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Abstract The meridional circulation of the stratosphere, or Brewer-Dobson circulation (BDC), is projected
to accelerate with increasing greenhouse gas (GHG) concentrations. The acceleration is typically quantified
by changes in the tropical upward mass flux (Fy,,) across a given pressure surface. Simultaneously, models
project a lifting of the entire atmospheric circulation in response to GHGs; notably, the tropopause rises
about a kilometer over this century. In this study, it is shown that most of the BDC trend is associated with
the rise in the circulation. Using a chemistry-climate model (CCM), Fy,,, trends across 100 hPa are contrasted
with those across the tropopause: while Fy,, at 100 hPa increases 1-2 %/decade, the mass flux entering the
atmosphere above the tropopause actually decreases. Similar results are found for other CCMs, suggesting
that changes in the BDC may better be described as an upward shift of the circulation, as opposed to an
increase, with implications for the mechanism and stratosphere-troposphere exchange.

1. Introduction

The Brewer-Dobson circulation (BDC) characterizes the meridional transport of mass through the
stratosphere. Air rises in the tropics and descends back into the troposphere in the extratropics of both
hemispheres, primarily in the winter hemisphere. The BDC accelerates in response to increased greenhouse
gas (GHG) forcing across a range of atmospheric models with varying representations of the stratosphere
[e.g., Butchart, 2014, and references therein].

In concert with chemical processes, the BDC sets the distribution of trace gases throughout the strato-
sphere, notably ozone and water vapor. Changes in the stratospheric circulation can thus impact the surface.
Butchart and Scaife [2001] highlight the impact of changes in the transport of both ozone and ozone depleting
substances (ODSs), while Solomon et al. [2010] and Dessler et al. [2013] show the influence of stratospheric
water vapor changes on surface temperature.

In models, the acceleration of the BDC is measured in terms of the residual mean circulation (RC) and typically
quantified by the tropical upward mass flux (Fy,,,) across a fixed lower stratospheric pressure level, e.g., 70 or
100 hPa. Changes in the RC cannot be observed directly, as the meridional overturning in the stratosphere is
2 orders of magnitude smaller than in the troposphere. Indirect estimates are consistent with an acceleration
of the overturning circulation [e.g., Young et al., 2012], but estimates of changes in the stratospheric age of air
(AoA), a related but distinct measure of the overturning circulation based on observations of trace gases, do
not reveal clear trends, if anything hinting at a deceleration of the BDC [e.g., Engel et al., 2009; Stiller et al., 2012].

Both observations and model simulations, however, show a clear upward shift of the tropopause with
tropospheric warming and stratospheric cooling [Santer et al., 2003]. For the troposphere, an upward shift
of the whole tropospheric circulation pattern is reported by Singh and O’Gorman [2012]. In the stratosphere,
Shepherd and McLandress [2011] argue that GHG-induced tropospheric warming causes an upward displace-
ment of the critical layers for wave breaking, allowing more wave activity to penetrate into the subtropical
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lower stratosphere, thereby increasing—and lifting—the BDC. The strength of the meridional overturning
decays markedly in height, so that a rise in the circulation will have a pronounced impact on the meridional
overturning when measured at a fixed pressure level, even if the structure remains otherwise unchanged.

In this paper, we use the state-of-the-art chemistry-climate model (CCM) European Centre Hamburg
(ECHAM)/Modular Earth Submodel System (MESSy) Atmospheric Chemistry (EMAC) to separate trends in the
circulation associated with the lifting of the atmospheric circulation from other changes in the mass exchange
between the troposphere and the stratosphere. We find that changes at a fixed pressure level are dominated
by the lifting, and that mass transport in and out of the stratosphere changes comparatively little. A similar
picture emerges from other models participating in the Chemistry-Climate Model Initiative (CCMI) [Hegglin
and Lamarque, 2015], suggesting that changes in the BDC might better be described as a lifting of the over-
turning circulation than a structural increase in it. This provides a new perspective on the Shepherd and
McLandress [2011] mechanism for the “increase” of the BDC and suggests that changes in stratosphere-
troposphere exchange, which are important for tracer distributions and AoA based estimates, may be more
subtle than the large changes in the RC measured at fixed pressure levels.

