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Abstract

This thesis deals with the advective part of the global Brewer-Dobson cir-

culation (BDC), also known as the stratospheric residual circulation. The

residual circulation cannot be directly measured and is relatively poorly

constrained in observations and models. While the processes that drive the

residual circulation are relatively well understood, our knowledge of how

these processes can manifest in response to an evolving climate state is

insufficient. This research addresses several topics related to the representa-

tion of the stratospheric residual circulation in models under historical and

future climates. The residual circulation is evaluated in a suite of “specified

dynamics or nudged” chemistry-climate simulations relaxed towards reanal-

ysis data. It is found that nudging does not constrain the mean strength of

the residual circulation while it does tightly constrain the interannual vari-

ability in the lower stratosphere. To investigate climate change effects on

the residual circulation, model simulations are performed using a 4×CO2

experiment separated into three components: a rapid adjustment due to

the radiative effects of CO2; a global mean sea surface temperature (SST)

response; and the local deviations of SST from the global mean. It is shown

that the global SST explains most of the increased in circulation in the lower

stratosphere, while both the rapid adjustment and global SST are important

in the upper stratosphere. This means there are two characteristic timescales

in the response of the residual circulation to increased CO2, with the relative

importance of each timescale being height dependent. Lastly, the utility of

different observational-based indirect proxy measures for the residual circu-

lation in the tropical lower stratosphere are evaluated within a chemistry-

climate model framework. It is shown that a temperature-based measure

captures variability in the residual circulation on interannual timescales,

whereas tropical mean ozone concentrations, when lagged, exhibit a close

out-of-phase relationship with tropical upwelling across seasonal, interan-

nual and multi-decadal timescales. Overall, this work has progressed our

understanding pertaining to mechanistic and diagnostic processes related to

the stratospheric residual circulation in numerical simulations.
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Chapter 1

Introduction

1.1 Atmosphere in layers

Earth’s atmosphere can be partitioned into different layers broadly characterised by the

vertical profile of temperature, which leads to distinct physical and dynamical proper-

ties of each layer. Starting from the surface, the lowest layer is the troposphere which

spans up to around 10 km where the temperature decreases with height at an average

rate of ∼ 6.5 K km−1. Separated by a thin transitional layer called the tropopause with

a lapse rate of ∼ 2 K km−1, the stratosphere extends from around 10 km to around 50

km, exhibiting increasing temperatures with height hence explaining its strong strati-

fication. Above this lies the mesosphere between 50 − 80 km, where the temperature

again decreases with height, and the thermosphere between 80 and ∼ 500 km where

temperature increases dramatically with height due to the fact that molecular processes

dominate over eddy mixing in this region. Together the stratosphere and mesosphere

are often referred to as the “middle atmosphere” (Andrews et al., 1987).

In the troposphere, latent heating processes associated with phase changes of water

and cloud radiative effects have a presiding role, particularly in the tropics associ-

ated with moist convection, while in the extratropics baroclinic eddies are a dominant

feature of the general circulation. These processes mean that in the troposphere the

vertical advection of air typically occurs on timescales of hours to days. In contrast, the

stratosphere is very dry owing to the freeze-drying of the air as it ascends through the

cold tropical tropopause layer, as deduced from observations as early as the late 1940s
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(Brewer, 1949). The stratospheric temperature distribution is strongly modulated by

ozone, which is photochemically produced in the middle stratosphere (∼35 km) and

absorbs incoming solar ultraviolet (UV) radiation, underscoring its importance as the

major contributor to the radiative heat input throughout the depth of stratosphere and

mesosphere (Kiehl and Solomon, 1986). The strong stable stratification of the strato-

sphere means that parcels of air are transported upwards with timescales that range

from months to years (Holton et al., 1995). Although the global mean temperature

distribution of the stratosphere can be mainly explained in terms of radiative heating

and cooling processes (Andrews et al., 1987), dynamical processes regulate local tem-

peratures via adiabatic heating and cooling.

Despite their distinct physical characteristics, the troposphere and stratosphere are in-

tricately entangled through dynamical, radiative and chemical processes. For example:

a) stratospheric ozone affects the tropospheric chemical balance through stratosphere-

troposphere exchange (STE; Holton et al., 1995); b) stratospheric composition affects

the radiative balance of the troposphere via ozone (e.g. Ramaswamy et al., 1992; Forster

and Shine, 1997) and water vapour (e.g. Forster and Shine, 1999, 2002) radiative effects;

and c) dynamical coupling operates in both directions, with the troposphere being the

source of planetary Rossby waves and gravity waves that drive the stratospheric circu-

lation (see Section 1.2.2), and stratospheric conditions affecting tropospheric weather

and climate (Haynes, 2005) e.g., via coupling with the dominant modes of variability

in the troposphere, the Southern Hemisphere and Northern Hemisphere annular modes

(Thompson and Wallace, 2000).

1.2 The Brewer-Dobson circulation

1.2.1 Historical overview

The physical concept that broadly describes the stratospheric mean mass transport was

first proposed independently by Dobson and Brewer in order to explain the observed

ozone (Dobson et al., 1929; Dobson, 1956) and water vapour (Brewer, 1949) distribu-

tions in the stratosphere. Although at the time a theoretical explanation was lacking,

they suggested a model for the global circulation that entails air originating in the tropo-

sphere, ascending into the stratosphere in the tropics, and subsequently moving upward
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and poleward before descending back into the troposphere at extratropical latitudes.

Further stratospheric transport studies based on atmospheric nuclear tests in the late

1950s conducted by the USA, USSR and UK (e.g. Telegadas, 1967, 1971; Telegadas

et al., 1972; Kinnison et al., 1994) corroborated the theory that the radioactive tracers

would follow the global mass circulation. Moreover, the transport characteristics of the

radioactive fallout, as well as aerosols from tropical volcanic eruptions (Dyer and Hicks,

1968), provided evidence of the existence of subtropical transport barriers due to the

persistence of their tropical maxima. The proposed concept based on tracer transport

into and out of the stratosphere agreed quantitatively with the estimate of a diabatic

stratospheric meridional circulation, which indicated ascent at the tropical tropopause

and descent across the extratropical tropopause along with mesospheric meridional flow

(Murgatroyd and Singleton, 1961). However, Murgatroyd and Singleton (1961) also

found that since they had neglected eddy processes, their model did not conserve an-

gular momentum, highlighting the importance of accounting for eddy forces within the

mean meridional circulation. In an effort to account for the missing eddy forcing, Vin-

cent (1968) utilised the Eulerian-mean approach and deduced that two circulation cells

are at play instead of a single hemispheric cell suggested by previous studies, with a

reverse cell that had rising motion in the polar latitudes and descending motion in the

middle latitudes.

The physical inconsistency of the two-cell Eulerian mean circulation (Vincent, 1968)

with the observed mass transport circulation, was almost equally insufficient with the

diabatic circulation that which had better agreement with the observed mass transport

but lacked conservation of angular momentum (Murgatroyd and Singleton, 1961). Rec-

tifying these discrepancies was only made possible by using the generalised Lagrangian

mean formulation (Andrews and McIntyre, 1978a) along with the theoretical advances

under the transformed Eulerian mean (TEM) framework by Andrews and McIntyre

(1976, 1978b). The principal notion of a dynamically-consistent definition of the Brewer-

Dobson circulation (BDC) was first derived by Dunkerton (1978) and is the same the-

oretical framework that is now widely used to define the mean meridional circulation

(Plumb, 2002). Kida (1983) later confirmed this picture by studying the trajectories of

advected air parcels. The underlying mechanisms that force the BDC through extrat-

ropical wave driving and breaking in the stratosphere create a mid-latitude “surf-zone”
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(McIntyre and Palmer, 1984) due to the existence of an “extratropical pump” (Holton

et al., 1995). These mechanisms were unravelled through the formulation of the “down-

ward control principle” (Haynes and McIntyre, 1987; Haynes et al., 1991) built on the

TEM approaches of Andrews and McIntyre (1976, 1978b). Different types of waves

contribute to driving the mean meridional circulation of the middle atmosphere, with

synoptic scale waves reaching the lowermost stratosphere, planetary-scale Rossby waves

penetrating higher into the winter hemisphere stratosphere, and gravity waves driving

the circulation higher up in the mesosphere (Plumb, 2002), as shown in Figure 1.1.

Figure 1.1: Illustration of the mean meridional circulation in the atmosphere. The
tropical Hadley cell of the circulation in the troposphere is shown by the thick ellipse in
black. The synoptic- (S), planetary-scale (P) and gravity (G) wave driving regions that
force the mean meridional circulation in the stratosphere and mesosphere are shown by
the shaded areas. Taken from Plumb (2002).

More recently, Birner and Bönisch (2011) and Bönisch et al. (2011) deduced that the

BDC can be separated into two different branches, the shallow and the deep, which

have their own distinct characteristics. In the lower stratosphere, ascending air in the

tropics and descending air in the subtropical and middle latitudes constitutes the shal-

low branch, while the deep branch entails ascending air that extends upwards into the

upper stratosphere with descending branches that reach into the high latitudes, shown
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schematically in Figure 1.2. A model study of the residual circulation transit times

(RCTT; the time taken for an air parcel that enters into the stratosphere through

the tropical tropopause to reach a given location) between the two branches of the

BDC revealed that a differentiating factor is the longer transit times characterising

the deep branch along with lower amounts of mass flux reaching those heights (Birner

and Bönisch, 2011). As different types of waves propagate into different parts of the

stratosphere (Fig. 1.1) depositing their momentum and altering the flow, it follows that

different types of waves force the shallow and deep branches of the BDC (see Section

1.2.2).

Figure 1.2: Latitude-height cross-section of the atmosphere showing ozone density based
on the Northern hemisphere wintertime climatology (colour shading, with darker shades
indicating larger ozone concentrations). The arrow streamlines depict the different spa-
tial characteristics of the shallow and deep branches of the Brewer-Dobson circulation at
solstices. The dashed line indicates the approximate location of the tropopause and the
red dashed arrow represents planetary wave activity propagating into the stratosphere.
Adapted from Figure 4-7 in WMO (2014).

In addition to the advective part of the BDC (defined as the zonal-mean residual cir-

culation) considered so far, to fully describe the stratospheric transport circulation the

component of the two-way exchange of air masses needs to be accounted for as well. The

breaking of planetary waves in the stratosphere leads to quasi-horizontal mixing as the

5



1.2 The Brewer-Dobson circulation

air masses are stirred over thousands of kilometres (McIntyre and Palmer, 1984) with a

rapid rate compared to the slow advective component of the BDC (Plumb, 2007). The

diagnostic of mean age of stratospheric air (AoA) captures the combined effects of the

advective part of the BDC and mixing on stratospheric tracer transport. It is defined as

the time that has elapsed since a parcel of air entered the stratosphere through the trop-

ical tropopause at a given location (Kida, 1983; Hall and Plumb, 1994; Waugh and Hall,

2002). It can be indirectly inferred from observations of long-lived quasi-passive tracers

with an approximately constant atmospheric growth rate (including sources and sinks)

corrected for non-linearities such as SF6 and CO2, among others. Theoretical model

studies of this idealised tracer such as the “tropical-leaky pipe” conceptual model by Neu

and Plumb (1999), revealed that two-way mixing between the tropics and extratropics

has a global impact on AoA leading to a net increase. Since both the advective part of

the BDC and mixing processes are incorporated by definition into this measure, AoA

can be separated into the RCTT (Birner and Bönisch, 2011) that quantifies the resid-

ual circulation and the ageing by mixing (Garny et al., 2014), as presented in Figure 1.3.

Figure 1.3: Illustration of the advective and mixing transport processes in the strato-
sphere. Taken from Garny et al. (2014).
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Investigation of these combined effects highlight the areas where the overturning resid-

ual circulation dominates and regions where quasi-isentropic mixing has a substantial

contribution via re-circulation of air parcels, resulting in an increase of AoA throughout

the depth of the stratosphere (Garny et al., 2014; WMO, 2018) (Fig. 1.3). As this

thesis focuses on the advective part of the BDC, the literature review that follows omits

a comprehensive consideration of studies that analyse AoA where the effects of mix-

ing and stirring are included, except when discussing observational evidence for past

changes in the BDC.

1.2.2 Driving mechanisms

The residual circulation in the stratosphere is often termed the “extratropical pump”

(Holton et al., 1995) or “Rossby-wave” pump (Plumb, 2002). The stratosphere is forced

away from radiative equilibrium via the effects of upward-propagating planetary-scale

Rossby waves emanating from the troposphere which amplify and break, dissipating

their momentum and energy into the stratosphere. In the winter extratropical strato-

sphere where solar heating is absent, the temperature gradient is equatorward (cold

pole) forcing a strong westerly flow in the extratropics and around the pole (polar

vortex), an essential characteristic that allows for planetary-scale Rossby wave propa-

gation (Charney and Drazin, 1961). As the zonal phase speed of planetary-scale Rossby

waves can only be westward, their deposited wave drag with respect to the wave-mean

flow can only be westward (easterly). The westward drag is partly balanced by the

Coriolis force through an one-way pump that acts to draw air poleward (due to the

Earth’s rotation) in order to conserve angular momentum, known as “gyroscopic pump-

ing” (McIntyre, 1998), accounting for the ever-present poleward mass flow in the middle

and upper winter stratosphere. Subsequently, for the steady-state limit, this poleward

flow is compensated by tropical air drawn up into the stratosphere and pushed down

at extratropical latitudes into the troposphere to close the circulation through mass

continuity.

As shown in Section 1.2.1, the differentiation between the shallow and the deep branch of

the BDC (Birner and Bönisch, 2011) reveals distinct characteristics of the wave driving

that influences the two branches. In the shallow branch in the subtropical lowermost

stratosphere, synoptic-scale wave driving dominates throughout the year (Fig. 1.1)
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1.2 The Brewer-Dobson circulation

while in the deep branch, planetary-scale waves drive the wintertime circulation. The

marked differences of the mesospheric component of the BDC manifested as a single

cell with flow from the summer to the winter pole (Fig. 1.1) are due to the effect of

upward-propagating gravity waves, selectively filtered by stratospheric winds causing

an eastward (westward) drag and an equatorward (poleward) pumping in the summer

(winter) hemisphere Plumb (2002).

In addition to the important role of extratropical wave forcing, the literature has also

addressed whether tropical wave forcing can have a significant impact in driving the

residual circulation (e.g., Plumb and Eluszkiewicz, 1999). Multiple studies have inves-

tigated the potential mechanisms associated with the tropical wave forcing contribut-

ing to driving the BDC (e.g. Semeniuk and Shepherd, 2001; Boehm and Lee, 2003;

Kerr-Munslow and Norton, 2006; Randel et al., 2008; Calvo and Garcia, 2009; Garny

et al., 2011). Randel et al. (2008) found that the tropical wave forcing is both due

to an equatorward propagation of extratropical waves as well as latent heat generated

tropical planetary waves associated with deep convection processes (Gill, 1980). On

the other hand, Calvo and Garcia (2009) pinpointed tropical quasi-stationary waves as

the dominant cause of the tropical wave forcing in the upper troposphere and lower

stratosphere. Moreover, the tropical wave forcing has been shown to be due to both

extratropical transient synoptic-scale waves refracted equatorward and tropical station-

ary planetary waves in Garny et al. (2011). However, there is no consensus regarding

the underlying mechanism of the tropical wave forcing due to the notoriously difficult

task of disentangling a cause and effect relationship between zonal winds modulated by

wave dissipation (Andrews et al., 1987) in the deep tropics.

There is a strong seasonality in the strength of the BDC that is related to the hemi-

spheric and height-dependent asymmetry in the two branches of the circulation (Rosenlof,

1995). Due to the asymmetries in the land-sea distribution between hemispheres,

stronger planetary wave forcing during Northern hemisphere (NH) winter drives a

stronger circulation in December, January, February (DJF) than in June, July, Au-

gust (JJA) during Southern hemisphere (SH) winter (Rosenlof, 1995). Furthermore,

the seasonal cycle is also reflected in the boundaries between the regions of tropical

upwelling and extratropical downwelling termed as “turnaround latitudes” (Rosenlof,
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1.2 The Brewer-Dobson circulation

1995), as their position follows the seasonal movement of the circulation cells.

In the tropics, the picture is somewhat more complex as the wave forcing alone can-

not account for the characteristics of the BDC as seen by the observed upwelling rates

in this region (e.g. upwelling maximum in summer side of the equator; Plumb and

Eluszkiewicz, 1999). In order to untangle this apparent discrepancy, the diabatic heat-

ing processes need to be taken into account since they force a strong seasonal cycle in

the tropical lower stratospheric upwelling (Plumb and Eluszkiewicz, 1999). The role of

diabatic heating for the residual circulation in the tropics has been also considered in

the context of the latitudinal distribution of the time-averaged upwelling in the tropical

lower stratosphere. Specifically, the double-peaked structure in upwelling with maxima

∼ ±20◦ may be considered as being forced by the distribution of radiative heating as-

sociated with ozone and water vapour, with the wave forcing adjusting to the imposed

heating to maintain angular momentum conservation (Ming et al., 2016). However,

there are multiple implications and caveats when considering the complex interplay be-

tween wave forcing changes on the mean flow and a potential partly thermally driven

circulation in the deep tropics as discussed by Haynes (2005).

1.2.3 Diagnostics and mathematical formulations

The effort to address the discrepancies between the diabatic and Eulerian-mean circula-

tions associated with the eddy transport introducing the Stokes drift (Dunkerton, 1978)

feeding back to the mean transport, was key in the transformation of the Eulerian-mean

equations to the TEM framework (Andrews and McIntyre, 1976, 1978b). Consequently,

the TEM formulation incorporates the eddy and mean transport contributions into an

approximated single quantity that can be applied in a wide range of circumstances

(Butchart, 2014). The meridional and vertical components of the residual circulation

(v∗, w∗) in the TEM framework are given in equations 1.1 and 1.2:

v∗ = − 1

ρ0α cosφ

∂Ψ
∗

∂z
(1.1)

w∗ =
1

ρ0α cosφ

∂Ψ
∗

∂φ
, (1.2)
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1.2 The Brewer-Dobson circulation

where z is the log-pressure height, Ψ
∗
(φ, z) is the residual meridional mass streamfunc-

tion, ρ0 is log-pressure density, α is Earth’s radius, and φ is latitude.

The “downward control principle” (DCP) formulated by Haynes et al. (1991) based

on the TEM framework (Andrews and McIntyre, 1976, 1978b), is often employed to

quantify the wave driving of the BDC. A major advantage of using the DCP is that a

measure of the mass flow can be deduced entirely by determining the remote zonal-mean

forcing F that acts above a given height z over a sufficiently long timescales and large

horizontal scales (steady-state assumption; e.g. seasonal mean Rosenlof, 1995). In the

quasi-geostrophic limit, mφ ≈ −2Ωα2 sinφ cosφ, the DCP formulation for the residual

circulation is given via equation 1.3:

w∗(φ, z) =
1

ρ0 cosφ

∂

∂φ

∞∫
z

{
ρ0α

2F cos2 φ

mφ

}
φ=φ(z′)

dz′, (1.3)

It should be noted that this formulation holds along lines of constant angular momen-

tum (m = α cosφ(u+αΩ cosφ) where u is the zonal mean zonal wind and Ω is Earth’s

rotation rate), which in the extratropics can be approximated as lines of constant lat-

itude, but this breaks down in the deep tropics (< ±15◦) where angular momentum

surfaces are curved, hence for simplicity this approach is usually applied in the ex-

tratropics. Nevertheless, through mass continuity the DCP can be straightforwardly

applied to infer the total tropical upward mass flux across a pressure surface as the sum

of the extratropical downward mass flux in each hemisphere (Rosenlof and Holton, 1993;

Rosenlof, 1995), without needing to compute the residual vertical velocity w∗ within the

deep tropics. In climate models, F has contributions from explicitly resolved planetary

and synoptic-scale Rossby waves and from sub-grid parameterised gravity waves that

originate from orographic sources, convection and frontal instabilities (non-orographic).

