the pole in the G = 1.0 case (Fig. le). In
conclusion, we find that the midlatitude compensation
and lack of high-latitude compensation identified for
the present-day climate also occurs in the response to
climate change.
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The latitude-height distribution of the wave drag re-
sponse to increasing G is further investigated in Fig. 2.
For the 1 X CO, climate, Fig. 2a shows the increase
of OGWD near 35°N, 70 hPa and the resulting meridi-
onal circulation anomaly centered around 35°N. At
midlatitudes, changes in the resolved wave drag [rep-
resented by the Eliassen—Palm flux divergence (EPFD),
Fig. 2b] nearly cancel out the OGWD changes. Such
compensation does not occur at high latitudes where
a substantial increase in (negative) resolved wave drag is
found. This high-latitude resolved wave drag increase
was shown by SS10 to be the result of OGWD induced
changes in the basic state and will be discussed further in
section 4. The increased high-latitude resolved wave
driving implies increased downwelling. By mass conti-
nuity this increased high-latitude downwelling must be
compensated by increased upwelling, which occurs in
the deep tropics as revealed by Fig. 2c. For the response
to climate change, the second row of Fig. 2 also shows
the compensation that occurs between resolved wave
drag and OGWD at midlatitudes, and the lack of such
compensation for the high latitudes. The high-latitude
resolved wave drag response was also discussed by
SS10 and will be discussed further in section 4. This lack
of compensation implies an increased high-latitude
downwelling response to climate change, which is ac-
companied by an enhanced upwelling response in the
deep tropics (Fig. 2f).

The EPFD change with increasing G (Figs. 2b,e) is
repeated in Figs. 3a and 3b. We wish to understand why
the increase in G is associated with a decrease in re-
solved wave driving (or equivalently, an increase of
EPFD) within the regions delineated by the orange
boxes. To learn more, we present an EP flux budget for
these midlatitude lower stratospheric boxes, following
Kushner and Polvani [2004, their Eq. (7)] and SS10. The
red arrows and associated numbers across the sides of
the box represent the integrated EP flux difference
through each side, while the red numbers within the box
represent the difference in the area-mean momentum
deposition associated with the resolved waves, and
equals (to within round-off error) the sum of the flux
differences through the sides. For the 1 X CO, climate,
the budget shows that the lower stratospheric midlati-
tude resolved wave driving decreases by 2.8 X 10*kgms™*,
with about 70% of this decrease (2.2 X 10*kgms™*)
resulting from decreased EP flux from high latitudes,
and about 30% (1.0 X 10*kgms~?) resulting from de-
creased EP flux from below. For the response to climate
change, the wave driving in the lower stratospheric box
decreases by 0.7 X 10*kgms™* and is explained by
a substantial decrease of EP flux from high latitudes
(1.4 X 10°kgms™*). We note that the EP flux from
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FI1G. 2. The change with increasing G from 0.25 to 1.0 of (left) OGWD (shading) and associated mass streamfunction (contours),
(center) EP flux divergence and associated mass streamfunction, and (right) the total mass streamfunction for (a)-(c) 1 X CO, and
(d)—(f) the response to climate change. All plots are for NH winter (DJF). The green vectors in (center) represent the EP flux vectors
divided by density (scale at top left of each panel, kgs~?). The contour interval for the mass streamfunction is 10kgm s~ '. The red
vertical dashed line shows the turn-around latitude for G = 0.25 and 1 X CO,.

below actually increases (by 0.8 X 10*kgms~*), which
acts to weaken the (negative) resolved wave drag re-
sponse in the midlatitude lower stratosphere. These
budgets and their relation to the zonal-mean zonal wind
changes (depicted by the contours in Fig. 3) are dis-
cussed further in section 4.

Our results are summarized and their robustness
established in Fig. 4, which includes the results of three
additional sets of 1 X CO, and 2 X CO, simulations
(with G = 0, 0.5, and 0.75). For the 1 X CO, climate Fig.
4a shows the mass streamfunction W at 70 hPa evaluated
at the turn-around latitude (which is proportional to the
BDC strength as quantified by the net downward mass
flux). While the OGWD contribution to the BDC in-
creases substantially with increasing G, the BDCitself is
comparatively insensitive owing to the compensating
effect of resolved waves. Figure 4b shows that the ¥
difference between the turn-around latitude and 52°N
(which is proportional to the net midlatitude downward
mass flux) is virtually insensitive to changes in G, illus-
trating the nearly perfect compensation between OGWD
and resolved wave drag at midlatitudes. Figure 4c

shows that the OGWD contribution to the BDC re-
sponse to climate change increases dramatically with
increasing G between G = 0.25 and 0.75. This is partly
compensated by opposite changes in resolved waves
(Fig. 4c), thereby limiting the sensitivity to G of the
BDC response to climate change. Figure 4d shows that
this compensation is nearly complete for the midlatitude
component of the BDC.