2. Models and Simulations

EMAC is a numerical chemistry and climate simulation system [Jdckel et al., 2006], using the first version of
the Modular Earth Submodel System to link multi-institutional codes, including homogeneous and hetero-
geneous chemical reactions (Module Efficiently Calculating the Chemistry of the Atmosphere, [Sander et al.,
2005]). The core atmospheric model is the fifth generation European Centre Hamburg (ECHAM5) general
circulation model [Roeckner et al., 2006]. We applied EMAC in the T42L39MA resolution, i.e., with a spheri-
cal truncation of T42 (corresponding to a grid of approximately 2.8° x 2.8°) with 39 hybrid pressure levels
up to 0.01 hPa. The vertical spacing was chosen to carefully resolve the tropopause region, with levels at
approximately 200, 170, 150, 130, 115, 100, 90, and 80 hPa.

Three atmosphere-only simulations were integrated for 141 years from 1960 to 2100, after at least 5 years
of spin-up. The boundary conditions for the GHGs follow the Representative Concentration Pathway (RCP)
scenarios 4.5, 6.0, and 8.5 [van Vuuren et al., 2011], and the simulations are named RCP4.5, RCP6.0, and RCP8.5,
accordingly. The specifications for the ODSs follow the scenario A1 from World Meteorological Organization
(WMO) [20071. Sea surface temperatures (SSTs) and sea ice concentrations (SICs) have been prescribed from
scenario simulations performed with the Max Planck Institute Earth System Model (MPI-ESM) [Schmidt et al.,
2013] for the simulations RCP4.5 and RCP8.5 and from the Met Office Hadley Centre Earth System Model
(HadGEM2-ES) [Jones et al., 2011] for the simulation RCP6.0.

A fully coupled simulation, denoted RCP6.0-O, was integrated with the coupled atmosphere-ocean (AO) CCM
EMAC-O, which comprises the EMAC model as described above coupled, via the Ocean Atmosphere Sea Ice
Soil coupler [Valcke et al., 2003], to the ocean model MPI-OM. This simulation has been performed from 1960
to 2096. The GHG and ODS specifications are the same as for the RCP6.0 integration. The analysis of output
from four additional CCMI models, detailed in Table 1, is included for comparison.

3. Tropical Upward Mass Flux With Respect to the Tropopause

The total tropical upward mass flux, F,,, is computed by integrating the RC across the region of upwelling
in the tropics. It is commonly used as an indicator for the strength of the BDC [e.g., Holton, 1990], and BDC
changes are typically quantified by changes in F,,, across a fixed pressure level. Modeling studies almost
universally project an increase in Fy,, across pressure surfaces throughout the stratosphere with rising GHGs
[e.g., Butchart and Scaife, 2001; Li et al., 2008; McLandress and Shepherd, 2009; Butchart et al., 2010; Okamoto
etal., 2011; Oberldnder et al., 2013; Bunzel and Schmidt, 2013].

Figure 1a shows the annual mean evolution of F,,, at 100 hPa from the EMAC simulations and ERA-Interim
reanalysis data [Dee et al., 2011]. We choose the 100 hPa level as it closely matches the tropical tropopause.
For 1979-2013 all EMAC simulations correspond reasonably well with ERA-Interim data. While there is signif-
icant interannual variability in the mass flux, the well-established increase in Fy, in response to enhanced
GHG forcing is projected in all simulations, the increase varying from 0.9 to 1.9 %/decade depending on the
scenario. The strongest GHG scenario simulation (RCP8.5, red) and RCP6.0-O (green) show the largest
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Table 1. Models and Model Simulations Used in This Study?

Model Reference Chemistry Ocean-SSTs/SICs Simulations
EMAC Jockel et al. [2006] Interactive chemistry Prescribed from HadGEM2-ES (RCP6.0) REF-C2 (RCP6.0),
inT+S and MPI-ESM (RCP4.5 and RCP8.5) RCP4.5, RCP8.5
EMAC-O Jockel et al. [2006], Interactive chemistry Coupled ocean model REF-C2 (RCP6.0-0)
Jungclaus et al. [2006], and inT+S (MPI-OM)
Valcke et al. [2003]

CCSRNIES- Imaietal. [2013] Interactive chemistry Prescribed from MIROC3.2 REF-C2

MIROC3.2 inS

CNRM-CCM Michou etal. [2011] Interactive chemistry Prescribed SSTs REF-C2

GEOS-CCM Oman and Douglass [2014] Interactive chemistry Prescribed from Community Earth Two realizations of REF-C2,
inS System Model version 1 (CESM1) ODSs: A1 2010 &A1 2014

Niwa-UKCA Morgenstern et al. [2013] Interactive chemistry Coupled ocean model REF-C2

aAll REF-C2 simulations [Eyring et al., 2013] are based on the RCP6.0 scenario [van Vuuren et al., 2011]. The simulations are performed with either stratospheric
(S) or tropospheric and stratospheric (T + S) chemistry included. The sea surface temperatures (SSTs) and sea ice concentrations (SICs) are previously generated
from a coupled AO-GCM and prescribed to the CCM (EMAC, CCSRNIES-MIROC3.2, CNRM-CCM, and GEOS-CCM) or interactively generated by the coupled AO-CCM

(EMAC-O and Niwa-UKCA).

increases. Enhanced warming in the tropics in the coupled simulation RCP6.0-O causes more acceleration
compared to the atmosphere-only simulation RCP6.0 (not shown).