Evaluation of the the residual circulation in general circulation models (GCMs) and

chemistry-climate models (CCMs) commonly employs the TEM formulation as it can

be straightforwardly calculated using model fields (e.g. SPARC, 2010; Butchart and
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1.3 Diagnosing the residual circulation

Scaife, 2001; Butchart et al., 2006, 2010, 2011; Hardiman et al., 2014). Apart from the

implementation of the DCP to partition the contribution of the different components

of the wave forcing in modelling studies, Rosenlof (1995); Rosenlof and Holton (1993)

established the use of the net upward mass flux across a given pressure level and this

has become a widely used benchmark metric to quantify the strength of the residual

circulation (Butchart, 2014).

1.3 Diagnosing the residual circulation

1.3.1 Age of air and distinguishing effects of mixing

Different observational estimates of AoA diagnostics from satellite (Mahieu et al., 2014)

and Lagrangian models driven by reanalysis studies (e.g. Ploeger et al., 2015a,b; Ploeger

and Birner, 2016), as well as observationally constrained estimates of the meridional

overturning diabatic circulation (more closely related to the residual circulation) (e.g.

Linz et al., 2017, 2019), can also provide a measure of the overall strength of the mass

transport in the stratosphere. However, as AoA can only be quantified through long-

lived tracer measurements based on certain assumptions and approximations, the effects

of mixing and the residual circulation are entangled (see Fig. 1.3) and cannot be

separated in a straightforward way. Deriving observationally-based BDC trends through

AoA has an inherent uncertainty due to the limited observations across spatial and

temporal scales (e.g. Garcia et al., 2011) as well as the large internal variability (e.g.

Hardiman et al., 2017b). Recently, Engel et al. (2017) updated the results of Engel

et al. (2009) which, based on balloon measurements, reported a small increase of AoA

in the NH mid-latitudes between 1985 and 2005, albeit not statistically significant,

consistent with those derived by different observational datasets in Stiller et al. (2012)

and Haenel et al. (2015). Reconciling this finding with the modelled negative trends of

AoA indicating a strengthening of the BDC (e.g. Waugh, 2009), motivated studies that

derived long-term AoA trends by combining observations with a hierarchy of models

(e.g. “tropical-leaky pipe”; Neu and Plumb, 1999) in order to address this discrepancy

(e.g. Hegglin et al., 2014; Ray et al., 2014). Application of this method yielded successful

results as the hybrid model-observations estimate (Ray et al., 2014) converged to the

observations made by Engel et al. (2009) and corroborated by the more recently updated

study Engel et al. (2017). Ray et al. (2014) results exhibited younger AoA in the lower
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1.3 Diagnosing the residual circulation

stratosphere consistent with enhanced tropical upwelling seen in modelling studies and

older AoA with increasing height in the NHmid-latitudes where observations and models

still exhibit significant discrepancies (Figure 5− 9 in WMO, 2018). Offline Lagrangian

transport models driven by reanalysis exhibit a decrease in AoA in the NH mid-latitude

lower stratosphere associated with a strengthened residual circulation but older AoA in

the high-latitude middle to upper stratosphere (Diallo et al., 2012). However, there are

distinct structural (latitude and altitude dependent) differences in the behaviour of the

slower residual circulation and the faster mixing processes making up the distribution

of the mean AoA trends. The aforementioned differences can be attributed to the net

effect of ageing by mixing processes both in comprehensive climate models (Garny et al.,

2014) and reanalysis-driven transport models (Ploeger et al., 2015a). Hence, this issue

goes beyond the scope of this PhD thesis and will not be discussed further.

1.3.2 Reanalyses and observations

Since it is not possible to directly measure the residual circulation of the stratosphere,

inferring the circulation from globally observed meteorological variables was only made

possible after the beginning of the satellite era (1979). While the availability of these

observations enabled the first studies of the observed stratospheric residual circulation,

and led to breakthroughs in tackling the conceptual issues identified by Murgatroyd and

Singleton (1961) and Vincent (1968), the estimates of the residual circulation remained

quite noisy in most reanalysis products (Iwasaki et al., 2009). However, Rosenlof (1995)

found that robust thermodynamic estimates of the residual circulation can be obtained

via the method of Murgatroyd and Singleton (1961) with certain approximations that

rendered the originally unaccounted for eddy forcing and horizontal advection terms

negligible in the tropical lower and middle stratosphere, as well as constraining correc-

tions for the tropics. Holton (1990) developed an additional indirect method to estimate

the global mass flux exchange between the troposphere and stratosphere, through the

eddy heat and momentum fluxes that were based on meteorological balloon-borne ra-

diosonde observations (Oort and Peixóto, 1983), using a version of the DCP formulation.

However, a caveat of this method was highlighted by Rosenlof and Holton (1993), who

noted that it requires knowledge of the unresolved gravity-wave induced zonal forcing

to reliably estimate the residual circulation.
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1.3 Diagnosing the residual circulation

Advances in the generation of modern reanalysis products, including parameterisations

of unresolved processes, further developments in data assimilation and bias correction

schemes, have improved their physical consistency leading to a better representation

of the overall features of the BDC for specific reanalyses. These include the Euro-

pean Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim product

(Seviour et al., 2012) and the Japanese Meteorological Agency (JMA) JRA-55 prod-

uct (Kobayashi and Iwasaki, 2016). These reanalysis products were refined compared

to their older respective versions and a reduction in the inter-reanalysis spread was

achieved for different measures of the residual circulation. However, other discrepan-

cies were identified; e.g. a substantial spread between different estimates of the BDC,

including one based on the residual circulation along with a thermodynamic and a mo-

mentum balance estimate (Abalos et al., 2015). Within an internally self-consistent

model, estimates from different methods should be approximately identical. Nonethe-

less, the addition of analysis increments in reanalyses will not necessarily conserve key

quantities, e.g. angular momentum (Abalos et al., 2015).

Figure 1.4 presents these metrics from three modern reanalysis products (ERA-Interim,

JRA-55 and NASA MERRA) at various pressure levels between 1979−2012 within the

stratosphere as detailed in Abalos et al. (2015). Apart from the standard TEM estimate

(dashed lines), a thermodynamic approximation based on the original work of Murga-

troyd and Singleton (1961) without accounting for the eddy forcing, as well as a metric

based on the momentum balance equation, an expression combined with the DCP cal-

culation (Haynes et al., 1991) are included. Although the estimates look quite similar

in terms of their latitudinal structure, there are some notable discrepancies between

the estimates, especially in the upper levels (above ∼ 20 hPa) where observations are

scarce causing discontinuities in the data assimilation of the reanalysis products. The

key take-away point is that the differences between these three estimates in each reanal-

ysis are larger than the difference across the three reanalysis for each estimate (Abalos

et al., 2015), highlighting a substantial uncertainty (∼ 40%) in the mean magnitude of

the climatological residual circulation among reanalyses (Fig. 1.4). In addition, mod-

ern reanalyses exhibit a large spread in their long-term residual circulation trends over

the historical period, showing ∼ 2 − 5% decade−1 acceleration in lower stratospheric

tropical upwelling (Fueglistaler et al., 2014; Abalos et al., 2015; Miyazaki et al., 2016),
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1.3 Diagnosing the residual circulation

highlighting uncertainty in the long-term changes in the BDC deduced from reanalysis

datasets.

Figure 1.4: Latitudinal structure of the climatological residual circulation on pressure
levels near 20, 50, 70, and 100 hPa for the TEM (w∗), thermodynamic (w∗q) and mo-
mentum estimate (w∗m) in each of the three reanalyses (ERA-I, JRA-55, and MERRA).
Taken from Abalos et al. (2015).

Multiple studies utilising satellite and radiosonde (e.g. Microwave Sounding Unit MSU/

AMSU, Stratospheric Sounding Unit SSU) temperature observations in the lower strato-

sphere have been used to indirectly infer information regarding trends in the residual

circulation (e.g. Fu et al., 2010; Young et al., 2012; Ossó et al., 2015; Fu et al., 2015,

2019). It has been shown that temperature variations in this region are closely tied to

changes in the residual circulation velocities (Yulaeva et al., 1994; Randel et al., 2006).

For an acceleration of the residual circulation, this is manifested as an anomalous cooling

of the tropical lower stratosphere and a reverse signature of warming in high latitudes.

Indeed, a long-term cooling trend was found in the tropical lower stratospheric temper-

atures since 1979 (Thompson and Solomon, 2005; Rosenlof and Reid, 2008; Thompson

and Solomon, 2009; Thompson et al., 2012) precisely pinpointed over the period of in-

tensive ozone depletion until mid- to late 1990s (Maycock et al., 2018), consistent with
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1.3 Diagnosing the residual circulation

a warming in the high latitude lower stratosphere (Johanson and Fu, 2007; Hu and

Fu, 2009; Lin et al., 2009). Along with reanalysis data (e.g. estimates of eddy heat

flux), this out-of-phase (anti-correlated) relationship between tropical and extratropical

stratospheric temperatures allows for a hemispheric, seasonal and vertically-resolved

study of the long-term BDC changes, provided that sources of interannual variability

(e.g. El Niño Southern Oscillation, quasi-biennial oscillation, solar and volcanic activ-

ity) that can modulate the strength of the BDC can be removed (e.g. Young et al.,

2012). Using this methodology, earlier studies found that lower stratospheric upwelling

accelerated over the historical period between 1980− 2005, though there was an incon-

sistent picture of BDC trends in the upper stratosphere (Fu et al., 2010; Young et al.,

2012). Subsequent studies, based on the same methodology, estimated a robust 2.1%

decade−1 acceleration of the lower stratospheric annual mean upwelling (Fu et al., 2015)

despite the caveats of the method reported by Ossó et al. (2015). More recently, an

updated study by Fu et al. (2019) of BDC changes covering both the stratospheric ozone

depletion (1980−1999) and recovery periods (2000−2018) found that the annual mean

tropical lower stratospheric upwelling accelerated over the first period but decelerated

over the latter, with most of the changes arising from the SH cell, pointing towards the

role of ozone depleting substances (ODS). Over the full period 1980-2018 considered by

Fu et al. (2019), the strengthening of the annual mean upwelling in the lower strato-

sphere was estimated at ∼ 1.7% decade−1, mostly contributed by the SH cell (60%).

Seasonal trace-gas observations within regions where the effects of mixing processes

are minimal can be also used to derive quantitative estimates of the residual circula-

tion. Specifically for the tropical lower stratosphere, the method known as the tropical

water vapour “tape recorder” developed by Mote et al. (1996) set the scene for multiple

subsequent studies (e.g. Niwano et al., 2003; Schoeberl et al., 2008; Schwartz et al.,

2008; Flury et al., 2013; Hegglin et al., 2014; Jiang et al., 2015; Minschwaner et al., 2016;

Glanville and Birner, 2017; Linz et al., 2019). This method is based on the fact that the

water vapour upwelling rates in that vicinity reflect the seasonal cycle of the upwelling

via the strong seasonal cycle in tropical tropopause temperatures (e.g. Yulaeva et al.,

1994), that imprint an analogous cycle on water vapour entry values in the stratosphere.

Quantifying this estimate is achieved through the calculation of the phase-lag between
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tape recorder signals across different pressure levels; however, caution must be exer-

cised as these signals are contaminated by the effects of mixing with increasing height,

reflected in the decreasing amplitudes of the seasonal cycle with height (Minschwaner

et al., 2016).

1.3.3 Modelling studies

The strength of the BDC and its changes over time have been investigated in many

studies using GCMs and CCMs (e.g. Butchart and Scaife, 2001; Butchart et al., 2006,

2010, 2011; Garcia and Randel, 2008; Garcia et al., 2007; Calvo and Garcia, 2009; Oman

et al., 2009; SPARC, 2010; Lin and Fu, 2013; Oberländer et al., 2013; Hardiman et al.,

2014; Oberländer-Hayn et al., 2015, 2016 Polvani et al., 2019, 2017, 2018; Abalos et al.,

2019). Model simulations of the historical period generally show climatological features

of the stratospheric residual circulation that are in relatively close agreement to reanal-

ysis datasets. This includes models contributing to the Climate Model Intercomparison

Project Phase 5 (CMIP5) archive (e.g. Figure 1 in Hardiman et al., 2014) and CCMs

that participated in the SPARC Chemistry Climate Model Validation phase 2 activity

(CCMVal-2; Butchart et al., 2011). However, it should be noted that upon applying

the DCP, substantial intermodel spread is found in the contributions of resolved (i.e.

planetary- and synoptic-scale Rossby waves) and parameterised waves (from orographic

and non-orographic gravity sources) to the tropical upwelling in the lower stratosphere

(Figure 10; Butchart et al., 2011). However, it has been recognised that there may

be some compensating effects between different types of wave forcing of the residual

circulation (e.g. Cohen et al., 2013; Sigmond and Shepherd, 2014) such that a similar

overall circulation is driven by different combinations of wave forcing types.

With respect to long-term changes in the residual circulation, studies typically find

that models simulate an increase in tropical upwelling rates over the historical period

(e.g. Butchart and Scaife, 2001; Butchart et al., 2006, 2010, 2011; Garcia and Randel,

2008; Li et al., 2008; Calvo and Garcia, 2009; McLandress and Shepherd, 2009; Oman

et al., 2009; Garny et al., 2011; Shepherd and McLandress, 2011; Bunzel and Schmidt,

2013; Lin and Fu, 2013; Schmidt et al., 2013). Similarly, for future projections under

a scenario for greenhouse gas induced climate change, models consistently simulate a

long-term strengthening of the residual circulation by around 2 − 3.2% decade−1 (e.g.
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Butchart and Scaife, 2001; Butchart et al., 2006, 2010; Garcia and Randel, 2008; Li

et al., 2008; Calvo and Garcia, 2009; McLandress and Shepherd, 2009; Oman et al.,

2009; Garny et al., 2011 Shepherd and McLandress, 2011; Bunzel and Schmidt, 2013;

Lin and Fu, 2013; Oberländer et al., 2013; Schmidt et al., 2013; Hardiman et al., 2014).

Coincident with an acceleration of the residual circulation, models robustly simulate a

decrease in the stratospheric AoA (e.g. Austin and Li, 2006; Garcia et al., 2007; Oman

et al., 2009; Oberländer-Hayn et al., 2015; Li et al., 2018). The projected acceleration of

tropical upwelling is found to take place throughout the depth of the stratosphere, albeit

with a decreasing trend with increasing height, from the lower to the upper stratosphere

(Figure 2; Hardiman et al., 2014). Decomposing the trends in the projected changes of

residual circulation into the shallow and deep branches corroborates this finding (Lin

and Fu, 2013) using an ensemble of CCMs, presented in Figure 1.5, where the accel-

eration occurs in both branches but is weaker in the deep branch (above ∼ 30 hPa).

Overall, there is now a consensus (e.g. Butchart et al., 2006, 2010; Garcia and Ran-

del, 2008; SPARC, 2010; Lin and Fu, 2013; Oberländer et al., 2013; Palmeiro et al.,

2014; Hardiman et al., 2014) that the shallow branch (below ∼ 50 hPa) of the resid-

ual circulation has been accelerating and will continue to do so in the future. However,

the changes in the deep branch of the circulation are characterised by larger uncertainty.

The projected increase in the residual circulation in the tropical lower stratosphere

shows a distinct seasonality, with the largest increase occurring during boreal winter

(Butchart et al., 2006; Li et al., 2008; McLandress and Shepherd, 2009; Butchart et al.,

2010; Deushi and Shibata, 2011; Garny et al., 2011; Bunzel and Schmidt, 2013). This

seasonality is also reflected in the hemispheric asymmetry of the annual mean extrat-

ropical downwelling trends in the lower stratosphere, where the NH downwelling cell is

projected to accelerate more than the SH counterpart. Given the stronger tropical up-

welling in the present day in boreal winter, it follows that the tropical upwelling seasonal

cycle will also increase in amplitude, forcing an even stronger hemispheric asymmetry

projected onto the extratropical downwelling fluxes. Other characteristics of the resid-

ual circulation response to climate change in modelling studies include, a narrowing of

the tropical upwelling region in the lower stratosphere and a widening of the upwelling

region higher up in the middle to upper stratosphere (e.g. Hardiman et al., 2014). The

narrowing of the upwelling region in the lower stratosphere is in contrast with a robust
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Figure 1.5: Annual mean tropical upwelling mass flux anomalies with respect to 1980-
2009 climatology for the CCMVal-2 models. The shallow branch of the BDC is denoted
with red lines, the deep branch with blue lines while their sum represents the total
stratospheric branch of the BDC (black lines). Thick lines denote the multi-model
mean (MMM). Taken from Lin and Fu (2013).

finding of projected tropospheric climate change in models (and in observations), which

is associated with a widening of the tropical belt (e.g. Staten et al., 2018) and simi-

lar changes in the tropical tropopause layer (Seidel and Randel, 2007; Seidel et al., 2008).

In an effort to compare model simulations of the stratospheric circulation and related

diagnostics with observations, the method of “specified-dynamics” simulations has be-

come widely used in which meteorological fields are nudged or relaxed towards analysis

or reanalysis fields (e.g. Jeuken et al., 1996; van Aalst et al., 2004; Solomon et al.,

2015, 2016, Akiyoshi et al., 2016; Löffler et al., 2016; Schmidt et al., 2018; Hardiman

et al., 2017a; Ball et al., 2018; Froidevaux et al., 2019). Recently, these simulations have

been employed to compare stratospheric ozone trends and variability with observational
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records (e.g. Solomon et al., 2016; Hardiman et al., 2017a; Ball et al., 2018). Nudged

simulations typically constrain the surface pressure, horizontal winds and temperature

fields of the model towards reanalyses in order to depict the atmospheric dynamics.

They have been shown to be quite successful in simulating upper stratospheric ozone

variability (Ball et al., 2016) and transport processes associated with the Asian Summer

monsoon in the lower stratosphere (Solomon et al., 2016). However, as demonstrated

by Ball et al. (2018), nudged simulations are not able to simulate other long-term be-

haviour such as the observed decline in extrapolar lower stratospheric ozone since 1998.

Ball et al. (2018) suggested that one of the reasons for the discrepancy could be that the

model-simulated tracer transport in the lower stratosphere is affected by the nudging

methodology. However, a detailed investigation of the stratospheric residual circulation

in nudged simulations from multiple models has not been undertaken so far.

1.4 Drivers and mechanisms for BDC changes

Regarding the influence of climate change on the residual circulation, the pioneering

work of Rind et al. (1990) was the first modelling evidence for an increase in the resid-

ual circulation under increasing greenhouse gases (2× CO2), consistent with findings

decades later in multi-model studies (e.g. SPARC, 2010; Hardiman et al., 2014). Cli-

mate change manifests itself in the atmosphere via tropospheric warming (including

warmer SSTs) and stratospheric cooling. Model studies have shown that the BDC re-

sponse to climate change is primarily a response to the warming of the troposphere and

not the radiative cooling of the stratosphere (Olsen et al., 2007; Oman et al., 2009).