4. Summary and discussion

Climate models consistently predict a strengthening
of the stratospheric meridional overturning circulation
known as the Brewer-Dobson circulation (BDC) in re-
sponse to (greenhouse gas induced) climate change.
Previous studies have shown that the relative contri-
bution of resolved and parameterized waves to this
strengthening of the BDC varies substantially between
climate models, raising concerns that the model-
predicted response to climate change may not be reli-
able. Here we address this issue in a comprehensive
AGCM by perturbing G, the parameter that effectively
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FI1G. 3. The change with increasing G from 0.25 to 1.0 of (shad-
ing) the EP flux divergence and (contours) the zonal-mean zonal
wind for (a) 1 X CO; and (b) the response to climate change. The
contour interval of the zonal-mean zonal wind is2ms ™! (beginning
with contours at =1 m s~ 1) with the thick solid line denoting Om's ™.
In addition, a budget for resolved wave driving is presented for the
regions delineated by the orange boxes. Red numbers across the box
represent EP flux differences integrated over the box boundaries,
and the red numbers in the box represent the resolved wave driving
differences integrated over the box (10*kgms ™).

determines the strength of orographic gravity wave drag
(OGWD), roughly spanning the range of OGWD con-
tributions to the BDC found in current chemistry—
climate models. We find that, in midlatitudes, increases
in OGWD are almost entirely compensated by opposite
changes in resolved wave drag. However, such com-
pensation does not occur at high latitudes. Similar re-
sults are found for the response to climate change. An
enhanced G is associated with a larger OGWD contri-
bution to the BDC response to climate change, but is at
midlatitudes accompanied by a smaller resolved wave
drag response so that the total midlatitude BDC response
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to climate change is insensitive to G. As for the control
climate, such compensation was not found at high lati-
tudes. Although the high-latitude circulation response is
important at high latitudes, its contribution to the net
mass overturning is comparatively small on account of
the relatively small area of the polar cap compared to
the tropics. We thus find that the strength of the BDC
and its response to climate change is much more robust
than might be expected from the large change in relative
wave drag contributions as G is varied. This is consistent
with the fact that climate models tend to agree much
better on the strength of the total BDC (and its response
to climate change) than on the relative wave drag con-
tributions. It also implies that the linear decomposition
of the driving of the BDC into resolved and parame-
terized parts is misleading. This linear framework sug-
gests that the resolved and parameterized waves act
independently whereas the compensation documented
here reveals strong interactions between the different
wave driving components.

Cohen et al. (2013) found compensation between the
effect of resolved wave drag and parameterized OGWD
on the climatological BDC in an idealized AGCM (al-
though in contrast to our study they found no circulation
response, compensated or otherwise, at high latitudes).
They argued that the compensation they found arose
from instability of the wintertime upper stratospheric
midlatitude flow, but we find no evidence that such
a mechanism operates in our comprehensive AGCM. In
particular, there are no regions of EP flux divergence in
the wintertime stratosphere in our model, as would be
required for instability. Instead, we argue that the
compensation in the driving of the BDC that we find in
the 1 X CO, climate is primarily related to the same
changes in planetary-wave propagation that lead to the
high-latitude response (as discussed by SS10). The direct
effect of increasing OGWD is to weaken the zonal winds
in the upper flank of the subtropical jet (see the contours
in Fig. 3a). SS10 showed that this zonal wind weakening
changes the refractive properties for resolved waves in
such a way that it is harder for planetary waves to
propagate equatorward. SS10 argued that the resulting
decrease of the EP flux from high latitudes into the
midlatitude lower stratosphere explains the increased
resolved wave driving at high latitudes (thus accounting
for the lack of high-latitude compensation identified
here). Here we show that the decrease of equatorward
EP flux also accounts for about 70% of the midlatitude
compensation by resolved waves (Fig. 3a). The OGWD-
induced weakening of the lower stratospheric mid-
latitude winds also results in a lowering of the critical
levels of planetary waves propagating up from below,
allowing less waves to reach the lower stratosphere
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the response to climate change.

(Shepherd and McLandress 2011). As shown in Fig. 3a,
this accounts for the other 30% of the midlatitude
compensation by resolved waves.