The tropopause is expected to rise in response to GHG-induced warming of the troposphere and cooling
of the stratosphere [Held, 1982; Santer et al., 2003]. As shown in Figure 1c, all EMAC simulations project a
substantial increase in the tropopause height, where the tropopause is identified using the standard lapse

(a) Tropical upward mass flux @ 100 hPa

15—t
1960 1980
RCP4.5 RCP6.0 RCP6.0—0 RCP8.5

2000

2020 2040 2060

2080 2100

Figure 1. Time series of EMAC simulations RCP4.5 (black), RCP6.0 (blue), RCP6.0-O (green), and RCP8.5 (red) from 1960
to 2100 (1960-2096 for RCP6.0-O) and ERA-Interim data (grey) from 1979 to 2013 in the annual mean for (a) tropical
upward mass flux at 100 hPa (108kg s~), (b) tropical upward mass flux at tropopause level (108kg s~'), and

(c) tropopause height at the equator (km).
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Figure 2. Annual mean linear trend in residual mean mass stream function (¥*) between 1960 and 2096 for the simulation RCP6.0-O with respect to (left)
pressure levels and to the (right) tropopause. Colored shading indicates statistical significance at the 95% level. The contours are (+ 0.05, 0.1, 0.15, 0.2, 0.4, 0.8,
1.0) x 10°kg s~ '/decade with solid lines indicating positive values (zero line in grey), and dashed lines negative values. The annual mean tropopause and the
100 hPa height for 1960 are included in dashed red and grey lines, respectively.

rate definition [WMO, 1957; Reichler et al., 2003]. Given these large changes in the vertical structure of the
atmosphere, we ask whether the change in Fy, at a fixed pressure level accurately describes changes in
the transport of mass between the troposphere and the stratosphere. Figure 1b shows the time evolution of
the tropical upward mass flux with respect to the tropopause for the EMAC simulations and ERA-Interim
reanalysis. This is computed by integrating the mass flux exactly at the tropopause, adjusting the height
as it rises in response to GHG increase. Between 1960-2000 and 2060-2100 (2096 for RCP6.0-0), Fy,,
at the tropopause actually decreases, with trends of —0.46 + 0.33, —0.20 + 0.16 (—0.47 + 0.30), and
—0.26 + 0.02 %/decade for the RCP4.5, RCP6.0 (RCP6.0-0), and RCP8.5 integrations.

To show the structure of the RC changes, Figure 2 illustrates the linear trend in the residual mean mass
stream function, ¥*, for the coupled EMAC integration RCP6.0-O; a qualitatively similar picture emerges from
the atmosphere-only integrations (not shown). The trend is computed in two ways, first with respect to
pressure—as is the standard practice—and second, with respect to the tropopause. As in the calculations
shown in Figure 1b, this is achieved by computing the tropopause at each time step, remapping the vertical
coordinate relative to this level (denoted “0” in the plot) and then averaging. A similar procedure was applied
by Birner [2006] to reveal the tropopause inversion layer, which is blurred out when averaged on pressure
levels. More importantly for us, this procedure will also follow the tropopause upward as the atmospheric
circulation responds to GHGs.

The ¥* trend exhibits a strikingly different structure depending on the averaging. When averaged on pressure
surfaces (Figure 2a) the positive (clockwise) anomaly in the Northern Hemisphere and negative (counter-
clockwise) anomaly in the Southern Hemisphere indicate an acceleration of the circulation. When averaged
with respect to the tropopause (Figure 2b), however, the ¥* trend reveals weak anomalies of opposite sign,
characterizing a modest reduction in the RC at the tropopause in both hemispheres. From a physical point
of view, when mapped relative to a fixed pressure level, changes are dominated by the upward expan-
sion of the Hadley cell, which enhances the circulation in the tropics. But when mapped relative to the
tropopause —which rises with the expanding Hadley cell—there are no significant changes in the tropics at
all, and only a weak reduction in the extratropics.