However, artificially decoupling (in model simulations) the direct atmospheric radiative

response to increasing burdens of GHGs (rapid adjustment) and the ocean response

(SST forcing) driven by the former, it was shown that the fast radiative impact can

have a small, albeit insignificant increase on the STE (Olsen et al., 2007). Similarly,

Oman et al. (2009) using a comparable sensitivity simulation set-up as the one noted

above including ozone changes, found that the rapid adjustment due to the radiative im-

pact of GHGs is projected to continue to cause an acceleration of the residual circulation

along with a decrease in mean AoA during the ozone recovery phase. Additionally, the

higher globally imposed SSTs associated with the tropospheric warming were demon-

strated to accelerate the lower stratospheric residual circulation robustly in modelling
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studies (e.g. Sigmond et al., 2004; Olsen et al., 2007; Oman et al., 2009; Lin et al., 2015).

Nevertheless, the oceanic response to climate change in the Anthropocene exhibits spa-

tial inhomogeneities (Latif and Keenlyside, 2009) mainly located in the vicinity of the

tropical Pacific associated with the El Niño Southern Oscillation (ENSO) ultimately

affecting the lower stratospheric residual circulation (e.g. Marsh and Garcia, 2007;

Randel et al., 2009). Modelling studies have shown that during the warm phase of

ENSO (El Niño), localised SST anomalies cause an increase in the boreal-winter lower

stratospheric tropical upwelling (Calvo et al., 2010; Simpson et al., 2011). These were

attributed contrastingly, owing to different types of waves, to changes in wave propa-

gation and dissipation characteristics in the NH (Calvo et al., 2010) and modified wave

sources in the troposphere in the SH (Simpson et al., 2011). Hence, the spatial SST

patterns emerging in response to anthropogenic forcing under climate change have the

potential to affect the residual circulation strength through a number of pathways that

is hard to disentangle from the global-mean (uniform) ocean warming (Lin et al., 2015).

As the BDC is a wave-driven circulation, its simulated response to climate change

can be attributed to wave-drag changes especially in the vicinity of the turnaround lat-

itudes. Both resolved and parameterised waves drive a stronger residual circulation in

climate projections, but the split among these types of waves is model dependent and

differs from the wave forcing of the climatological circulation (Butchart et al., 2006,

2010, 2011; SPARC, 2010). The parameterised gravity waves (mostly the orographic)

are obtained through simplified approximations of linear-wave dynamics theory and al-

though their maximum momentum deposition is located in the lower stratosphere, their

projected changes are located higher up in the stratosphere (e.g. Butchart et al., 2010).

On the other hand, while resolved waves are explicitly represented in climate models,

there are discrepancies between models related to the mechanism of the planetary and

synoptic Rossby waves and their altered stratospheric wave drag in response to climate

change (e.g. Butchart and Scaife, 2001; Garcia and Randel, 2008). The most promising

mechanism of an altered resolved wave forcing driving the changes of the BDC has been

suggested by Shepherd and McLandress (2011), building on previous work by McLan-

dress and Shepherd (2009). Decomposing the resolved wave forcing into its stationary

and transient components, Shepherd and McLandress (2011) suggest that the robust
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climate change response of a strengthening and upward shift of the westerly subtropi-

cal jets causes a displacement of the Rossby wave breaking region, otherwise known as

the critical layer, allowing enhanced wave drag around the vicinity of the turnaround

latitudes in the subtropical lower stratosphere. This mechanism has also been corrob-

orated in multi-model studies (Lin and Fu, 2013; Hardiman et al., 2014; Lin et al., 2015).

More recent work has addressed an impact of temporal changes in ozone on the resid-

ual circulation, pointing to a role of ODSs as forcing agents in driving past and future

trends in the residual circulation (e.g. Li et al., 2008; Oman et al., 2009; McLandress

et al., 2010; Oberländer et al., 2013; Oberländer-Hayn et al., 2015; Aquila et al., 2016;

Garfinkel et al., 2017; Polvani et al., 2019, 2017, 2018; Abalos et al., 2019). Recent

studies have provided evidence from models that ozone depletion in the SH has been

the main driver of the strengthened residual circulation over the past several decades

(e.g Garfinkel et al., 2017; Li et al., 2018; Morgenstern et al., 2018; Polvani et al.,

2019, 2018). Model simulations show an increase in annual mean Antarctic polar cap

downwelling until year 2000, associated with enhanced SH downwelling during austral

summer and attributed to the role of ODSs (Polvani et al., 2018). This is also reflected

in the annual mean tropical upwelling, with an estimated ODS contribution of ∼ 50%

of the past acceleration. Going into the 21st century, the projected ozone recovery due

to the successful implementation of the Montreal Protocol in models drives an oppo-

site trend with weaker SH polar cap downwelling. Nonetheless, this is projected to

impact the global overturning circulation in the future as the decreasing ODSs are ex-

pected to counteract the GHG-induced acceleration of the BDC (e.g Figure 4; Polvani

et al., 2018) through wave forcing changes associated with diabatic processes altering

the zonal-mean state (Orr et al., 2013). Consistent with the reduction in observed cool-

ing rate of the tropical lower stratosphere since 2000 (Randel et al., 2016), forcing from

decreasing ODS amounts could also partly explain the observed slow-down of the lower

stratospheric residual circulation at the beginning of the 21st century (Aschmann et al.,

2014), though other drivers have been proposed, such as internal atmospheric variability

(Garfinkel et al., 2017) or long-term decadal ocean variability (Aschmann et al., 2014).

21



1.5 Key scientific challenges

1.5 Key scientific challenges

This section summarises the key scientific areas with current gaps of understanding tied

to the specific objectives of this thesis that follow in Section 1.6.

1. A relatively new type of “specified-dynamics” simulation has recently emerged as

very promising in terms of reproducing the observed meteorology via a process of

Newtonian relaxation or “nudging” towards analysis or reanalysis fields (Jeuken

et al., 1996). This type of simulation has been applied to the study of observed

tracer variability in different parts of the stratosphere (e.g. Ball et al., 2016;

Solomon et al., 2016), specific meteorological events (Akiyoshi et al., 2016) and the

chemical and climatic effects surrounding volcanic eruptions (Löffler et al., 2016;

Schmidt et al., 2018). However, Ball et al. (2018) found discrepancies pertaining

the recent observed variability of lower stratospheric extrapolar ozone in nudged

CCM simulations. Nudging is performed through the addition of extra tendencies

to the model equations that append forcings which are inconsistent with the model

state and may cause violations of global constraints such as conservation of mass

and energy. It should be noted that the vertical winds emerging as residuals

from horizontal divergence are not subject to nudging, and it has been shown

that the model physics will not necessarily exhibit similar results to the dataset

nudged towards (Telford et al., 2008; Hardiman et al., 2017a). Moreover, large

discrepancies were found in the tropospheric tracer distributions between nudged

CCM simulations in Orbe et al. (2018), reflecting convection scheme differences

among models, partly attributed to the way the nudged models simulate the large-

scale flow including their sub-grid parameterisations. Therefore, it is imperative

that an expository evaluation of the stratospheric residual circulation in nudged

CCM simulations materialises.

2. The acceleration of the BDC is strongly tied to surface, tropospheric and concomi-

tant ocean warming, as attested by the approximately linear relationship between

changes in the residual circulation and spatially averaged surface temperatures on

interannual to decadal timescales found in models (Olsen et al., 2007; Sigmond

et al., 2004; Lin et al., 2015). Nevertheless, the stratospheric response to increas-

ing GHGs also includes a fast radiative response (or rapid adjustment) associated
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with stratospheric cooling and the multi-year response exhibits localised SST pat-

terns, which have been shown on interannual timescales to accelerate the lower

stratospheric residual circulation (Calvo et al., 2010; Simpson et al., 2011). How-

ever, the quantitative importance of these distinct factors for projected changes

in the BDC remains unclear. This is important to quantify because there may

be different uncertainties attached to each of the three parts (rapid adjustment,

global mean SST and SST patterns) in model simulations.

3. Quantifying the strength of the residual circulation from observations relies on

the use of indirect measures that in some cases exhibit distinct inconsistencies in

their behaviour. This includes measures based on stratospheric temperatures and

tracers such as ozone. Comparing observed changes in the residual circulation is

further complicated by the fact that different indirect measures based on different

datasets with distinct uncertainties have been used in different studies. Hence,

there is merit in providing a detailed comparison of different indirect measures

of the residual circulation, and their degree of agreement on different timescales,

within a modelling framework where they can be diagnosed in a self consistent

manner to ascertain the extent to which they represent variations in the residual

circulation.

1.6 Aim and objectives

The overarching aim of this thesis is to advance our understanding of the residual cir-

culation and its representation in models through studies that cover both the historical

period and projected changes under climate change. The specific objectives are based

on the three research gaps detailed in Section 1.5:

1. Evaluate the representation of the stratospheric residual circulation in a suite

of “specified dynamics or nudged” chemistry-climate simulations and assess their

performance against free-running simulations and reanalysis datasets.

2. Design and perform climate model simulations to quantify the importance of ra-

diative effects (rapid adjustment), global-average ocean warming and the local

patterns of ocean warming for the BDC response to GHG-induced climate change,
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and assess the extent to which they can be linearly combined to explain the overall

response.

3. Investigate the robustness and interchangeability of different observational-based

BDC measures within a modelling framework, to determine which measures most

closely reproduce the simulated residual circulation and its variability on different

timescales.

1.7 Thesis structure

Chapter 1 has served as the introduction of the thesis, providing a comprehensive,

up-to-date literature review as well as defining the key scientific questions that will

be addressed in the following results chapters (2 − 4). A description of the methods

and datasets used in this thesis is included separately in each chapter. In Chapter

2, I present a study published in Atmospheric Chemistry and Physics that evaluates

the representation of the stratospheric residual circulation in a new set of chemistry-

climate simulations. In Chapter 3, I present a study published in Weather and Climate

Dynamics that analyses idealised climate model simulations that decompose the overall

Brewer-Dobson circulation response to a quadrupling in CO2. In Chapter 4, I present

a manuscript that evaluates different metrics of the strength of the residual circulation

and assesses their robustness based in an ensemble of chemistry-climate simulations.

Finally, Chapter 5 provides a synthesis of the main findings of the results chapters, and

places these into a wider context in order to address the overarching aim of my PhD

project as well as suggested pathways for future work.
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Abstract

We perform the first multi-model intercomparison of the impact of nudged meteorology

on the stratospheric residual circulation using hindcast simulations from the Chemistry-

Climate Model Initiative (CCMI). We examine simulations over the period 1980-2009

from seven models in which the meteorological fields are nudged towards a reanaly-

sis dataset and compare these with their equivalent free-running simulations and the

reanalyses themselves. We show that for the current implementations, nudging mete-
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orology does not constrain the mean strength of the stratospheric residual circulation

and that the inter-model spread is similar, or even larger, than in the free-running sim-

ulations. The nudged models generally show slightly stronger upwelling in the tropical

lower stratosphere compared to the free-running versions and exhibit marked differences

compared to the directly estimated residual circulation from the reanalysis dataset they

are nudged towards. Downward control calculations applied to the nudged simulations

reveal substantial differences between the climatological lower stratospheric tropical up-

ward mass flux (TUMF) computed from the modelled wave forcing and that calculated

directly from the residual circulation. This explicitly shows that nudging decouples

the wave forcing and the residual circulation so that the divergence of the angular

momentum flux due to the mean motion is not balanced by eddy motions, as would

typically be expected in the time mean. Overall, nudging meteorological fields leads to

increased intermodel spread for most of the measures of the mean climatological strato-

spheric residual circulation assessed in this study. In contrast, the nudged simulations

show a high degree of consistency in the inter-annual variability in the TUMF in the

lower stratosphere, which is primarily related to the contribution to variability from

the resolved wave forcing. The more consistent inter-annual variability in TUMF in the

nudged models also compares more closely with the variability found in the reanalyses,

particularly in boreal winter. We apply a multiple linear regression (MLR) model to

separate the drivers of inter-annual and long-term variations in the simulated TUMF;

this explains up to ∼ 75% of the variance in TUMF in the nudged simulations. The

MLR model reveals a statistically significant positive trend in TUMF for most mod-

els over the period 1980-2009. The TUMF trend magnitude is generally larger in the

nudged models compared to their free-running counterparts, but the intermodel range

of trends doubles from around a factor of 2 to a factor of 4 due to nudging. Furthermore,

the nudged models generally do not match the TUMF trends in the reanalysis they are

nudged towards for trends over different periods in the interval 1980-2009. Hence, we

conclude that nudging does not strongly constrain long-term trends simulated by the

chemistry-climate model (CCM) in the residual circulation. Our findings show that

while nudged simulations may, by construction, produce accurate temperatures and

realistic representations of fast horizontal transport, this is not typically the case for

the slower zonal mean vertical transport in the stratosphere. Consequently, caution
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2.1 Introduction

is required when using nudged simulations to interpret the behaviour of stratospheric

tracers that are affected by the residual circulation.

2.1 Introduction

The Brewer-Dobson circulation (BDC) is characterised by upwelling of air in the tropics,

poleward flow in the stratosphere, and downwelling at mid-latitudes and high latitudes.

The circulation can be separated into two branches: the shallow branch in the lower

stratosphere and the deep branch in the middle stratosphere and upper stratosphere

(Plumb 2002; Birner and Bönisch 2011). The BDC affects the distribution of trace

species in the stratosphere, such as ozone, and its strength partly determines the life-

times of long-lived gases such as chlorofluorocarbons (CFCs; Butchart and Scaife 2001).

It also determines stratosphere-to-troposphere exchange of ozone (Hegglin and Shep-

herd, 2009), which is important for the tropospheric ozone budget (Wild, 2007). In the

tropical lower stratosphere, where the photochemical lifetime of ozone is long, varia-

tions and trends in the strength of the BDC are the main drivers of ozone within the

annual cycle (Weber et al., 2011) for inter-annual and longer-term variability (Randel

and Thompson, 2011) and in response to climate change (e.g. Keeble et al. 2017). Here

we focus on the advective part of the BDC, or the residual circulation, which is driven

by wave breaking in the stratosphere from planetary-scale Rossby waves and gravity

waves (Holton et al., 1995). It is important to note that the overall tracer transport in

the stratosphere is also affected by turbulent eddy mixing, which has been evaluated

separately in previous studies (Garny et al. 2014; Ploeger et al. 2015a,b; Dietmüller et al.

2018; Eichinger et al. 2019; Šácha et al. 2019). The residual circulation is commonly

evaluated in model (Butchart et al., 2010, 2011) and reanalysis (Abalos et al., 2015;

Kobayashi and Iwasaki, 2016) studies using the transformed Eulerian mean circulation

(TEM; Andrews and McIntyre, 1976, 1978; Andrews et al., 1987).

Past studies have shown substantial spread across chemistry-climate models (CCMs)

in the mean strength of the residual circulation (e.g. Butchart et al., 2010). Neverthe-

less, CCMs consistently simulate a long-term strengthening of the residual circulation

with an increase of ∼ 2% per decade (e.g. Butchart et al., 2010; Hardiman et al., 2014),

though there are differences across models in the relative contribution to trends from
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2.1 Introduction

resolved and parameterised wave forcing. Reanalysis datasets also suggest a strength-

ening of the residual circulation over the past few decades of the order of 2% per decade

to 5% per decade (Abalos et al., 2015; Miyazaki et al., 2016), apart from one dataset

(ERA-Interim - ERA-I) which shows a weakening of both branches of the BDC (Seviour

et al., 2012, Abalos et al., 2015). However, reanalyses are subject to multiple caveats,

particularly in their suitability for trend studies, and there can be substantial differ-

ences in residual circulation trends calculated from the same reanalysis using different

methods (Abalos et al., 2015).

Given the limitations of reanalyses, evaluating the fidelity of model estimates of residual

circulation variability and trends is challenging, since there are no direct measurements

of the residual circulation. The only direct estimates of the stratospheric mass circula-

tion come from tracer measurements, which can be used to calculate the stratospheric

age of air (AoA; Kida, 1983; Schmidt and Khedim, 1991; Waugh and Hall, 2002). The

AoA represents the combined effects of advection and mixing processes and as such

cannot be directly related to the residual circulation. While progress has been made

in separating the relative effects of advection and mixing for the AoA calculated from

models (Garny et al., 2014; Dietmüller et al., 2018; Eichinger et al., 2019; Šácha et al.,

2019) from Lagrangian models driven by reanalysis data (Ploeger and Birner, 2016;

Ploeger et al., 2015a,b, 2019), and comparing the effects in both CCMs and Lagrangian

models (Dietmüller et al., 2017), this is more difficult to achieve in observations. Engel

et al. (2009) used balloon-borne measurements of stratospheric trace gases and found a

statistically non-significant increase in the AoA in the middle stratosphere at northern

mid-latitudes; this has been corroborated in a more recent study using longer measure-

ment records at two mid-latitude sites in the Northern Hemisphere (NH; Engel et al.,

2017). It has been hypothesized based on analyses of recent satellite tracer datasets,

which have greater spatial and temporal coverage, that sub-tropical AoA trends can be

explained by a weakening of the mixing barriers at the edge of the tropical pipe (Neu

and Plumb, 1999) that is masking the effects of an increase in tropical upwelling on the

AoA (Stiller et al., 2012; Haenel et al., 2015). In contrast with AoA trends derived from

observations, CCMs forced with observed sea-surface temperatures (SSTs), greenhouse

gases, and ozone-depleting substances (ODSs) show a decrease in the AoA throughout

the stratosphere (Karpechko and Maycock, 2018; Li et al., 2018; Morgenstern et al.,
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2.1 Introduction

2018; Abalos et al., 2019; Polvani et al., 2019). Theoretical approaches based on the

tropical leaky pipe model (Neu and Plumb, 1999) have shown promise for bridging

the information on the stratospheric circulation derived from observations with outputs

from general circulation models (GCMs) and CCMs (Ray et al., 2016), but differences

remain (Karpechko and Maycock, 2018).

More recent theoretical developments offer a means of calculating the diabatic circula-

tion using stratospheric tracers (Linz et al., 2017), which is a promising avenue, as this is

more closely related to the residual circulation than the AoA. Linz et al. (2017) showed

consistent estimates of the diabatic circulation in the lower stratosphere based on two

independent satellite tracer datasets but identified large uncertainties of up to a factor

of 2 in the mean circulation strength in the upper stratosphere. Hence, the available

tracer datasets are not yet suitable for characterizing trends in the diabatic circulation

using these methods. Targeted measurement strategies to better characterize long-term

changes in the stratospheric meridional circulation have been proposed (Moore et al.,

2014; Ray et al., 2016).

In an attempt to obtain a closer comparison with observed stratospheric trace species,

some studies have used model simulations with meteorological fields nudged or relaxed

towards analysis or reanalysis datasets (Jeuken et al., 1996). These include studies of

stratospheric ozone variability and trends (e.g. van Aalst et al., 2004; Solomon et al.,

2016; Hardiman et al., 2017a; Ball et al., 2018) and comparisons between models and

satellite-based multi-species observational records (Froidevaux et al., 2019), in particu-

lar focusing on specific meteorological events such as the sudden stratospheric warming

in the 2009-2010 winter (Akiyoshi et al., 2016) as well as the chemical and climatic

effects of volcanic eruptions (Löffler et al., 2016; Solomon et al., 2016; Schmidt et al.,

2018). Nudged simulations have also been used to study mechanisms for dynamical

coupling between the stratosphere and troposphere (Hitchcock and Simpson, 2014) and

to examine the effects of different regions on atmospheric predictability (e.g. Douville,

2009; Jung et al., 2010). Nudging involves adding additional tendencies to the model

equations to constrain the modelled variables. Nudged variables can include horizontal

winds (or divergence and vorticity), temperature, surface pressure, and latent and sen-

sible heat fluxes. However, vertical winds, which are a small residual from horizontal
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divergence, are not nudged, and the underlying model physics can yield quite different

results from the datasets they are nudged towards (Telford et al., 2008; Hardiman et al.,

2017a).