Regarding the response to climate change, the impact
of increasing G differs in a fundamental way from its
impact on the 1 X CO, climate. In the latter case, in-
creasing G increases the OGWD within the strato-
sphere, leading to the monopole structure in OGWD
seen in Fig. 2a and to the associated zonal-wind weak-
ening that drives the resolved wave response. In con-
trast, the OGWD response to climate change for a given
G represents a vertical dipole, as evident in Fig. 2d, with
a correspondingly limited effect on the zonal winds
(Shepherd and Shaw 2004). The same limitation then
applies to the role of OGWD differences in the climate

change response, implying a limited effect of OGWD
response differences on the zonal wind. Instead, as shown
by SS10, the difference in the zonal wind responses to
climate change is primarily the result of the different re-
solved wave response for different climatological basic
states. In particular, the tropospheric warming associated
with CO, doubling leads to changes in the basic state that
reduce the barrier to equatorward propagation of plan-
etary waves for the G = 0.25 but not the G = 1.0 case,
leading to a reduced equatorward EP-flux response to
climate change in the G = 1.0 compared to the G = 0.25
case. This explains not only the increased resolved wave
driving response at high latitudes in the G = 1.0 case (thus
accounting for the lack of high-latitude compensation
identified here), but also the midlatitude compensation
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FIG. 5. As in Fig. 1, but for SH spring (SON).

itself. That the changes in the zonal wind response (con-
tours in Fig. 3b) are the cause rather than the result of the
differences in the OGWD response (shading in Fig. 3b),
as shown explicitly by SS10, is evident from the fact that
the zonal wind response strengthens equatorward of about
35°N, inducing the OGWD response to shift upward,
whereas the change in the OGWD response itself (which
increases in the subtropical lower stratosphere; see Fig. 2d)
would instead result in a weaker zonal wind response.
These strengthened subtropical lower stratospheric wind
responses also raise the critical levels of the resolved waves
propagating up from below, allowing more EP flux to enter
the lower boundary of the box delineated in Fig. 3b and
providing a negative resolved wave feedback that miti-
gates the overall degree of compensation. This negative
feedback may explain why the compensation is only partial
for the response to climate change.

Our results raise the question whether the compensation
reflects fundamental dynamical constraints. While the EP
flux budgets provide some insight in the dynamical
mechanisms, the identification of the fundamental cause of
compensation will require additional experiments and is
left for further investigation. We note, however, that it is
perhaps not surprising that the strong interaction between

resolved and parameterized waves found at midlatitudes
does not occur at high latitudes as at those latitudes the
strength of parameterized waves is very weak.

The results of McLandress et al. (2012), obtained with
the middle atmospheric extension of the model used in the
current study, seem to point to a similar compensation in
the SH winter and spring. They introduced an orographic
gravity wave source around 60°S and found that the re-
sulting OGWD was accompanied by decreased resolved
wave driving. However, a closer inspection of their results
reveals increases in resolved wave driving in the regions
south and north of 60°S, which indicates a latitudinal
spreading of the resolved wave drag instead of a compen-
sation. Indeed, a comparison between Figs. 16b and 16d of
McLandress et al. (2012) shows that averaged over 40°—
80°S in winter and early spring, the resolved wave drag
response to the increased OGWD is close to zero. This
suggests that compensation does not occur in the driving of
the SH part of the BDC, at least, in response to an OGWD
forcing at 60°S. By contrast, we find that an increase of G
from 0.25 to 1.0 in austral spring [September-November
(SON)], which causes an OGWD increase that maximizes
around 40°S, is accompanied by a nearly identical but
opposite change by resolved waves (Fig. 5), both for the
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present-day climate and the response to climate change.
This indicates that the degree of compensation critically
depends on the location of the OGWD perturbation.

The results presented here have implications for the
robustness of the model-predicted strengthening of the
BDC under climate change. If the resolved wave drag and
parameterized OGWD operated independently, then the
uncertainties in each component would be additive, and
the wide range of relative wave drag contributions found
across current climate models (Butchart et al. 2010, 2011)
would imply a large uncertainty in the modeled BDC re-
sponse to climate change, despite the fact that models tend
to agree on the magnitude of that response. However, we
have presented evidence that there is a strong compen-
sation between the two components. Our results thus
strongly suggest that the total uncertainty on the overall
BDC response may be significantly smaller than the un-
certainties of the individual wave drag components, and
hence raise the confidence in the credibility of climate
model projections of the strengthened BDC.
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