4, The Effective Shift of the Measurement Level

The ascent of the atmospheric circulation in response to global warming implies that observations held at
a fixed pressure level will effectively “see” a lower part of the atmosphere with time. For example, in the
RCP6.0-0 integration, the tropical tropopause shifts from 94.5 to 85.9 hPa from the last decade of the 20th
century to the end of the 21st century. Thus, an analysis at 90 hPa would reveal significant changes in the
chemistry and circulation related to the transition from the stratosphere to the troposphere.
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(a) A Tropical upward mass flux (Fy,,) @ 100 hPa
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Figure 3. Annual mean change in tropical upward mass flux at 100 hPa of EMAC simulations RCP4.5 (black), RCP6.0
(blue), RCP6.0-O (green), and RCP8.5 (red) from 1960 to 2100 (1960-2096 for RCP6.0-0) and ERA-Interim data (grey)
from 1979 to 2013 compared to the mean of the years 1960-2000 (ERA-Interim: 1979-2000) (%) for (a) total change
(A Ft,op), (b) change from shift of the tropopause (A Fgy,;;), and (c) structural change (A Fg, () from Figures 3a and 3b.

2060 2080 2100

Our goal is to separate the change in the tropical upward mass flux associated with the lifting of the circulation
from other structural changes. The change in Fy, at a given pressure level, A f,, is decomposed into a

change associated with the rise of the circulation, A F, and other changes, A F;

AF’(rop = A":shn"t + A":struct' (M

The change associated with an upward shift is estimated with a single term Taylor expansion, using the

. . . ) s . OR, .
climatological vertical gradient of the mass flux from the historical period, % , and the shift of the

past
measurement level relative to the circulation between the future and past climates, Az:

oF

trop

AFShift = X AZ. (2)

past

Note that both terms on the right-hand side of (2) will be negative: the mass circulation decays with height
and a fixed pressure level will sink relative to the tropopause with time. We use the historical simulation to
define the mass flux gradient in an effort to capture future circulation changes given only the trend in the

tropopause. Lastly, A F;, . is defined as the difference between A F,,,, and A Fy 4.

truc rop

Focussing on a specific lower stratospheric level, here 100 hPa, we estimate the vertical gradient in the mass
flux with the closest levels above and below in the standard CCMI output over the period 1960-2000:

OFyop| _ Fuop(115hPa) — Fyo,(90 hPa) -
0z |past  2(115hPa) — z(90hPa)
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Figure 4. Climatology and changes in annual mean tropical upward mass flux at 100 hPa for the simulations under the
RCP6.0 scenario from Table 1. (a) Annual mean thp averaged for the period 1960 to 2000 (CNRM-CCM: 1961 to 2000)
(108 kg s~1). For comparison climatological data as mean for the period 1979 to 2000 is added from ERA-Interim.

(b) Changes in Fiqp, (White), Fypig (green), and Fyy ¢ (blue) between the periods 2060-2100 (2060-2096 for RCP6.0-O
and 2060-2099 for CNRM-CCM and GEOS-CCM) and 1960-2000 (1961-2000 for CNRM-CCM) (%/decade). The red bars
denote the uncertainties at the 95% confidence level. Note that coarser vertical resolution was available for the GEOS
integrations, such that the decomposition likely suffers from larger truncation errors which are not accounted for in the
uncertainty intervals.

We use the tropopause to quantify the shift of the circulation, so Az is given by the change in the 100 hPa
level relative to the tropopause:

Az = (2(100 hPa)|gyre — Z(tropPO)|gyeure) — (2(100 hPa)| o — Z(troPO)| o)

4)
= (2(tropo)| past — Z(tropo)|yure ) + (2(100 hPa) ¢y e — 2(100 hPa)| o) -

with z(tropo)|gre @and Z(tropo)| ., referring to the tropopause height at the future and historical states.
From the first term in (4), we see that Az will be negative: as the tropopause rises, our effective measurement
level is pushed lower in the atmosphere. The second term corrects for the fact that all pressure levels rise
with tropospheric warming; it will always be smaller in magnitude than the first term if the pressure of the
tropopause drops.

Figure 3a shows the relative change in F,,,, at 100 hPa from EMAC as a function of time. As shown in previ-
ous studies, the RC increases substantially in response to GHG forcing. Figure 3b, however, shows that this
increase can almost entirely be attributed to the effective change in the measurement level. It was obtained
using equation (2), where the time evolution comes only from the shift in the 100 hPa surface relative to the
tropopause, Az.