The approach of nudging a CCM towards reanalysis data follows a similar philosophy

to traditional offline chemical transport models (CTMs), though there are fundamental

differences between these types of models in terms of their tracer advection. CTMs

need to match the mass transport with the evolution of the pressure field. This can

be done exactly in isobaric coordinates (often used in the stratosphere) but requires a

correction in regions where grid box mass changes (e.g. as surface pressure changes).

CCMs are less affected by this mass-wind inconsistency than CTMs (Jöckel et al., 2001),

but nudging will add forcings that are inconsistent with the model state. CTMs use

the full 3-D circulation from the analyses and reanalyses directly and have been widely

developed and used over the past few decades (e.g. Rood et al., 1989; Chipperfield et al.,

1994; Lefèvre et al., 1994). They have proven to be very successful at simulating strato-

spheric tracers on a range of timescales (Chipperfield, 1999), including decadal changes

(Mahieu et al., 2014). However, this success has been built on extensive testing of the

optimum way to use the reanalysis data to force the CTMs. For example, Chipper-

field (2006) showed how different approaches to calculating the vertical velocity in the

TOMCAT/SLIMCAT model could lead to very different distributions of stratospheric

age of air, while (Monge-Sanz et al., 2013a) compared the performance of different Eu-

ropean Centre for Medium-Range Weather Forecasts (ECMWF) analyses within the

same CTM framework. Krol et al. (2018) recently provided a summary of how cur-

rent CTMs intercompare for tracer calculations. Monge-Sanz et al. (2013b) compared

the approaches of using ECMWF analyses directly in a CTM with the ECMWF CCM

nudged using the same analyses. They found that the CTM and nudged CCM were

consistent in showing a degraded performance when using older ERA-40 reanalysis com-

pared to the later ERA-Interim. However, they also showed some differences between

CTM and nudged-CCM tracers using the same analyses, with the nudged CCM show-

ing stronger upward motion in the tropical stratosphere. Therefore, with regards to

the slow residual circulation, one cannot assume that a nudged CCM will behave in a

similar way to a CTM even when using the same meteorological analyses. Recently, Ball

et al. (2018) showed two nudged CCMs which failed to capture the observed variations
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2.2 Data and methods

in the lower-stratospheric ozone as measured by satellite observations, while Chipper-

field et al. (2018), using the TOMCAT CTM, simulated a better agreement of modelled

ozone variations with the observations. Overall, the success of some CTM simulations

in simulating long-lived stratospheric tracers has been built on many years of model

development and testing. In contrast, nudged CCMs are much newer tools and have

not yet been evaluated to the same extent. A recent study by Orbe et al. (2018) anal-

ysed tropospheric tracers in nudged-CCM simulations and found large differences in the

distributions of the tracers, which could be partly traced to differences in the model

convection schemes. They urged users to adopt a cautious approach when interpreting

tracers in nudged simulations given their dependence not only on large-scale flow but

also on sub-grid parameterisations. However, a critical evaluation of the stratospheric

residual circulation in nudged-CCM simulations has been lacking to date.

To examine the effect of nudging on the stratospheric residual circulation this study

compares hindcast simulations from free-running and nudged versions of the same

models that participated in the phase 1 of the Chemistry-Climate Model Initiative

(CCMI; Morgenstern et al., 2017). Nudged experiments were not performed in previ-

ous chemistry-climate multi-model comparisons (Chemistry- Climate Model Validation

Activity 2; CCMVal-2), so CCMI offers a timely opportunity to evaluate the effect of

nudging on simulated mean biases, variability, and long-term trends in the residual

circulation. For completeness, we also present a comparison between the nudged sim-

ulations and the reanalysis datasets the models are nudged towards. The paper is laid

out as follows. Section 2.2 describes the CCMI and the reanalysis data used in the

present study along with the diagnostics for the residual circulation; Sect. 2.3 presents

results covering the mean circulation, annual cycle, inter-annual variability, and trends;

and Sect. 2.4 summarizes the results and discusses the implications for using nudged

simulations to study aspects of the observational record.

2.2 Data and methods

2.2.1 Models and experiments

CCMI is the successor activity to CCMVal-2 and the Atmospheric Chemistry and Cli-

mate Model Intercomparison Project (ACCMIP; Lamarque et al., 2013). We use the
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hindcast free-running simulations, REF-C1, and the nudged specified dynamics simula-

tions, REF-C1SD, which cover the periods 1960 − 2009 and 1980 − 2009, respectively.

Here we analyse the common 30-year period 1980 − 2009 that was run by all models

for both experiments with prescribed observed SSTs and sea ice concentrations. The

CCMI data were downloaded from the British Atmospheric Data Centre (Hegglin and

Lamarque, 2015). For an extensive overview of the CCMI models, see Morgenstern

et al. (2017). We analyse those CCMI models (Table 2.1) that output the necessary

TEM diagnostics.

Model name Reference(s) Resolution Top level REF-C1 Coord. NOGWD
ensemble sys. reference
members

CCSRNIES-MIROC3.2 Imai et al. (2013), T42, L34 1.2 Pa 3 TP Hines (1997b)
Akiyoshi et al. (2016)

CESM1-WACCM Marsh et al. (2013), 1.9◦ × 2.5◦, 140 km 5 TP Beres (2005),
Solomon et al. (2015), L66 Richter et al. (2010)
Garcia et al. (2017)

CMAM (v2.1) Jonsson et al. (2004) T47, L71 0.08 Pa 3 TP Scinocca (2003)
Scinocca et al. (2008)

EMAC (v2.51; L47 & L90) Jöckel et al. (2010, 2016) T42, 1Pa 2 TP Hines (1997a,b)
L47, L90

GEOSCCM Molod et al. (2012, 2015) ∼ 2◦ × 2◦, 1.5 Pa 1 TP Garcia and Boville (1994)
Oman et al. (2011, 2013) L72

MRI-ESM1r1 Yukimoto et al. (2011, 2012) TL159, L80 1 Pa 1 TP Hines (1997b)
Deushi and Shibata (2011)

NIWA-UKCA Morgenstern et al. (2009, 2013) ∼ 3.75◦ × 2.5◦, 84 km 3 TA Scaife et al. (2002)
Stone et al. (2016) CP60

SOCOL3 Stenke et al. (2013) T42, L39 1 Pa 4 TP Hines (1997a,b)
Revell et al. (2015a)

ULAQ CCM Pitari et al. (2014) T21, CP126 4 Pa 3 NTP NO NOGWD

Table 2.1: CCMI models that provided TEM diagnostic model output used in this
study. CP is Charney-Phillips, T21 ≈ 5.6◦ × 5.6◦, T42 ≈ 2.8◦ × 2.8◦, T47 ≈ 2.5◦ ×
2.5◦, TL159 ≈ 1.125◦ × 1.125◦, TA is hybrid terrain-following altitude, TP is hybrid
terrain-following pressure, and NTP is non-terrain-following pressure.

At a minimum, this requires the residual vertical velocity (w∗) and the residual merid-

ional velocity (v∗; Andrews et al., 1987); where available we also use the resolved and

parameterised wave forcing fields from the models. This gives results from a total of

10 models, which differ from one another in various aspects, such as their horizontal

resolution, ranging from 1.9◦ to 5.6◦, their vertical resolution, and their sub-grid pa-

rameterisations (see Table 2.1). The main text concentrates on the 7 out of 10 models

that performed both the REF-C1 and REF-C1SD experiments (Table 2.2).
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Model name Pressure and Newtonian Spectral Nudged Source of Reference
height range relaxation nudging variables nudging

(yes - Y; data
no - N)

CCSRNIES-MIROC3.2 1000-1 hPa 1 d N u, v, T ERA-I Akiyoshi et al. (2016)
1-0.01 hPa 1 d N u and T zonal mean CIRA

CESM1-WACCM Surface-50 km 50 h N u, v, T , surface MERRA Lamarque et al. (2012)
(transition 40- pressure, surface stress

(50 km) latent and sensible heat
flux

CMAM Surface-1 hPa 24 h Y Divergence, vorticity ERA-I McLandress et al. (2013)
temperature

EMAC (L47 and L90) 920-780 hPa (transition) 48 h Y Divergence, vorticity ERA-I Jöckel et al. (2016)
710-10 hPa (full) 6 h T (with wave O),

10-6 hPa (transition) 24 h (logarithm of) surface
pressure

MRI-ESM1r1 870-1 hPa 24 h N u, v, T JRA-55 Deushi and Shibata (2011)
(870-40 hPa)

24-∞ h
(40-1 hPa)

SOCOL3 Surface-0.01 hPa 48 h Y Divergence, vorticity ERA-I
6 h T, (logarithm of) surface
24 h pressure
24 h

Table 2.2: Details of nudging in the CCMI REF-C1SD simulations that provided TEM
diagnostics model output used in this study. ERA-I is ERA-Interim, CIRA is Cooper-
ative Institute for Research in the Atmosphere, MERRA is Modern-Era Retrospective
reanalysis, and JRA-55 is Japanese 55-year Reanalysis. T (with wave 0) for EMAC
refers to the additional nudging of the global mean temperature.

However, the broad conclusions drawn in the main text for the characteristics of the

seven-member REF-C1 ensemble are consistent with the behaviour for all 10 models.

Hence the three models that only performed the REF-C1 experiment (GEOSCCM,

NIWA-UKCA, and ULAQ-CCM) are not discussed further, but for completeness a sub-

set of diagnostics from those models is shown in the Supplement (Figs. S2.1 - S2.5).

For the REF-C1 simulations we analyse between one and five ensemble members (de-

pending on what was available), and for REF-C1SD the one realization submitted from

each model. The REF-C1SD simulations nudge temperature and other meteorological

fields such as horizontal winds, vorticity and divergence, and some surface fields (Table

2.2), while the chemical fields are left to evolve freely. The nudging timescales range

from 6 to 50 h, and the height range over which nudging is applied varies (Table 2.2).

The TEM and related diagnostics that were available from each model are shown in Ta-
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ble 2.3. The models use different reanalysis fields for nudging taken from ERA-Interim

(Dee et al., 2011), JRA-55 (Ebita et al., 2011; Kobayashi et al., 2015), or MERRA

(Rienecker et al., 2011). The differences in the residual circulation diagnosed from re-

analyses have been identified and documented in previous studies (e.g. Abalos et al.,

2015).

Model name REF-C1 REF-C1SD
CCSRNIES-MIROC3.2 3 l : Q s n 3 l : Q s n

CESM1-WACCM 3 l : s n 3 l : s n

CMAM 3 l : s n 3 l : s n

EMAC (L47 and L90) 3 l : Q s n 3 l : Q s n

GEOSCCM 3 l : Q s n

MRI-ESM1r1 3 l : Q s n 3 l : Q s n

NIWA-UKCA 3 l : Q

SOCOL3 3 l 3 l

ULAQ-CCM 3 l

Table 2.3: Available TEM-related model output for each model from the CCMI-1
archive: w∗ (3), v∗ (l), EPFD (:), gravity wave drag (OGWD and NOGWD; Q),
OGWD (s), and NOGWD (n).

2.2.2 Model diagnostics

2.2.2.1 TEM residual circulation

The TEM velocities (v∗, w∗) are defined as (Andrews et al., 1987)

v∗ =
1

ρ0α cosφ

∂Ψ
∗

∂z
w∗ =

1

ρ0α cosφ

∂Ψ
∗

∂φ
, (2.1)

where Ψ
∗
(φ, z) is the residual meridional mass streamfunction, ρ0 is log-pressure density,

α is Earth’s radius, and φ is latitude. As most of the models analysed here use a hybrid-

pressure vertical coordinate, the prognostic variable is the pressure vertical velocity ω∗

(calculated in Pa s−1), which must be converted to metres per second in order to get

the residual vertical velocity, w∗. The conversion of ω to w in isobaric coordinates is

given by the following equation:

ω =
dp

dt
=
dz

dt

dp

dz
= w
−pg
RT

= w
−p
H

(2.2)
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where p is pressure, R = 287 J K−1 kg−1 is the gas constant for dry air, and H is a fixed

scale height. Both TEM velocity components were submitted as monthly mean fields

to the CCMI data archive. Upon close examination of the CCMI model output, some

discrepancies were found in the way that the residual vertical velocity was calculated

among the models. Although a fixed scale height of H = 6960m was recommended in

the CCMI data request (Eyring et al., 2013; Hegglin and Lamarque, 2015), the TEM

output from some models (EMAC and SOCOL3) was calculated incorrectly using a

temperature-dependent density, ρ0 = p/RT , instead of the log-pressure definition of

the density, ρ0 = ρs e
−z/H , such that z has a unique 1:1 correspondence with p. This

methodological error leads to artificial spread in the model w∗ fields. We note that

previous multi-model comparisons of the residual circulation that use w∗ taken directly

from models may have been subject to the same issue (e.g. Butchart et al., 2010;

SPARC, 2010), though we cannot confirm this. To avoid this methodological inconsis-

tency, Dietmüller et al. (2018) recalculated w∗ from v∗ using the continuity equation,

which requires a vertical integration and a derivative along the meridional direction.

The recalculation of w∗ from v∗ was also explored for this study, but it was found to

introduce additional errors affecting the latitudinal structure of w∗ (not shown) specif-

ically because of the reduced number of CCMI-requested pressure levels compared to

the native model levels. We were able to overcome the discrepancy in the submitted

w∗ fields for the EMAC simulations by reconverting high-frequency ω∗ output to w∗

using the log-pressure density as in Eq. 2.2. However, for SOCOL3 the required output

for this was not available, and hence we use the submitted w∗ for which the absolute

values should be treated with caution. For the other models, the results presented in

this study are based on the original diagnostics submitted to the CCMI data archive,

which we have verified were calculated in the correct way.

We compute the mass flux across a given pressure surface as (Rosenlof, 1995)

2π

∫ pole

φ
ρ0α

2 cosφw∗dφ = 2παΨ∗(φ) (2.3)

using the boundary condition in which Ψ = 0 is at the poles. By finding, at each

pressure level, the latitude at which Ψmax and Ψmin occur, which corresponds to the

height-dependent turnaround (TA) latitudes, we can calculate the net downward mass
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flux in each hemisphere. The net tropical upward mass flux, equal to the sum of the

downward mass fluxes in each hemisphere, can then be expressed as (Rosenlof, 1995)

tropical upward mass flux (TUMF ) = 2πα(Ψ∗max −Ψ∗min) (2.4)

The tropical upward mass flux (TUMF) has been used widely as a measure of the

strength of the BDC (e.g. Rosenlof, 1995; Butchart and Scaife, 2001; Butchart et al.,

2006, 2010, 2011; Butchart, 2014 and references therein; Seviour et al., 2012), so its

use here enables a direct comparison with earlier studies. Arguably, the strength of the

TUMF is a first-order metric for evaluating changes in the stratospheric mass circulation

as a consequence of nudging. As mentioned above, by calculating the annual means of

TUMF accounting for the seasonal cycle of the TA latitudes, we capture the correct

evolution of the intra-seasonal (not shown) and inter-annual variability in the TUMF.

2.2.2.2 Downward control principle calculations

Under steady-state conditions, Ψ
∗
(φ, z) at a specified latitude φ and log-pressure height

z is given by the vertically integrated eddy-induced total zonal force, F , above that

level (Haynes et al., 1991):

Ψ∗(φ, z) =

∞∫
z

{
ρ0α

2F cos2 φ

mφ

}
φ=φ(z′)

dz, (2.5)

where in the quasi-geostrophic limit, mφ ≈ −2Ωα2 sinφ cosφ. The above integra-

tion applies along lines of constant mean absolute angular momentum per unit mass,

m = α cosφ(u + αΩ cosφ), where u is the zonal mean zonal wind and Ω is Earth’s

rotation rate, with boundary conditions of Ψ → 0 and ρ0w
∗ → 0 as z → ∞. These

lines of constant angular momentum are approximately vertical except near the Equator

(up to ∼ ±20◦) such that we can calculate the solution of the above integral using the

constant φ for the limits of the integral (Haynes et al., 1991). In climate models, F has

contributions from resolved waves due to the Eliassen-Palm flux divergence (EPFD)

and from parameterised gravity wave drag due to sub-grid-scale waves that originate

from orography, convection and frontal instabilities. This enables us to estimate the

contribution to the tropical upward mass flux of both resolved planetary wave driv-

ing (EPFD) and the orographic and non-orographic parameterised gravity wave drag

(OGWD and NOGWD, respectively) from the CCMI model output (Table 2.3) and
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compare with the direct estimates derived from w∗.

Applying the downward control principle (Haynes et al., 1991) can provide useful in-

sights into the driving mechanisms of the stratospheric residual circulation and therefore

explain part of the inter-model spread found in both REF-C1 and REF-C1SD simula-

tions. While the downward control principle enables the contributions of EPFD and

OGWD and NOGWD to TUMF to be calculated under various assumptions (Haynes

et al., 1991), one has to keep in mind that the different wave forcings can interact and

thus are not independent of each other (Cohen et al., 2013).

It is important to note some possible limitations of the diagnostic approaches cho-

sen for this study. Both the direct and downward control principle methods rely on the

applicability of quasi-geostrophic theory to interpret the results. In addition to the two

approaches used here, the residual circulation can also be estimated using the thermo-

dynamic equation. Studies have shown that the estimates from the different methods

for evaluating the residual circulation can differ (Seviour et al., 2012; Abalos et al.,

2015; Linz et al., 2019), particularly in reanalyses where standard global conservation

laws (e.g. conservation of mass) must generally not be met. Similar issues are likely

to beset the nudged model simulations, owing to the additional tendencies included in

the model equations. The differences between the calculation methods for the residual

circulation can be as large as, or larger than, the differences between reanalysis datasets

for the same diagnostic (Abalos et al., 2015; Linz et al., 2019) and may further depend

on choices around averaging between fixed latitudes or the TA latitudes (Linz et al.,

2019), so it is important to bear this in mind in interpretation of the results presented

here. Unfortunately, heating rates were not available from all CCMI model simula-

tions to perform the thermodynamic equation calculation. Nevertheless, we compute

the direct and downward control principle diagnostics for the residual circulation in a

self-consistent manner in the models and reanalyses to enable comparison with earlier

multi-model studies (Butchart et al., 2006, 2010; SPARC, 2010).

2.2.3 Multiple linear regression model

To investigate the drivers of inter-annual variability in the residual circulation we apply

a multiple linear regression (MLR) model (Eq. 2.6) to the annual mean time series
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of TUMF. The model includes terms for known drivers of variations in tropical lower-

stratospheric upwelling: major volcanic eruptions (Pitari and Rizi, 1993), the El Niño-

Southern Oscillation (ENSO; García-Herrera et al., 2006; Marsh and Garcia, 2007;

Randel et al., 2009), the quasi-biennial oscillation (QBO; Baldwin et al., 2001), and a

linear trend (Calvo et al., 2010):

TUMF (t) = β0 + βV OL · xV OLC(t) + βENSO · xENSO(t)

+ βTREND · xTREND(t) + βQBO1 · xQBO1(t)

+ βQBO2 · xQBO2(t) + ε(t)

(2.6)

where β0 is a constant, βi is the regression coefficient for basis function xi, and ε(t) is

the residual. Following Maycock et al. (2018), the volcanic basis function is defined as

the tropical lower-stratospheric average volcanic surface-area density (SAD), the ENSO

basis function is the time series of eastern-central equatorial Pacific Ocean SST anoma-

lies (Niño 3.4 index; 5◦S to 5◦N; 170 to 120◦W); the two QBO terms are the first two

principal-component time series from an empirical orthogonal function (EOF) analysis

of the zonal mean zonal winds between 10◦S and 10◦N and 70 to 5 hPa and a linear

trend. The first three regressors, the volcanic, ENSO, and the linear trend, are identical

for both REF-C1 and REF-C1SD runs, while the QBO terms are calculated using the

model winds for each model and experiment. For the REF-C1 runs, CMAM does not

include a QBO; hence when we apply the MLR to the CMAM REF-C1 simulation the

QBO terms are omitted. We opted not to include an equivalent effective stratospheric

chlorine (EESC) MLR term to account for changes in ozone-depleting substances (Aba-

los et al., 2019; Morgenstern et al., 2018; Polvani et al., 2019, 2018), as the period

considered in the study may not be sufficiently long for the linear trend to be separated

properly from EESC. Since we are regressing annual mean TUMF we do not consider

a seasonal cycle term or any lag in the terms. The results in Sect. 2.3.5 focus on the

first ensemble member (in the rip-nomenclature, where r stands for realization, i for

initialization, and p for physics - r1i1p1), but where applicable the results from the

MLR model for the rest of the ensemble members of the REF-C1 runs are presented in

the Supplement (Figs. S2.6 - S2.9).

62



2.3 Results

2.2.4 Reanalysis Data

In order to compare the REF-C1 and REF-C1SD simulations against the reanalysis

datasets used for the nudging, we use the SPARC Reanalysis Intercomparison Project

(S-RIP) dataset (Martineau, 2017; Martineau et al., 2018). This provides a common

gridded version of the reanalysis TEM fields on a 2.5◦ × 2.5◦ grid up to 1 hPa. The

pressure vertical velocity, ω∗, is converted to the residual vertical velocity, w∗, using

Eq. 2.2. A detailed comparison of the stratospheric residual circulation in reanalysis

datasets is given by Abalos et al. (2015).

2.3 Results

2.3.1 Climatological residual circulation: w∗

Figure 2.1 shows latitude-pressure cross-sections of the climatological (1980-2009) multi-

model mean (MMM) annual mean w∗ for the REF-C1 (Fig. 2.1a) and REF-C1SD (Fig.

2.1b) simulations and their differences (Fig. 2.1c). In Fig. 2.1c absolute differences are

computed, so positive values indicate where the magnitude of the circulation in REF-

C1SD (whether upwelling or downwelling) is larger than in REF-C1. As expected, the

climatologies show upwelling in the tropics between around 30◦S to 30◦N and down-

welling at higher latitudes. In the lowermost stratosphere (100-80 hPa), within the

region of tropical upwelling, the REF-C1SD MMM generally shows larger w∗ values in

the subtropics and smaller values at the Equator compared to REF-C1, indicating a

tendency for a more double-peaked w∗ structure in the tropics in the lowermost strato-

sphere (Ming et al., 2016a). Above this, between ∼ 70 and 4 hPa, the REF-C1SD MMM

shows on average stronger upwelling at the Equator compared to REF-C1, indicating a

less pronounced double-peaked w∗ structure in the REF-C1SD experiments in the lower

stratosphere to middle stratosphere. Between 1 and 2 hPa, the REF-C1SD MMM shows

larger inter-hemispheric asymmetry than in REF-C1, with stronger upwelling in the

northern tropics (Fig. 2.1b). At the southern mid-latitudes, between ∼ 30◦ and 60◦S,

the REF-C1SD MMM exhibits on average slightly weaker downwelling than in REF-C1,

with the largest magnitude differences found in the upper stratosphere. In the Arctic,

the REF-C1SD MMM shows significantly stronger downwelling over the poles than in

REF-C1. In the Antarctic the picture is more complex, with the REF-C1SD MMM
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showing weaker downwelling right at the pole in the upper stratosphere (2-10 hPa) but

stronger downwelling between around 75◦ and 88◦S. In the middle stratosphere, from

50 to 10 hPa, the REF-C1SD MMM shows stronger downwelling between 60◦ and 80◦S.

Figure 2.1: Latitude vs. pressure climatology (1980-2009) of MMM annual mean w∗ for
(a) REF-C1 simulations, (b) REF-C1SD simulations, and (c) the REF-C1SD-REF-C1
absolute differences. Shading denotes statistical significance at the 95% confidence level,
and the red lines in (c) denote the climatological turnaround latitudes in REF-C1SD.

To show the differences in the transition between regions of upwelling and downwelling

motion, Fig. 2.2 shows vertical profiles of the climatological annual mean turnaround

(TA) latitudes in each hemisphere for the REF-C1 and REF-C1SD MMM and the three

reanalysis datasets used for nudging. Note that since five of the REF-C1SD models were
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nudged towards ERA-I, the REF-C1SD MMM may be more weighted towards ERA-I

than the other reanalyses.

Figure 2.2: Vertical profiles of the climatological turnaround latitudes in the strato-
sphere for the MMM of the REF-C1 runs (black dashes), the MMM of the REF-C1SD
runs (grey dashes), and the S-RIP reanalysis datasets (ERA-I, JRA-55, and MERRA)
for the (a) Southern Hemisphere and (b) Northern Hemisphere.

In the NH, the REF-C1SD MMM shows a more poleward TA latitude compared to

both REF-C1 and the reanalyses throughout almost the entire depth of the strato-

sphere (Fig. 2.2b). A more poleward TA latitude for REF-C1SD than in both REF-C1

and the reanalyses is also found in the Southern Hemisphere (SH) at pressures greater

than 30 hPa (Fig. 2.2a). Hence the nudged simulations show, on average, a wider region

of tropical upwelling in the lower stratosphere compared to their free-running counter-

parts by up to around 5◦ latitude. In the middle stratosphere and upper stratosphere

65



2.3 Results

the REF-C1SD MMM shows a narrower upwelling region in the SH. Interestingly, above

10 hPa in the SH (Fig. 2.2a), the REF-C1SD does not show a progressive widening of

the upwelling region with decreasing pressure as seen in the reanalyses. This is reflected

in the structural differences in w∗ in the SH upper stratosphere found in some models

(Fig. S2.10). It should be noted though that the differences in TA latitudes between

the REF-C1 and REF-C1SD MMMs are comparable to the differences found between

the three reanalysis datasets.

Focusing on the lower stratosphere, Fig. 2.3 shows the climatological annual mean w∗

at 70 hPa in the individual models for the (a) REF-C1 and (b) REF-C1SD simulations

and (c) their differences. Also plotted in Fig. 2.3b is w∗ from the reanalyses, and Fig.

2.3d shows the difference between each REF-C1SD simulation and the reanalysis they

were nudged towards. Within the upwelling region, all the models show a clear double-

peaked w∗ structure in the tropics, with the exception of the CCSRNIES-MIROC3.2 and

MRI-ESM1r1 models in the REF-C1SD experiment. In those two cases, CCSRNIES-

MIROC3.2 simulates a tri-modal w∗ structure, while MRI-ESMr1 shows a relatively

constant w∗ across the tropics. For the REF-C1 experiment, both EMAC simulations,

CMAM and SOCOL3, show a narrower double-peaked structure, with EMAC-L47 ex-

hibiting a rather pronounced NH subtropical maximum. Conversely, CESM1-WACCM

simulates the broadest region of tropical upwelling in the lower stratosphere, with the

SH subtropical maximum occurring at higher latitudes compared with the rest of the

models. The other REF-C1 simulations also exhibit a double-peaked w∗ structure,

which is generally more hemispherically symmetric, but with varying amplitudes.

A double-peaked w∗ structure in the lower stratosphere has previously been shown in

reanalysis datasets (Abalos et al., 2015; Ming et al., 2016a) and some CCMs (Butchart

et al., 2006, 2010). This can also be seen in Fig. 2.3b for the three reanalysis datasets

(ERA-I, JRA-55, and MERRA), where ERA-I and JRA-55 show an asymmetric double-

peaked structure with stronger upwelling in the NH subtropics compared to the SH. As

documented by Abalos et al. (2015), based on the direct calculation of the residual cir-

culation, MERRA exhibits downwelling at the Equator, an issue which was highlighted

in Abalos et al. (2015) and manifested as a negative cell in the streamfunction.
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Figure 2.3: Mean strength of annual mean w∗ (mm s−1) at 70 hPa for (a) REF-C1
free-running models, (b) REF-C1SD nudged models, (c) absolute differences between
the REF-C1SD and REF-C1 experiment for each model, and (d) absolute differences
between each REF-C1SD simulation and the respective reanalysis used for nudging.
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Figure 2.3c shows the absolute differences in w∗ at 70 hPa between the REF-C1SD

and REF-C1 experiments. Positive values show where the magnitude of the circulation

in REF-C1SD is larger than in REF-C1. The largest differences are generally found

within the inner tropics, where CCSRNIES-MIROC3.2, CMAM, and MRI-ESM1r1 ex-

hibit significantly stronger upwelling (up to 3 times more for CMAM) near the local w∗

minimum at the Equator. There are also larger differences in many models near edges

of the upwelling region (30-40◦ S), which reflect differences in the width of the tropi-

cal pipe between the free-running and nudged simulations (Fig. 2.2 and Sect. 2.3.3).

Around the subpolar and polar latitudes of the SH, the majority of the REF-C1 models

simulate stronger downwelling than their nudged counterparts, while in the NH extra-

tropics no consistent picture emerges across the models. EMAC-L47 and EMAC-L90

show markedly different behaviours despite the fact they are nudged towards the same

reanalysis (ERA-I) and differ only in their vertical resolution. This indicates that the

effect of nudging on the mean residual circulation is likely to be sensitive to a great

number of factors that vary from model to model.

Another interesting result from Fig. 2.3 is that the inter-model spread in w∗ for both

experiments is larger in the NH downwelling region than in the equivalent region of

the SH. Specifically, the inter-model spread is 0.14 mm s−1 for the REF-C1 runs for all

points between 30 and 80◦ S and 0.2 mm s−1 for points between 30 and 80◦ N, while for

REF-C1SD the values are 0.12 and 0.19 mm s−1, respectively. This also demonstrates

that the inter-model spread in w∗ in the REF-C1SD simulations is comparable to that

in REF-C1 at extratropical latitudes. In contrast, in the tropics between 30◦ S and

30◦ N the REF-C1SD simulations exhibit a slightly larger inter-model spread than the

free-running simulations (0.09 mm s−1 vs. 0.07 mm s−1).

Figure 2.3d shows the absolute differences in w∗ between the REF-C1SD simulations

and the respective reanalysis dataset used for nudging. In the upwelling region, the

REF-C1SD experiments generally show stronger upwelling near the Equator than in

the reanalyses. Although CESM1-WACCM is nudged towards MERRA, it does not

simulate downwelling at the Equator as seen in the MERRA direct estimate. The

relatively larger w∗ differences near 10-15◦ N in CCSRNIES-MIROC3.2, EMAC-L90,

and MRI-ESMr1 reflect a lack of inter-hemispheric asymmetry in the double-peaked
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w∗ structure in the REF-C1SD experiment compared to the reanalyses. Outside of

the tropics, the REF-C1SD experiments generally show weaker downwelling in the NH

mid-latitudes, while at polar latitudes (> 65◦) the REF-C1SD runs consistently show

stronger downwelling than in the reanalyses. The difference in w∗ at high latitudes

between the REF-C1SD and reanalysis datasets extends throughout the depth of the

stratosphere (see Fig. S2.10). More generally, 2.3b shows that the different models that

all nudge towards ERA-I (CCSRNIES-MIROC3.2, CMAM, EMAC-L47 and EMAC-

L90, and SOCOL3) produce very different mean residual circulations.

In summary, we conclude based on the results in Figs. 2.1 to 2.3 that nudging me-

teorology affects the strength and structure of the climatological residual circulation

throughout the stratosphere. However, as implemented in these simulations (Table 2.2),

nudging neither strongly constrains the mean amplitude and structure of the residual

circulation nor produces circulations that closely resemble the direct estimates from the

reanalyses.

2.3.2 Climatological residual circulation: tropical upward mass flux

Figure 2.4 shows vertical profiles of the climatological TUMF between 100 and 3 hPa

calculated from annual means of w∗ for the (a) REF-C1 and (b) REF-C1SD experiments

and (c) their difference. Note the logarithmic x-axis scale and that the CCMI and S-

RIP fields have been interpolated from their native model levels to a set of predefined

common pressure levels, which are rather sparse in the upper stratosphere; hence the

TUMF calculation could be different if it were performed on the native model grid of

both CCMI models and the reanalyses.

In terms of the differences between the REF-C1SD and REF-C1 simulations (Fig. 2.4c),

there is no consistent picture of the effect of nudging on the TUMF at different strato-

spheric levels. In the lowermost stratosphere between 70 and 100 hPa, most models

(apart from EMAC-L90) simulate stronger TUMF in the REF-C1SD runs than in REF-

C1. The largest TUMF differences in the lower stratosphere due to nudging occur in

EMAC-L90 and SOCOL3, which show differences at 90 hPa of around −20 % and

+25 %, respectively. In the middle stratosphere, between 10 and 70 hPa, some mod-

els show almost no difference in TUMF due to nudging (MRI-ESMr1), some show a
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Figure 2.4: Vertical profiles of climatological (1980-2009) tropical upward mass flux (109

kg s−1) averaged between the turnaround latitudes for (a) REF-C1 and (b) REF-C1SD,
(c) differences % between REF-C1SD and REF-C1, and (d) % differences between REF-
C1SD and the respective reanalysis used for nudging. Note the logarithmic x axis in
panels (a) and (b).
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stronger mass flux (CCSRNIES-MIROC3.2, CESM1-WACCM, and CMAM) and oth-

ers show a weaker mass flux (EMAC-L47 and SOCOL3). In the upper stratosphere

(above 10 hPa) the picture is also mixed, as half of the models show higher TUMF

in the nudged experiments (CESM1-WACCM and EMAC-L47 and EMAC-L90) and

the others show weaker TUMF (CCSRNIES-MIROC3.2, MRI-ESM1r1, and SOCOL3).

CMAM shows the smallest change in TUMF in the upper stratosphere due to nudging.

CESM1-WACCM is the only model to show a consistent sign of the TUMF differences

between REF-C1SD and REF-C1 at all levels, with higher TUMF found throughout

the stratosphere. There is no apparently simple relationship between the free-running

model TUMF climatologies (Fig. 2.4a) and the effect of nudging (Fig. 2.4c).

We now compare the TUMF in each REF-C1SD experiment with the reanalysis it was

nudged towards (Fig. 2.4d). Taking at first a broad view of the entire profiles, there

is a resemblance between the profiles of TUMF differences in EMAC-L47 and SOCOL3

as compared to ERA-I, which may be related to the similarities in the implementation

of nudging in these models; for example, vorticity and divergence were nudged with the

same relaxation parameters (see Table 2.2). The CESM1-WACCM REF-C1SD simula-

tion generally shows larger TUMF values than MERRA by up to 10−15 % apart from in

the upper stratosphere, where they start to converge. MRI-ESM1r1 exhibits relatively

better agreement of TUMF with JRA-55 throughout the stratosphere. Looking across

the models, most of the REF-C1SD simulations simulate stronger upwelling than their

respective reanalysis in the upper stratosphere, with differences reaching up to 30− 35

% in the two EMAC models. In fact, EMAC-L47 and EMAC-L90 show a high degree

of similarity in the vertical structure of the TUMF differences between REF-C1SD and

ERA-I at pressures less than 30 hPa, despite showing substantial differences in the lower

stratosphere. This could be because in EMAC nudging is only imposed strongly up to

10 hPa, while higher model layers have weakening nudging coefficients, as they serve

as transition layers. In the middle stratosphere (50− 20 hPa), most of the REF-C1SD

models simulate a lower TUMF compared to the reanalysis. Again, a key message is

that the nudged REF-C1SD simulations show a comparable, if not a slightly larger,

spread in the climatological TUMF compared to the free-running REF-C1 simulations

throughout almost the whole depth of the stratosphere.

71



2.3 Results

To understand the dynamical factors that contribute to the modelled climatological

residual circulation and its spread, Fig. 2.5 shows the annual mean TUMF at 70 hPa

along with the downward control calculations (Sect. 2.2.2.2) to quantify the contribu-

tion of resolved and parameterised wave forcing to the TUMF. The black bars on the left

show the TUMF diagnosed from w∗, and the grey bars on the right show the estimated

contribution to TUMF from the EPFD (dark grey) and the orographic (medium grey)

and non-orographic (light grey) gravity wave drag. Note that SOCOL3 did not provide

wave forcing fields (Table 2.3), so we cannot perform the downward control calculations

for that model.

In the free-running REF-C1 simulations (Fig. 2.5a), the estimated TUMF from the total

wave forcing for the majority of the models (apart from CESM1-WACCM and EMAC-

L90) slightly exceeds the TUMF calculated directly from w∗. Since these simulations

are internally consistent, the imperfect match indicates that the downward control prin-

ciple as applied here relies on the close but inexact applicability of certain assumptions,

such as the system being in a steady state in response to a steady mechanical forcing

(Haynes et al., 1991). The REF-C1 inter-model range in TUMF at 70 hPa is 5.74× 109

to 6.62× 109 kg s−1 (inter-model standard deviation of 0.29× 109 kg s−1). Comparing

the CCMI results in Fig. 2.5a with the results from CCMVal-2 models (see Fig. 4.10;

SPARC, 2010), the MMM TUMF at 70 hPa for the seven REF-C1 model simulations

analysed here (6.05× 109 kg s−1) is within the inter-model range of the 14 CCMVal-2

models, which show a MMM TUMF around 4 % weaker (5.8 × 109 kg s−1; SPARC,

2010). In terms of the contribution of the resolved wave forcing to the TUMF in the

free-running simulations, there appears to be a decreased inter-model range (3.26× 109

to 5.33× 109 kg s−1) in the present study compared with the CCMVal-2 models, albeit

that study included more models (1.5× 109 to 5.5× 109 kg s−1; SPARC, 2010). Some

CCMI models have increased their horizontal resolution by up to a factor of 2 (CMAM,

MRI-ESM1r1, SOCOL3) and also their vertical resolution by up to 80 vertical levels

(MRI-ESM1r1) compared with CCMVal-2 models (Dietmüller et al., 2018), which could

improve their ability to simulate resolved wave forcing. There is a notable feature of

CMAM which shows that the NOGWD contributes negatively to TUMF (indicated

with two red horizontal lines on Figs. 2.5 and S2.11); this was also found for CMAM
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Figure 2.5: Tropical upward mass flux at 70 hPa (left bars) along with down-
ward control calculations (right bars) showing contributions from EPFD (dark grey),
OGWD(medium grey) and NOGWD (light grey) for (a) REF-C1 and (b) REF-C1SD
and the reanalyses. For CMAM, the NOGWD contributes negatively to TUMF and is
indicated with two red horizontal lines inside the lighter grey bar.
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in CCMVal-2 (Fig. 4.10; SPARC, 2010).