A Fgur €an be interpreted as an estimate of the change in the RC at the tropopause. Consistent with the
analysis in the previous section, the residual “structural changes” in the mass flux, Figure 3¢, are small and
(if anything) negative. Notably, the structural term differs less between the different RCP scenarios, i.e., the
impact of enhanced GHG forcing is felt through the rise in the circulation.

Figure 4 places EMAC in the context of other CCMI models. There is substantial spread in the climatological RC;
Firop @t 100 hPa ranges from ~70 to 180 X1 08 kg s~! (Figure 4a). All the models, however, project an increase in
Firop @t 100 hPa under the RCP6.0 scenario forcing. When scaled relative to the climatological mass flux, most
models are clustering around a rate of ~1%/decade (Figure 4b, white bars).

The green bars in Figure 4b show the change associated with the rise in the circulation: in all cases, the increas-
ing Fyop, trend at 100 hPa can largely be attributed to the rise of the tropopause relative to this pressure level.
With the exception of CNRM-CCM, the shift term AF, is larger than the total change AF,,, suggesting a
weak reduction of the mass transport across the tropopause (Figure 4b, blue bars). In general, differences
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between the models are comparable to the differences between the atmosphere-only and coupled EMAC
integrations. These EMAC integrations differ at the lower boundary, suggesting that uncertainty in SSTs might
explain the difference between models.

5. Discussion and Conclusions

A wide range of atmospheric and climate models robustly projected substantial changes in the BDC, almost
uniformly quantifying trends by changes in the RC at fixed pressure levels. Our results are consistent with
these previous studies but suggest a new interpretation. Given the lifting of the entire atmospheric circula-
tion in response to GHG increase [Singh and O'Gorman, 2012], the stratosphere itself is changing substantially.
When changes in tropopause height are taken into account, we find that the residual mean transport of mass
between the troposphere and the stratosphere changes little in response to anthropogenic forcing, if any-
thing decreasing slightly. Trends in the RC at a given pressure level can thus be simply linked to the effective
descent of the pressure surface relative to the climatological overturning circulation.

This interpretation of the RC provides a new perspective on the mechanism. Shepherd and McLandress [2011]
explain the RC change as a response to the upward movement of the zero wind line—a critical level for wave
breaking of stationary waves—associated with the lifting of the subtropical jets. The conceptual model of
Held [1982] predicts a vertical extension of the troposphere (and hence of the subtropical jets) in response to
enhanced surface temperatures. Essentially, as the surface warms, the tropopause must rise in order to keep
the atmosphere in radiative balance. Santer et al. [2003] demonstrate that a rising tropopause is a generic
response of the atmosphere to changing GHGs. Our analysis suggests that an increase in the RC at a given
pressure surface in the lower stratosphere may be equally generic. While models differ substantially in their
ability to capture the meridional overturning of the stratosphere (e.g., Figure 4a), equation (2) implies that
the relative change in F,,,, depends largely on the shift of the tropopause. The CCMI models examined in
this study predict a similar increase in tropopause height and thus a fairly uniform relative increase in the RC
(Figure 4b).

We have focussed on the 100 hPa surface, given its proximity to the tropopause, but our approach can equally
be applied to other surfaces. For example, the 70 hPa surface is often used as a benchmark for the strength
of the RC. The EMAC-O integration projects an increase of 1.24 + 0.60 %/decade at this level, consistent with
other models [e.g., Butchartetal., 2010]. In the twentieth century climatology of EMAC, 70 hPaiis 1.71 km above
the tropopause, but by the end of the century, it is only 1.16 km above the tropopause. This shift causes an
Fiop increase of 1.29 + 0.80 %/decade at 70 hPa.

trop

While mass exchange between the stratosphere and the troposphere remains about constant in models, the
ventilation of the stratosphere will change. The 10 hPa shift in the tropopause simulated by EMAC implies an
approximately 10% reduction of the mass of the stratosphere. Neglecting the mixing of air along isentropic
surfaces which cross the tropopause, the transit time of air through the stratosphere is given by its total mass,
M, divided by the total mass exchange rate, f,,. Hence, if the exchange rate remains about constant while M
decreases, the mean transit time will decrease. Barring substantial changes in isentropic mixing, one would
then expect the AoA to decrease. Based on an analysis of CCMs, Garny et al. [2014] suggest that the isentropic
mixing may actually change predictably with the circulation and further reduce the AoA. Thus, our results
do not resolve the mismatch of modeling studies with observational studies that find little evidence for a
decrease in the AoA to date [Engel et al., 2009; Stiller et al., 2012].
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