The MMM TUMF at 70 hPa in the REF-C1SD simulations (Fig. 2.5b) is 6.32 ×
109 kg s−1, or around 5 % higher than in REF-C1. The REF-C1SD model range is

larger than in REF-C1, being 5.39 × 109 to 7.08 × 109 kg s−1 (inter-model standard

deviation of 0.51 × 109 kg s−1). A notable feature is that the contribution from the

individual and total wave forcing contributions shows reduced inter-model spread in

the REF-C1SD simulations (Fig. 2.5b; darker grey bars). For example, the inter-model

standard deviation of the EPFD contribution to TUMF at 70 hPa is around 40 %

smaller than in REF-C1 (0.44 × 109 and 0.72 × 109 kg s−1, respectively). Nonethe-

less, the residuals (i.e. the difference between the directly calculated TUMF and the

total downward control estimated contribution from the wave forcing) are substantially

larger and more positive (except for EMAC-L90) in the REF-C1SD experiment than

in REF-C1. This shows that nudging adds an additional non-physical tendency in the

model equations which acts to decouple the wave forcing from the residual circulation;

this means that the physical constraint that the divergence of the angular momentum

flux due to the mean motion is balanced over some sufficient time average by that of all

eddy motions does not apply in the nudged models (Haynes et al., 1991). The details

of how this decoupling is manifested are likely to vary from one model to another, de-

pending on multiple factors such as nudging timescales, nudging parameters, nudging

height range, and model resolution. Comparison of the TUMF at 10 hPa for the REF-

C1SD experiment (see Fig. S2.11b) also reveals substantial differences in some models

between the direct and downward control TUMF estimates in the middle stratosphere.

Variations in the residuals as a function of height may indicate differences in the effect

of nudging on the connection between the climatological wave forcing and the shallow

and deep branches of the circulation (Birner and Bönisch, 2011). However, the inter-

model ranges in the directly calculated TUMF at 10 hPa are more comparable in the

two experiments than those found at 70 hPa (1.45× 109 to 1.7× 109 and 1.51× 109 to

1.72× 109 kg s−1 for REF-C1 and REF-C1SD, respectively; Fig. S2.11b).

Interestingly, for the single simulations that were nudged towards MERRA and JRA-55

(CESM1-WACCM and MRI-ESM1r1, respectively), the TUMF at 70 hPa in the REF-

C1SD runs appears to be close to the estimates from the reanalyses they are nudged
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towards (compare black bars in Fig. 2.5b). This may simply be a coincidence given

that there are substantial differences in the structure of w∗ between the REF-C1SD

simulations for those models and the reanalyses (Fig. 2.3b and 2.3d), and this is not

found for all five models that were nudged towards ERA-I. Indeed, given that there is

substantial spread in TUMF amongst the five REF-C1SD models nudged to ERA-I, it

is likely that the differences between the REF-C1SD and reanalysis datasets are related

to how nudging was implemented in each model; a wide variety of relaxation timescales

and vertical nudging ranges were used by the models (Table 2.2). Despite this, the lower

TUMF calculated directly from w∗ in EMAC-L90 compared to EMAC-L47, seen in both

the REF-C1 and REF-C1SD experiments, is consistent with the results of Revell et al.

(2015b), who also find that an increase in the model vertical resolution for SOCOL3

results in a slowdown of the BDC.

In summary, the results from Figs. 2.4 and 2.5 further demonstrate that nudging imparts

an external and non-physical tendency in the model equations, which in turn might cause

violations of the normal constraints on the global circulation, such as conservation of

momentum and energy. This is found to alter the residual circulation but in a manner

that cannot be understood from a closure of the circulation through the integrated

wave forcing, as would ordinarily apply in the downward control principle (Haynes

et al., 1991).

2.3.3 Annual cycle

We now evaluate the representation of the annual cycle in the residual circulation. Fig-

ure 2.6 shows the MMM climatological annual cycle of w∗ at 70 hPa for the REF-C1 and

REF-C1SD simulations and their difference. Both experiments show similar broad fea-

tures in the annual cycle, with stronger tropical upwelling in boreal winter, a latitudinal

asymmetry in the region of upwelling, with the TA latitude being further poleward in the

summer hemisphere, and stronger downwelling over the winter pole. These features re-

semble the annual cycle found in other multi-model studies (e.g. Hardiman et al., 2014).
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Figure 2.6: Climatological MMM annual cycle in w∗ (mm s−1) at 70 hPa for (a) REF-
C1, (b) REF-C1SD, and (c) the REF-C1SD minus REF-C1 absolute differences. The
shading in (c) denotes regions where the differences are statistically significant above
95% using a two-tailed Student’s t test. The turnaround latitudes (w∗ = 0) are shown
by the thick black lines in (a) and (b) and by the thick red lines for the REF-C1SD
MMM in (c).
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Figure 2.6c shows that on average the nudged models simulate stronger upwelling in

the subtropics, particularly in the NH in boreal winter, with a few exceptions, the most

prominent one being the narrow band between the Equator and 10◦ N, where the REF-

C1 simulations exhibit stronger upwelling in austral winter. Consequently, the nudged

models simulate substantially stronger downwelling in the mid-latitudes in winter. In

the NH mid-latitudes in the summer months, nudged runs show weaker downwelling,

which reverses for the SH mid-latitudes in the austral winter. At polar latitudes there

is a distinct seasonality to the differences between the REF-C1SD and REF-C1 simu-

lations, with the nudged models simulating stronger downwelling in boreal winter and

weaker downwelling in the Arctic during the rest of the year, corresponding to an am-

plified annual cycle. Conversely in the Antarctic, the REF-C1SD simulations generally

simulate weaker downwelling, particularly during austral summer and spring.

To compare the annual cycle in residual circulation in the individual models, Fig. 2.7a

and 2.7b show the mean tropical (30◦ S - 30◦ N) w∗ at 70 hPa for the REF-C1 and REF-

C1SD simulations, respectively. Comparing the MMM annual cycle of the REF-C1 runs

(Fig. 2.7a) with the MMM REF-C1SD (Fig. 2.7b) reveals that on average the nudged

models show a slightly larger peak-to-peak annual cycle amplitude (0.16 mm s−1 vs.

0.13 mm s−1). In general, the amplitude of the annual cycle in tropical mean w∗ is

slightly more constrained across the REF-C1SD simulations with the spread in peak-to-

peak amplitude, as measured by the inter-model standard deviation, being around 25%

smaller than in REF-C1 (σ = 0.015 mm s−1 vs. 0.020 mm s−1, respectively). In terms

of seasonal mean behaviour, the nudging appears to constrain the tropical mean w∗ in

boreal summer (June-July-August - JJA), which exhibits ∼ 20% less spread than in the

REF-C1 experiments, but it does not constrain the tropical mean w∗ in boreal winter

(December-January-February - DJF), which shows a larger spread than the free-running

models by a factor of 2. Furthermore, the differences in tropical mean w∗ between the

REF-C1SD runs and the respective reanalysis they are nudged towards are generally

larger in boreal winter than in boreal summer for most models. In terms of spatially

resolved differences in w∗ between REF-C1SD and the reanalyses (Fig. S2.12), some

consistent features include the REF-C1SD simulations showing stronger downwelling in

the Arctic in boreal winter compared to the reanalyses and showing weaker upwelling

in the northern subtropics in boreal summer and autumn. Overall, the REF-C1SD
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minus reanalysis differences for the individual models highlight a wide variety in both

the magnitude and the spatial patterns of their absolute differences, with no consistent

picture emerging even for the models nudged towards the same reanalysis dataset.

Figure 2.7: (a, b) Climatological annual cycle in w∗ (mm s−1) at 70 hPa between 30◦

S and 30◦ N in (a) REF-C1 and (b) REF-C1SD. (c, d) Climatological annual cycle in
turnaround latitudes at 70 hPa for each model in (c) REF-C1 and (d) REF-C1SD.

Figure 2.7c and 2.7d show the climatological annual cycle in the TA latitudes at 70

hPa for the REF-C1 and REF-C1SD runs, respectively. This further breaks down the

MMM annual mean perspective shown in Fig. 2.2 by model and by season. In the SH,
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the spread in seasonal mean TA latitude across models, as measured by the intermodel

standard deviation, is increased in the REF-C1SD experiment in all seasons by up to

30% compared to REF-C1. Conversely in the NH, the spread in seasonal mean TA

latitude is decreased for REF-C1SD in all seasons except boreal spring (MAM), where

it is increased. There are also substantial differences between the TA latitudes in the

REF-C1SD experiment and the reanalyses in all months, which shows that nudging

does not produce consistent structures of regions of upwelling and downwelling to those

in the reanalysis. To summarize the results of Fig. 2.7, there is substantial inter-model

spread in the TA latitudes and in the amplitude of the annual cycle in w∗, highlighting

significant inter-hemispheric differences in the upwelling region between both sets of

simulations and between the nudged experiment and the reanalyses.

2.3.4 Interannual variability in the tropical upward mass flux

Figure 2.8 shows time series over 1980−2009 for the annual, DJF, and JJA mean TUMF

at 70 hPa for the REF-C1 (left column) and REF-C1SD (right column) simulations. As

expected, the TUMF is larger in DJF compared to the annual and JJA means in both

the REF-C1 and REF-C1SD runs because the average tropical upwelling is stronger

in boreal winter. The individual REF-C1SD simulations show remarkably similar tem-

poral variability in contrast to REF-C1, where the modelled inter-annual variability is

very diverse despite the models all being forced with observed SSTs. Hence, although

nudging does not constrain the mean TUMF in the lower stratosphere, it constrains the

inter-annual variability; this is even more apparent for the DJF and JJA seasonal means

(Fig. 2.8d, 2.8f). Additionally, the REF-C1SD simulations show a relatively high agree-

ment in their temporal variability to the reanalysis datasets they were nudged towards,

albeit with differences in magnitude and trend at the beginning of the 21st century,

where ERA-I and MERRA show a decrease in TUMF.

To investigate the cause of the high temporal coherence of the REF-C1SD TUMF time

series, Fig. 2.9 presents the annual mean TUMF anomalies at 70 hPa along with the

relative contributions from EPFD, OGWD, NOGWD, and the total parameterised wave

forcing (from top to bottom panels) for REF-C1 (left column) and REF-C1SD (right

column), respectively.
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Figure 2.8: Top to bottom: time series of annual, DJF, and JJA means of tropical
upward mass flux (×109 kg s−1) at 70 hPa for (a, c, e) REF-C1 and (b, d, f) REF-
C1SD.
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Figure 2.9: Time series of the annual tropical upward mass flux anomalies (×109 kg s−1)
calculated from (top to bottom) w∗ (a, b), and the downward control principle inferred
contributions from resolved (EPFD) wave driving (c, d), orographic gravity wave drag
(OGWD) (e, f), non-orographic gravity wave drag (NOGWD) (g, h), and from the total
parameterised (OGWD and NOGWD) gravity wave drag (i, j) for REF-C1 (left panels)
and REF-C1SD (right panels).
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Figure 2.9b shows again the remarkably similar temporal variability in TUMF across

the REF-C1SD runs, which can be contrasted against the weak inter-annual coherence

in the REF-C1 runs (Fig. 2.9a).

Figure 2.9d and 2.9j show that both the EPFD and the total parameterised wave forc-

ing contributions to the TUMF show a high degree of temporal coherence in the REF-

C1SD simulations. The fact that the individual OGWD and NOGWD terms do not

show such a strong inter-model agreement, while the total parameterised wave forcing

does, could suggest that there is some compensation occurring between the different

parameterised wave forcing components (e.g. Cohen et al., 2013). It should be noted

that the reanalyses have been shown to exhibit strong similarities in their resolved EP

fluxes as shown by the linear correlation in the time series of tropical upwelling at the

70 hPa level when considering the momentum balance estimates of w∗ (Abalos et al.,

2015). This result indicates that although nudging does not constrain the mean resid-

ual circulation, it constrains the inter-annual variability and produces similar contribu-

tions to variability across models from both resolved and parameterised wave forcing.

In contrast, the REF-C1 simulations show a highly variable pattern of the estimated

TUMF anomalies from EPFD and parameterised wave forcing (Fig. 2.9c and 2.9i),

despite the fact that they use the same observed SSTs and that some nudge the phase

of the QBO (CCSRNIES-MIRCO3.2, CESM1-WACCM, EMAC-L47 and EMAC-L90,

and SOCOL3). In summary, the remarkably coherent inter-annual variability in the

annual TUMF time series in the REF-C1SD simulations is due to both the resolved and

parameterised wave forcing being constrained by nudging; this is in strong contrast to

the climatological strength of the TUMF, where there were large differences between

the directly calculated TUMF and that due to wave forces (Fig. 2.5b). The reasons

for the difference in the effect of nudging on the behaviour of the residual circulation

between the long-term mean and inter-annual variability are unclear.

2.3.5 Multiple linear regression analysis

Figures 2.10 and 2.11 show time series of annual TUMF anomalies at 70 hPa attributed

to each of the basis functions in the MLR model described in Sect. 2.2.3 and the re-

gression residuals for the REF-C1 and REF-C1SD runs, respectively. Also shown in

Figs. S2.13 and S2.14 are the regression coefficients for each term and for each model
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along with their uncertainties. Figure 2.10a shows a large spread in the diagnosed signal

of volcanic eruptions in the TUMF time series. The majority of the REF-C1 simula-

tions analysed here show a negative TUMF anomaly around the time of the El Chichón

(1982) and Mount Pinatubo (1991) eruptions; however, the magnitude is within the

estimated uncertainty range for all models except SOCOL3 (Fig. S2.13). In contrast

to the REF-C1 results, most REF-C1SD simulations (except EMAC-L47 and EMAC-

L90 - see above discussion) show a positive anomaly in TUMF attributed to volcanic

eruptions (Fig. 2.11), consistent with earlier studies (Garcia et al., 2011; Diallo et al.,

2017). However, there is still a considerable range of amplitudes, and only the CESM1-

WACCM and MRI-ESM1r1 regression coefficients are highly significant (Fig. S2.14).

The issue of establishing a robust response of the TUMF to volcanic forcing over a

short period is demonstrated by the range in amplitudes of the volcanic regressors for

different REF-C1 ensemble members from the same model (see Figs. S2.6 - S2.9). This

highlights that in a free-running climate simulation, internal variability can overwhelm

the response to forcing over short timescales. The “true” volcanic signal in TUMF will

also depend on the representation of stratospheric heating due to aerosol in the various

models. We note that the EMAC-L47 and EMAC-L90 models contained a unit conver-

sion error where the extinction of stratospheric aerosols was set too low by a factor of

∼ 500 (see Appendix B4 of Morgenstern et al., 2017); hence the stratospheric dynamical

effects of the eruptions were not properly represented in the EMAC simulations (Jöckel

et al., 2016).

The REF-C1 models all show a positive best-estimate regression coefficient for the

TUMF response to ENSO (Fig. 2.10), which is quite consistent in amplitude, but it

is only strongly statistically significant in CCSRNIES-MIROC3.2 and SOCOL3 (Fig.

S2.5). This is in contrast to the REF-C1SD models, which all show a larger and more

significant positive ENSO regression coefficient. The linear trend regression coefficient

over 1980−2009 is positive in all REF-C1 models and is statistically significantly differ-

ent from zero at the 95% confidence level in five out of the seven models. The magnitude

of the linear trend term varies by around a factor of 2 for REF-C1. In REF-C1SD, the

amplitude of the linear trend regression coefficient increases in all models, but the in-

termodel spread increases to around a factor of 4. Hence, in these simulations nudging

increases the disparity across models in the magnitude of the long-term TUMF trend.
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Figure 2.10: Time series for REF-C1 simulations of the components of the annual mean
tropical upward mass flux (×109 kg s−1) attributed to (a) volcanic aerosol, (b) ENSO,
(c) linear trend, (d, e) QBO, and (f) regression residuals.
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Figure 2.11: Time series for REF-C1SD simulations of the components of the annual
mean tropical upward mass flux (×109 kg s−1) attributed to (a) volcanic aerosol, (b)
ENSO, (c) linear trend, (d, e) QBO, and (f) regression residuals.
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As expected, the variations in TUMF attributed to the QBO is quite different in the

REF-C1 and REF-C1SD runs for those models that do not nudge the QBO in REF-C1,

as shown in Figs. 2.10 and 2.11. The nudging of zonal winds in REF-C1SD constrains

the phase of the QBO, and hence there is strikingly similar variability in the TUMF

anomalies attributed to the QBO in the REF-C1SD runs.

The overall R2 values from the MLR model for the REF-C1 simulations vary between

0.16 (CMAM) and 0.67 (CESM1-WACCM). REF-C1SD runs generally give more con-

sistent R2 values across the models, ranging from 0.62 (CCSRNIES-MIROC3.2) to 0.77

(EMAC-L47). This means that there is still a substantial fraction (> 23%) of unex-

plained variance in the annual TUMF time series in the REF-C1SD simulations after

applying the MLR model, and the residuals exhibit a remarkable degree of temporal

correlation. In contrast, the MLR residuals in the REF-C1 runs (Fig. 2.10f) show much

less temporal coherence apart from a drop around 1989. The residuals in the REF-C1SD

simulations (Fig. 2.11f) show a high degree of coherent inter-annual variability, another

manifestation of the fact that the nudged runs do reproduce a much more consistent

inter-annual variability. This makes a substantial contribution to the coherence of the

TUMF time series in Fig. 2.9b, but it cannot be attributed to any of the terms included

in the MLR model.

For completeness, the MLR model was also applied to the reanalysis TUMF at 70 hPa

(Figs. S2.15 and S2.16). This highlights significant discrepancies in attributing the

variance in TUMF in the different reanalysis datasets to the various basis functions in

the MLR model. Both the volcanic activity and ENSO contributions to the variance

in the TUMF are rather weak compared to the REF-C1SD runs. The negative linear

trend in ERA-I is in strong contrast to the positive trends found in the other reanalyses

and the REF-C1SD models. The negative trend in ERA-I found in the TUMF in the

lower stratosphere over 1980 − 2009 corroborates the findings of Abalos et al. (2015),

who showed a negative trend in the direct w∗ estimate in ERA-I over 1979 − 2012.

Despite this difference in the representation of the long-term TUMF trend, ERA-I

shows the highest percentage of TUMF variance explained by the MLR model (66%),

with MERRA showing a substantially lower R2 (0.3) compared to the other reanalyses

and the REF-C1SD models. The residuals are generally less correlated between the
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reanalyses on inter-annual timescales than those found in the REF-C1SD simulations

but are broadly similar on inter-decadal timescales. However, the regression residuals

in the reanalyses show a different temporal behaviour from those in the REF-C1SD

simulations (Fig. 2.11; note that the y-axis scale for the residuals in Fig. S2.15 is

double that for the CCMI models in Figs. 2.10 and 2.11). In summary, although

nudging constrains the inter-annual variability in the TUMF at 70 hPa, the attribution

to some specific drivers differs across the models and, in comparison, to the reanalyses

they were nudged towards.

2.3.6 Trend sensitivity analysis

Following the results of the MLR analysis described in Sect. 2.3.5, which showed a

statistically significant positive linear trend in most REF-C1 and REF-C1SD models

for the 30-year period 1980− 2009, we now explore the sensitivity of the linear trend to

the time period considered. We apply the same MLR model as discussed in Sect. 2.3.5

to the annual mean 70 hPa TUMF time series of the first ensemble member for both

REF-C1 and REF-C1SD runs as well as the reanalyses but systematically vary the start

and end dates to cover all time periods in the window 1980− 2009 that are at least 10

years in length. We then extract the linear trend coefficient from the MLR model and

its associated p value. Figures 2.12 and 2.13 present the linear trend calculations for the

REF-C1 and REF-C1SD runs, respectively, as a function of trend start and end date.

The same trend sensitivity analysis for the reanalyses is presented in the Supplement

(Fig. S2.17). Statistically significant trends at the 95% confidence level are marked

with black shading.

None of the periods considered in either the REF-C1 or REF-C1SD experiments show

a significant negative TUMF trend. A statistically significant positive trend emerges in

almost all of the REF-C1SD models for trends beginning in the mid-1980s to early 1990s

extending to the mid-2000s. The trends are mainly significant for periods of 20 years or

more and no less than around 12 years. This result broadly corroborates the findings

of Hardiman et al. (2017b), who used a control run to estimate the period required

to detect a BDC trend with an amplitude of 2% per decade against the background

internal variability.
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Figure 2.12: Tropical upward mass flux trends at 70 hPa (× 109 kg s−1 decade−1) for
different start (abscissa) and end (ordinate) dates over the period 1980 − 2009 for the
REF-C1 (r1i1p1) simulations. Trends are not shown for periods of less than 10 years.
Values with statistical significance greater than the 95% level are shaded.

Figure 2.13: As in Fig. 2.12 but for the REF-C1SD simulations.
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There is range of different structures in the diagnosed trends among models, particularly

for the REF-C1 simulations, where a consistent pattern of positive trends only emerges

across most models for the entire time period. This is because internal variability can

mask BDC trends over short periods (Hardiman et al., 2017b). However, the REF-

C1SD runs simulate more consistent variations in TUMF trends as a function of time

period but generally show stronger positive trends than their free-running counterparts.

Interestingly, the reanalysis trend sensitivity analysis highlights that nudging does not

constrain the underlying trends of the REF-C1SD models in the TUMF at 70 hPa,

as the reanalysis datasets exhibit a wide range of different trends from one another

(Fig. S2.17) and differences compared to the trends in the REF-C1SD simulations

(Fig. 2.13). For example, none of the REF-C1SD models simulate a statistically non-

significant negative trend in TUMF, starting around mid-1990s up to 2009, as seen in

all the reanalyses. However, it should also be noted that any trend combination starting

around the end of 1990s in almost all cases of both REF-C1 and REF-C1SD runs exhibit

no statistical significance possibly pointing towards the role of declining ODSs due to

the implementation of the Montreal Protocol (Polvani et al., 2018).

2.4 Conclusions

This study has performed the first multi-model intercomparison of the impact of nudged

meteorology on the representation of the stratospheric residual circulation. We use

hindcast simulations over 1980 − 2009 from CCMI, with identical prescribed external

forcings in two configurations: REF-C1SD with meteorological fields nudged towards

reanalysis data (specified dynamics - SD) and REF-C1 that is free-running. The nudged

simulations use one of three different reanalysis datasets (ERA-Interim, JRA-55, and

MERRA), nudge different variables (u, v, T , vorticity, divergence, and surface pressure),

and use different time constants to impose the additional nudging tendencies in the

model equations. The key findings of this study are as follows:

1. Nudging meteorology does not constrain the mean strength of the residual circu-

lation compared to free-running simulations. In fact, for most of the metrics of the

climatological residual circulation examined, including residual vertical velocities

and mass fluxes, the inter-model spread is comparable or in some cases larger in

the REF-C1SD simulations than in REF-C1.
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2. Nudging leads to the models simulating on average stronger upwelling at the

Equator in the lower stratosphere to middle stratosphere and a wider tropical

pipe in the lower stratosphere. In most cases, the magnitude and structure of the

climatological residual circulation in the REF-C1SD experiments differ markedly

from those estimated for the reanalysis they are nudged towards.

3. In most of the nudged models there are large differences of up to 25% between

the directly calculated tropical upward mass flux in the lower stratosphere and

that calculated from the diagnosed total wave forcing using the downward control

principle (Haynes et al., 1991). However, the spread in the contributions from

the resolved and parameterised wave forcing to the tropical mass flux is slightly

reduced in the REF-C1SD simulations compared to REF-C1.

4. Despite the lack of agreement in the mean circulation, nudging tightly constrains

the inter-annual variability in the tropical upward mass flux (TUMF) in the lower

stratosphere. This is associated with constraints to the contributions from both

the resolved and parameterised wave forcing despite the fact that the models

use different reanalysis datasets for nudging. The reanalysis datasets themselves

exhibit broadly similar inter-annual variability in TUMF in the lower stratosphere,

albeit with different long-term trends.

5. A multiple linear regression (MLR) analysis shows that up to 77% (67%) of the

inter-annual variance of the lower-stratospheric TUMF in the REF-C1SD (REF-

C1) experiments can be explained by volcanic eruptions, ENSO, the QBO, and a

linear trend. The remaining unexplained TUMF variance in the nudged models

shows a high degree of a temporal coherence, but this is not the case for the

free-running simulations.

6. The results of the MLR analysis applied to the TUMF in the reanalyses show

differences in the total variance explained and the attribution of variance to the

different physical proxies. There are also marked differences between the individ-

ual regression coefficients derived for the REF-C1SD models and the reanalysis

dataset used for nudging.

7. Most nudged simulations show a statistically significant positive trend in TUMF

in the lower stratosphere over 1980 − 2009, which is on average larger than the
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trends simulated in the free-running models. This is despite the fact that five out

of the seven models analysed were nudged towards ERA-Interim, which shows a

negative long-term trend in TUMF (see also Abalos et al., 2015), while JRA-55

and MERRA show a positive trend. However, the magnitude of the TUMF trend

varies by up to a factor of 4 across the nudged models, which is larger than the

spread in the free-running simulations. This is an important limitation for using

nudged-CCM simulations to interpret long-term changes in stratospheric tracers.

8. A sensitivity analysis of the time period for calculating lower-stratospheric TUMF

trends shows that a statistically significant (at the 95% confidence level) positive

trend in TUMF takes at least 12 years and in most cases around 20 years to emerge

in the REF-C1SD runs. Despite the three reanalysis datasets showing different

30-year trends (1980 − 2009), they show a striking agreement in the statistically

non-significant negative trends starting from the late 1990s up to 2009.

Our findings highlight that nudging strongly affects the representation of the strato-

spheric residual circulation in chemistry–climate model simulations, but it does not

necessarily lead to improvements in the circulation. Similar disagreement in the char-

acteristics of tropospheric transport in the CCMI nudged simulations has also been

reported (Orbe et al., 2018). The differences found in the nudged runs compared with

the free-running simulations suggest that although nudging horizontal fields can remove

model biases in, for example, temperature and horizontal wind fields (Hardiman et al.,

2017a), the simulated vertical wind field will not necessarily be similar to the reanalysis.

A particularly interesting finding of our study is that while nudging does not constrain

the mean strength of the residual circulation, it constrains the inter-annual variability.

The reason for the distinct effects of nudging on the residual circulation across these

different timescales is currently unknown.

Multiple factors are likely to determine the effect of nudging on the residual circula-

tion in a given model, including model biases, nudging timescales, nudging parameters,

nudging height range, and model resolution. The differences in the stratospheric residual

circulation between the REF-C1SD and the REF-C1 runs may not arise solely from the

dynamics but can also be partly influenced by the indirect effects of nudging the temper-

atures, which in turn affect the diabatic heating (Ming et al., 2016a,b). In addition to
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nudging the horizontal winds (mechanical nudging), nudging the temperature (thermal

nudging) might be systematically creating a spurious heat source in the model, which

leads to a stronger BDC in the lower stratosphere, as suggested by Miyazaki et al.

(2005) with the MRI GCM. Our results highlight that in the method by which the

large-scale flow is specified and more specifically the choice of the reanalysis fields, the

relaxation timescale and the vertical grid (pressure level versus model level) in which

the nudging is applied need to be better understood and evaluated for their influence on

the stratospheric circulation. Discrepancies between the vertical grid of the models and

the reanalysis pressure levels they are interpolated onto or unbalanced dynamics are

possible explanations for the differences found between the directly inferred circulation

and that diagnosed from the wave forcing in the nudged simulations. Nudging would

either violate continuity, or if continuity is maintained, it will come at the expense of the

vertical fluxes, which are not nudged. The interesting aspect here seems to be that this

results in substantial change to the net fluxes across a range of timescales; i.e. it does

not only increase numerical noise in the w∗ component. In order to reduce discrepancies

between nudged and free-running simulations, various nudging techniques have been in-

vestigated. The role of gravity waves in the error growth that the nudging introduces

over time has been highlighted for a single model (Smith et al., 2017). Constraining just

the horizontal winds without the temperature was found to be a good strategy when

investigating the aerosol indirect effects without affecting significantly the mean state

(Zhang et al., 2014). The relaxation timescale when applying the nudging has been

found to play an important role in single-model studies (Merryfield et al., 2013), but

there is no general consensus for the value of the relaxation constant, which is specific

to the model for the simulations considered here (Morgenstern et al., 2017). Given the

varying implementations of nudging in the models analysed here, our study is ill-suited

to investigate in detail the mechanisms for how nudging affects the residual circulation.

A dedicated study of the sensitivities within one model to relaxation timescales, nudg-

ing parameters, nudging height range, and vertical resolution would help with offering

a detailed explanation for these differences.

The large spread in climatological residual circulation in nudged-CCM simulations is

an important limitation for those wishing to use them to examine tracer transport, for

example in stratospheric ozone trends (Solomon et al., 2016), volcanic aerosols (Schmidt
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et al., 2018), and diagnostics for the age of air (Dietmüller et al., 2018). Despite the

limitations for transport within the stratosphere described here, some success has been

reported in studies that used nudged simulations to investigate specific meteorologi-

cal events such as sudden stratospheric warmings and, in particular, for exploring pro-

cesses beyond the top of the nudging region in the mesosphere–lower thermosphere (e.g.

Tweedy et al., 2013; Chandran and Collins, 2014; Pedatella et al., 2014). In conclusion,

owing to the limitations of the current techniques for nudging models highlighted here,

we urge caution in drawing quantitative comparisons of stratospheric tracers affected by

the residual circulation in nudged simulations against stratospheric observational data.

2.5 Supplementary material

Figure S2.1: Latitude vs. pressure climatology (1980 − 2009) of the annual mean w∗

for the extra REF-C1 simulations (GEOSCCM, NIWA-UKCA, ULAQ-CCM).
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Figure S2.2: Vertical profiles of climatological turnaround latitudes in the stratosphere
for the MMM of the REF-C1 runs (MMM-C1) analyzed in the manuscript along with
the extra REF-C1 GEOSCCM, NIWA-UKCA, ULAQ-CCM model results for Southern
Hemisphere (a) and Northern Hemisphere (b).
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Figure S2.3: Mean strength of annual mean w∗ mm s−1 at 70 hPa for the MMM of
the REF-C1 runs (MMM-C1) analyzed in the manuscript along with the extra REF-C1
GEOSCCM, NIWA-UKCA, ULAQ-CCM model simulations
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Figure S2.4: Vertical profiles of climatological (1980− 2009) tropical upward mass flux
(×109 kg s−1) averaged between the turnaround latitudes for the MMM of the REF-C1
runs (MMM-C1) analyzed in the manuscript along with the extra REF-C1 GEOSCCM,
NIWA-UKCA, ULAQ-CCM model results.
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Figure S2.5: Climatological annual cycle in w∗ (mm s−1) at 70 hPa for the extra REF-
C1 GEOSCCM, NIWA-UKCA, ULAQ-CCM model simulations.
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Figure S2.6: Regression coefficients of each regressor ±2 standard errors and R2 values
output from the MLR on the TUMF at 70 hPa for all available REF-C1 CCSRNIES-
MIROC3.2 ensemble members.)
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Figure S2.7: Regression coefficients of each regressor ±2 standard errors and R2 values
output from the MLR on the TUMF at 70 hPa for all available REF-C1 CESM1-
WACCM ensemble members.

99



2.5 Supplementary material

Figure S2.8: Regression coefficients of each regressor ±2 standard errors and R2 values
output from the MLR on the TUMF at 70 hPa for all available REF-C1 CMAM en-
semble members. Note that CMAM does not simulate a QBO hence the QBO terms
were omitted.
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Figure S2.9: Regression coefficients of each regressor ±2 standard errors and R2 val-
ues output from the MLR on the TUMF at 70 hPa for all available REF-C1 SOCOL
ensemble members.
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Figure S2.10: Latitude vs pressure cross sections of the stratosphere showing absolute
w∗ (mm s−1) differences between the 7 REF-C1SD simulations and the respective re-
analysis they were nudged towards to. Stippling denotes statistical significance at the
95 % confidence level. The turnaround latitudes of the respective reanalysis are overlaid
with green-yellow lines.
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Figure S2.11: Tropical upward mass flux at 10 hPa (left bars) along with downward
control calculations (right bars) showing contributions from EPFD (dark grey), OGW
(mid-grey), and NOGW (light grey) for (a) REF-C1 and (b) REF-C1SD. For CMAM
the NOGWD contributes negatively to TUMF and is indicated with two red horizontal
lines inside the lighter grey bar.
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Figure S2.12: Climatological annual cycle w∗ (mm s−1) differences at 70 hPa between
the 7 REF-C1SD simulations and the respective reanalysis they were nudged towards to.
Stippling denotes statistical significance at the 95 % confidence level. The turnaround
latitudes of the respective reanalysis are overlaid with green-yellow lines.
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Figure S2.13: Partial regression coefficients of each regressor ±2 standard errors and
R2 values output from the MLR on the TUMF at 70 hPa for REF-C1 simulations.
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Figure S2.14: Partial regression coefficients of each regressor ±2 standard errors and
R2 values output from the MLR on the TUMF at 70 hPa for REF-C1SD simulations.
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Figure S2.15: Timeseries for the reanalysis datasets of the components of the annual
mean tropical upward mass flux attributed to (a) volcanic aerosol, (b) ENSO, (c) linear
trend, (d, e) the QBO, and (f) the residuals from the mass flux timeseries and that
reconstructed from the MLR.
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Figure S2.16: Partial regression coefficients of each regressor ±2 standard errors and
R2 values output from the MLR on the TUMF at 70 hPa for the reanalysis datasets.
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2.5 Supplementary material

Figure S2.17: Trend sensitivity plots of the mass flux at 70 hPa linear trend per
decade (values with statistical significance are stippled) over period 1980− 2009 for the
reanalysis datasets.
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Chapter 3

Decomposing the response of the
stratospheric Brewer-Dobson
circulation to an abrupt
quadrupling in CO2

Authors: Andreas Chrysanthou, Amanda C. Maycock and Martyn P. Chip-

perfield

Abstract

We perform time-slice experiments using HadGEM3-A to decompose the long-term

(years 101− 150) response of the Brewer-Dobson circulation (BDC) to an abrupt qua-

drupling in CO2 (4×CO2) into: 1) a rapid atmospheric adjustment; 2) a contribution

from the global-average sea surface temperature (SST) change (+3.4 K); and 3) an SST

pattern effect. The SST fields are derived from the CMIP5 multi-model ensemble. Two

further experiments explore the impact on the BDC of the spread in global-average

SST response to 4×CO2 across the CMIP5 models (range 2.1− 4.9 K). At 70 hPa (10

hPa) the annual-mean tropical upward mass flux increases by 45% (35%) to the 4×CO2

perturbation. At 70 hPa, around 70% of the increase is from the global-uniform SST
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3.1 Introduction

warming, with the remainder coming in similar contributions from the rapid adjustment

and SST pattern effect. In contrast, at 10 hPa the increase in mass flux comes mainly

from the rapid adjustment (∼ 40%) and the uniform SST warming (∼ 45%), with a

small contribution from the SST pattern. At 10 hPa, the effect of the multi-model

spread in global-mean SST is comparable in magnitude to the rapid adjustment. Con-

versely, at 70 hPa the effect of spread in global-mean SST is substantially larger than

both the rapid adjustment and the SST pattern effect. We derive an approximately lin-

ear sensitivity of the tropical upward mass flux to global surface air temperature change

of 0.62× 109 kg s−1 K−1 (9% K−1) at 70 hPa and 0.10× 109 kg s−1 K−1 (6% K−1) at

10 hPa. The results confirm the most important factor for the acceleration of the BDC

in the lower stratosphere under increased CO2 is global SST changes. We also quantify

for the first time that the rapid adjustment to CO2 is of similar importance to SSTs

for the increased BDC in the upper stratosphere. This demonstrates a potential for a

fast and slow timescale of the response of the BDC to greenhouse gas forcing, with the

relative prominence of those timescales being height dependent.

3.1 Introduction

The residual circulation in the stratosphere, or the Brewer-Dobson circulation (BDC),

is characterised by slow ascent in the tropics, poleward flow and downwelling in the sub-

tropics and extratropics (Andrews et al., 1987; Holton et al., 1995; Plumb, 2002). There

is a strong seasonality in the strength and width of the BDC (Rosenlof, 1995). In the

winter hemisphere, the poleward mass transport that occurs in the middle and upper

stratosphere is termed the deep branch, while the shallow branch in the lower strato-

sphere is present year-round in both hemispheres (Birner and Bönisch, 2011). The BDC

controls the transport and distribution of radiatively active trace gases such as strato-

spheric ozone and water vapour (Brewer, 1949; Dobson, 1956), as well as the lifetimes

of chemically important trace gases such as chlorofluorocarbons (CFCs; Butchart and

Scaife, 2001). The BDC is a wave-driven circulation forced by breaking of planetary-

scale Rossby waves and small-scale gravity waves (Holton et al., 1995). The torque

imposed by the wave breaking allows flow across lines of constant angular momentum.

General circulation models (GCMs) and chemistry-climate models (CCMs) consistently
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simulate an acceleration of the BDC in scenarios that include increasing greenhouse

gas concentrations (Rind, 2002; Rind et al., 1990; Sigmond et al., 2004; Butchart et al.,

2006, 2010; Fomichev et al., 2007; Olsen et al., 2007; Deckert and Dameris, 2008; Garcia

and Randel, 2008; Li et al., 2008; Calvo and Garcia, 2009; McLandress and Shepherd,

2009; Oman et al., 2009; SPARC, 2010; Garny et al., 2011; Shepherd and McLan-

dress, 2011; Lin and Fu, 2013; Hardiman et al., 2014) . A strengthened BDC increases

stratosphere-troposphere exchange (STE) of ozone (Rind, 2002; Hegglin and Shepherd,

2009; Banerjee et al., 2016) and affects projected ozone trends in the tropical lower

stratosphere (e.g. Keeble et al., 2017), subtropics (e.g. Li et al., 2009), and polar re-

gions (e.g. Oman et al., 2009).

The wave forcing that drives the BDC arises from various types of waves generated

in the troposphere with different temporal and spatial scales ( e.g. Randel et al., 2008),

which propagate upwards, break and dissipate their momentum and energy (Holton

et al., 1995; Plumb and Eluszkiewicz, 1999; Semeniuk and Shepherd, 2001). Changes

in the BDC must, therefore, be accompanied by changes in stratospheric wave forcing.

Three main mechanisms for the altered wave forcing of the BDC under climate change

have been considered in the literature: 1) changes in the strength of tropospheric wave

generation; 2) changes in the latitudinal distribution of wave forcing within the strato-

sphere in the vicinity of the turnaround latitudes, which separate the areas of tropical

upwelling from extratropical downwelling; and 3) changes in the vertical penetration of

tropospheric wave forcing into the stratosphere. Anomalous wave activity emanating

from the extratropical troposphere has been shown to have a minimal impact on the

overall strength of the BDC because it generally does not induce a torque in the vicinity

of the turnaround latitudes (Butchart and Scaife, 2001; Sigmond et al., 2004; Garcia

and Randel, 2008; Garny et al., 2011).

Many studies have pointed to an important role for the projected strengthening and

upward shift of the subtropical jets with tropospheric warming to explain modelled in-

creases in the BDC under climate change. Rossby wave breaking regions such as the

upper flanks of the subtropical jets generally follow critical layers as demonstrated by

the observational study of Randel and Held (1991). The robust change in the pattern of

zonal winds under climate change (Collins et al., 2013) moves the Rossby wave critical
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layers in the lower stratosphere upward, enabling enhanced penetration of Rossby wave

activity in the subtropical lower stratosphere and an altered distribution of momentum

deposition (Rind et al., 1990; Garcia and Randel, 2008; McLandress and Shepherd,

2009; Calvo and Garcia, 2009; Garny et al., 2011). Consistent with this theoretical

basis, the multi-model spread in the end of 21st century lower stratospheric zonal wind

trends near the turnaround latitudes was found to explain ∼ 70% of the spread in trop-

ical upward mass flux trends in the lower stratosphere across a set of CCMs (Lin and

Fu, 2013). Some studies have also found a role for enhanced excitation of tropical waves

under climate change for a strengthened BDC (Deckert and Dameris, 2008; Calvo and

Garcia, 2009), but the potential for this to drive an increase in the total mass circula-

tion rather than simply a redistribution within the tropics has been questioned (Garny

et al., 2011; Shepherd and McLandress, 2011).

Although the signal of an increased BDC in a warmer climate is a highly robust feature

of GCMs and CCMs, there are differences amongst models in the relative contributions

to the increase from resolved and parameterised wave forcing (Butchart et al., 2006,

2010; Garcia and Randel, 2008; Calvo and Garcia, 2009; McLandress and Shepherd,

2009; Garny et al., 2011). This may be related to models having different climatological

resolved and parameterised wave forcing (e.g. Chrysanthou et al., 2019) and/or the po-

tential for a compensation effect between the different types of wave forcing in driving

a change in the BDC (e.g. Cohen et al., 2013; Sigmond and Shepherd, 2014).

To understand the relative importance of different drivers, some modelling studies have

performed idealised experiments to decompose the BDC response to climate change into

different components. Sigmond et al. (2004) performed experiments with the Canadian

Middle Atmosphere Model (CMAM) in which CO2 was doubled separately in the tro-

posphere and stratosphere. In each case, sea surface temperature (SST) changes were

imposed as a fraction of the total SST response according to their respective radia-

tive forcings. Sigmond et al. (2004) showed that the increase in residual circulation

in DJF caused a small warming in the Arctic lower stratosphere, of which about two

thirds could be attributed to the tropospheric CO2 doubling and about one third to the

middle-atmospheric CO2 doubling. Their results were qualitatively consistent with the

seminal results of Rind et al. (1990) who performed comparable experiments with the
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NASA Goddard Institute for Space Studies (GISS) model but over a shorter period.

Olsen et al. (2007) performed experiments for the period 1949 to 1998 with the NASA

Goddard Earth Observing System version 4 (GEOS-4) GCM using prescribed observed

SSTs. They attributed the increase in residual circulation between the first and last

decades of their simulations to a stronger SST gradient between the tropics and mid-

dle latitudes, resulting in a greater meridional temperature gradient in the subtropical

troposphere and more poleward refraction of planetary-scale Rossby waves in the lower

stratosphere. Further simulations by Olsen et al. (2007) added the radiative effects of

atmospheric GHG changes and showed a small but insignificant increase in STE trend

compared to the SST-only experiments. Oman et al. (2009) performed sensitivity ex-

periments with the GEOS-CCM (based on GEOS-4) to decompose the relative effects

of SSTs, GHGs and halogens on the stratospheric age of air distribution between 1960

and 2100. To isolate the effects of SST changes, they compared simulations using SSTs

from two different climate models that differed in their climatological SST. They de-

scribe the SST experiment as “tropical SSTs” though the SST changes appear to be

imposed globally. This comparison further combines the effects of differences in both

global mean SST and SST patterns between the two climate model datasets, though

this was not explicitly discussed. As with all other similar studies, they concluded that

increased SSTs contribute to an increase in tropical lower stratospheric upwelling and

a decrease in age of air.

While studies have demonstrated that higher SSTs increase the strength of the BDC

(Olsen et al., 2007; Oman et al., 2009; Lin et al., 2015), one confounding factor is

that the SST response to anthropogenic forcing shows an inhomogeneous pattern (e.g.

Latif and Keenlyside, 2009), which may affect the overall BDC response. For exam-

ple, regional SST anomalies associated with the El Niño Southern Oscillation (ENSO)

have been shown to affect the BDC both through modulation of the Northern Hemi-

sphere (NH) winter stratospheric circulation (Manzini et al., 2006) and tropical lower

stratospheric upwelling (Marsh and Garcia, 2007; Randel et al., 2009). Using CMAM,

Simpson et al. (2011) attribute the increase in boreal winter tropical lower stratospheric

upwelling under El Niño to increased resolved wave forcing in the Southern Hemisphere

(SH) subtropical lower stratosphere, which was caused by altered wave sources in the
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troposphere under El Niño. In contrast, Calvo et al. (2010) using the Whole Atmosphere

Community Climate Model (WACCM), attribute the increased tropical upwelling dur-

ing El Niño to changes in the propagation and dissipation of parameterised gravity waves

caused by the anomalous location and intensity of the subtropical jets. Garfinkel et al.

(2013) showed that decadal trends comprising of warming in the Indian Ocean and the

warm pool region can drive changes in tropical lower stratospheric upwelling. Therefore,

while a uniform SST increase can generate much of the canonical pattern of long-term

tropical upper tropospheric warming, through impacts on tropical convection and the

water vapour and lapse rate feedbacks (e.g. Chen et al., 2013), the spatial pattern of

SST trends may also affect the BDC. Lin et al. (2015) showed an approximately linear

relationship between tropical annual mean surface temperature and anomalous lower

stratospheric mass flux in the GFDL-CM3 model that held on interannual, decadal and

centennial timescales. However, on multi-decadal timescales this calculation aliases the

direct atmospheric radiative effects of GHGs, the SST pattern effect and the SST mag-

nitude into one term (Olsen et al., 2007; Sigmond et al., 2004).

While previous literature suggests that the distinct radiative effects of GHGs, the SST

magnitude and the SST pattern may contribute to projected changes in the BDC, no

previous study has explicitly quantified their importance; this is the goal of our study.

Here, we perform climate model experiments to decompose the response of the BDC

to an abrupt quadrupling of CO2 into three components: 1) the rapid adjustment, or

direct component, associated with CO2 radiative effects in the absence of SST change;

2) a contribution from the global-average sea surface temperature (SST) change termed

throughout the rest of the study as a global uniform SST warming; and 3) the SST

pattern effect. The goal is to understand the distinct contributions of the three com-

ponents and assess the extent to which they can be combined to explain the overall

BDC response. We further compare the magnitudes of the rapid adjustment and SST

pattern effects on the BDC with the effect of spread in global mean SST change due to

CO2 across climate models. The remainder of the paper is laid out as follows: Section

3.2 describes the atmospheric model and experimental set-up; Section 3.3 presents the

results and Section 3.4 summarises our main findings and conclusions.
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3.2.1 Atmospheric model description

We use the Hadley Centre Global Environment Model version 3 (HadGEM3) variant

of the Met Office Unified Model (MetUM) version 8.4, which has been used for both

numerical weather prediction and climate simulation. It is configured with the Global

Atmosphere (GA4.0) and comprises a non-hydrostatic fully compressible dynamical

core that uses a semi-implicit semi-Lagrangian advection scheme in terrain-following

hybrid height coordinates (Walters et al., 2014). We run the atmosphere-only con-

figuration (HadGEM3-A) at N96 horizontal resolution (1.875◦ × 1.25◦, ∼ 135 km in

mid-latitudes) with 85 levels (L85) from the surface to an altitude of ∼ 85 km. In-

teractions of the flow blocking drag associated with the orographic gravity wave drag

(OGWD) are parameterised, as detailed in Webster et al. (2003). Similarly, a spectral

sub-grid parameterisation is used for the representation of the gravity wave drag induced

in the upper stratosphere and mesosphere, forced by non-orographic sources (NOGWD)

such as convective processes and fronts, which enables HadGEM3 to simulate a realistic

quasi-biennial oscillation (QBO) as detailed in Scaife et al. (2002).

3.2.2 Experiment design

Seven 50-year-long time-slice simulations were performed with HadGEM3-A with fixed

boundary conditions including prescribed SSTs and sea ice. The experiment names

and IDs are shown in Table 3.1. The reference simulation (run A) uses boundary

conditions, including greenhouse gas (GHG) concentrations, natural and anthropogenic

primary aerosol or reactive gas emissions, set to pre-industrial (year 1850) values follow-

ing the Coupled Model Intercomparison Project 5 protocol (CMIP5; Lamarque et al.,

2010; Taylor et al., 2012). The reference SSTs and sea ice concentrations (SIC) are

annually repeating fields taken as the monthly-mean multi-model mean (MMM) from

the CMIP5 piControl simulations (Taylor et al., 2012). The MMM reference SST and

SIC fields are constructed from the average of the last 150 years of the piControl experi-

ments from the 26 CMIP5 models listed in the Supplementary Information (Table S3.1).

Six perturbation experiments are performed to isolate different components of the

long-term response in the CMIP5 abrupt-4×CO2 experiment, which instantaneously
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quadruples CO2 from its preindustrial concentration. We first calculate the CMIP5

monthly-mean MMM SST in the abrupt-4×CO2 experiment using the final 50 years

(years 101 − 150) of each model run (Table S3.1). The annual-mean SST anomalies

compared to the reference preindustrial state are shown in Figure 3.1a. Note that in

all the perturbation experiments, SIC is held fixed at the reference values. This is ar-

tificial, but it enables the effects of SSTs on the BDC and associated mechanisms to

be isolated from the possible effects of changing sea ice on the stratosphere (e.g. Kim

et al., 2014; McKenna et al., 2018). We performed a separate experiment in which SIC

was also changed to the CMIP5 MMM 4×CO2 response along with global SSTs and

atmospheric CO2, but this showed no significant effect of changing SIC on the BDC

(not shown) and therefore will not be discussed further.

The first perturbation experiment (run B) accounts for the full (atmosphere + SST)

abrupt-4×CO2 response and is designed to simulate the long-term centennial response

to CO2 forcing. The second perturbation experiment (C) only accounts for the CO2

rapid adjustment by quadrupling atmospheric CO2 concentrations while holding SSTs

and SIC at their preindustrial values. The third experiment (D) imposes a monthly-

varying globally uniform SST anomaly derived from the global mean multi-model mean

4×CO2 SST anomaly relative to the control. In the annual and multi-model mean this

is equal to 3.4 K (Figure 3.1b). Note the CMIP5 MMM global SST anomaly is smaller

than the global mean surface air temperature (GSAT) change in the abrupt-4×CO2 ex-

periment because land areas warm more than the ocean (e.g., Joshi and Gregory, 2008).

In the fourth perturbation experiment (E), we subtract the monthly-varying uniform

warming value from the 4×CO2 anomalies to impose the local deviations in SST from

the global uniform value (i.e. the SST pattern). The SST pattern is shown in Figure

3.1c; it is comprised of relatively stronger warming across the tropics in the Pacific, At-

lantic and Indian Ocean basins and in the North Pacific, and relatively weaker warming

across the Southern Ocean, in the North Pacific warming hole region and in the vicinity

of the South Pacific stratocumulus decks.

By construction, the sum of the SST anomalies in runs D and E equals the full SST

anomalies of run B. Note that the change in annual-mean GSAT simulated in runs B

and D (4.3 K and 4.0 K, respectively) is larger than the imposed global mean SST
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anomaly, partly because of the enhanced warming response over land. While SSTs are

held fixed in run C, there are changes to land temperatures that cause a small GSAT

response (0.43 K). Finally, although the global mean SST change in run E is zero by

construction, there are changes to land temperatures that lead to a small GSAT re-

sponse (0.45 K).

RUN ID CO2 SSTs (prescribed)

A piControl Pre-industrial Pre-industrial
B Full 4×CO2 4×CO2 4×CO2 (CMIP5)
C Atmos 4×CO2 Pre-industrial
D SST UW Pre-industrial 4×CO2 (UW) - 3.4 K
E SST patterns Pre-industrial 4×CO2 (patterns)
F SST UW low Pre-industrial Low 4×CO2 - 2.1 K
G SST UW high Pre-industrial High 4×CO2 - 4.9 K

Table 3.1: The sensitivity experiments used in this study with the atmospheric CO2

and the SSTs used as boundary conditions. All other boundary conditions are as in
piControl.

Figure 3.1: Prescribed annual-mean SST anomalies [K] with respect to the piControl
climatology in the (a) full 4×CO2, (b) Uniform SST warming and (c) SST pattern
perturbation experiments.
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There is substantial inter-model spread in the modelled global mean SST change in the

abrupt-4×CO2 experiments (Flato et al., 2013). To investigate the effect of this spread

on the BDC, and to place the rapid adjustment and SST pattern effects into the context

of model uncertainty in the global surface warming due to CO2, we perform two further

uniform SST warming sensitivity runs. These are chosen to be the lowest (annual-mean

∼ 2.1 K; run F) and highest (annual-mean ∼ 4.9 K; run G) global mean SST changes

from the 26 CMIP5 models used in this study. These values come from the INMCM4

(Volodin, 2013) and IPSL-CM5A-LR (Dufresne et al., 2013) models, respectively. The

annual-mean GSAT change in runs F and G is 3.0 and 6.1 K, respectively.

Since HadGEM3-A does not include interactive chemistry, we prescribe zonal-mean

preindustrial ozone concentrations in all the experiments following the Coupled Model

Intercomparison Project 6 (CMIP6; Eyring et al., 2016) protocol, based on the CMIP6

experiments run with HadGEM3-GC3.1 (Kuhlbrodt et al., 2018; Williams et al., 2018).

It should be noted that keeping ozone concentrations fixed in all our experiments will

implicitly neglect the effects of any ozone feedbacks from both the chemical effects of

increased CO2 and the transport effects from an altered BDC; this includes effects on

the thermal structure of the upper troposphere especially around the tropical upper

troposphere and lower stratosphere (Nowack et al., 2015; Chiodo and Polvani, 2017)

and on upper stratospheric temperatures (Maycock, 2016).

3.2.3 Residual circulation diagnostics

To diagnose the BDC and its changes we make use of the Transformed Eulerian Mean

circulation diagnostics (TEM; Andrews et al., 1987; Andrews and McIntyre, 1976, 1978)

as calculated internally by the model. The TEM residual circulation velocities (v∗, w∗)

are defined as Andrews et al. (1987):

v∗ = v − 1

ρ0

∂

∂z

[
ρ0 v′θ′

∂θ/∂z

]
, w∗ = w +

1

α cosφ

∂

∂φ

[
v′θ′ cosφ

∂θ/∂z

]
(3.1)

where overbars denote a zonal-mean quantity and primes the departure from the zonal-

mean. v and w are the meridional and vertical components of wind velocity respectively,

ρ0 is the log-pressure density, z = −H ln (p/ps) is the log-pressure vertical coordinate
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(height), H is the scale height, p is the pressure at a specified level with ps the pressure

at the surface, v′θ′ is the eddy heat flux, θ is the potential temperature, α is the Earth

radius and φ is the latitude. Using v∗ from equation 3.1 we further calculate the residual

mass streamfunction Ψ
∗
(φ, z) as:

Ψ
∗
(φ, z) =

2πα cosφ

g

top∫
bottom

v∗dp, (3.2)

where g is the acceleration due to gravity. Equation 3.2 is integrated from the top of

atmosphere to the surface using the boundary condition that Ψ
∗

= 0 at the top of the

atmosphere (p = 0). Subsequently, we calculate the net downward mass flux in each

hemisphere, by finding Ψ
∗
max and Ψ

∗
min in the NH and SH, respectively, at each pressure

level. The net tropical upward mass flux, which is equal to the sum of the downward

mass fluxes in each hemisphere, can then be expressed as (Rosenlof, 1995):

Tropical upward mass flux = 2πα(Ψ
∗
max −Ψ

∗
min) (3.3)

We apply the “downward control” principle (DCP; Haynes et al., 1991) to further sep-

arate the contributions to the tropical upward mass flux from resolved waves due

to the divergence of Eliassen-Palm flux (EPF) and contributions from OGWD and

NOGWD. Resolved waves and parameterised gravity wave drag (OGWD/NOGWD)

constitute the eddy-induced total zonal forces F . Under steady-state conditions, the

Ψ
∗
(φ, z) at a specified log(pressure)-height, z, is related to the vertically integrated F

above that level along a surface of constant zonal-mean absolute angular momentum

m = α cosφ(u + αΩ cosφ), where v is the zonal-mean zonal wind and Ω is Earth’s

rotation rate (Haynes et al., 1991). Outside of the tropics, m is approximately constant

at a fixed latitude, φ , resulting in the following equation (Haynes et al., 1991):

Ψ
∗
(φ, z) =

∞∫
z

{
ρ0α

2F cos2 φ

mφ

}
φ=φ(z′)

dz, (3.4)

where mφ ≈ −2Ωα2 sinφ cosφ is the quasi-geostrophic limit. The boundary conditions

are Ψ
∗ → 0 and ρ0w∗ → 0 as z →∞.
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3.3.1 Zonal-mean temperature response

Figure 3.2 shows latitude-pressure cross-sections of the annual-mean and zonal-mean

temperature anomalies from the reference preindustrial simulation for perturbation runs

B, C, D and E. The full response (Fig. 3.2a) exhibits the canonical pattern of temper-

ature change due to increased CO2, with tropospheric warming that maximizes in the

tropical upper troposphere (by ∼ 8 K) and stratospheric cooling that increases with

height (Collins et al., 2013). Note that Arctic amplification in the lower troposphere is

small here compared to coupled atmosphere-ocean models (Collins et al., 2013), because

we do not impose sea ice changes in the runs (not shown).

The rapid adjustment due to changes in atmospheric CO2 (Fig. 3.2b) accounts for

most of the stratospheric cooling seen in the full response, with cooling of ∼ 15 K in

the upper stratosphere. However, the stratospheric cooling in run C (Fig. 3.2b) is more

uniform in latitude than in the full experiment, and more closely resembles the purely

radiative response to CO2 (Fels et al., 1980). In the troposphere, the rapid adjustment

induces a weak (< 1 K) warming that is fairly homogeneous and comes partly from

the small changes in GSAT, since land temperatures are not held fixed. Most of the

tropospheric zonal-mean warming is reproduced by imposing the uniform SST warming

(Fig. 3.2c), including the tropical upper tropospheric amplification of up to 9 K and

the extension of warming into the subtropical lower stratosphere in both hemispheres.

In the stratosphere, the uniform SST warming induces an anomalous meridional tem-

perature gradient, with cooling of 2−3 K in the tropical middle and upper stratosphere

and warming in the extratropics and polar regions. This pattern accounts for most of

the latitudinal variation in stratospheric cooling seen in the full response (Fig. 3.2a).

The SST pattern experiment (Fig. 3.2d) exhibits a similar morphology in the tempera-

ture response to the uniform SST warming run, albeit much weaker in amplitude. In the

troposphere, the SST pattern induces a weak warming that is comparable in magnitude

to the rapid adjustment (Fig. 3.2b), but with a weak upper tropospheric amplification

that enhances the effect of the uniform warming (Fig. 3.2c). This upper tropospheric

amplification suggests enhanced tropical deep convection, which may be consistent with
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Figure 3.2: Latitude vs. pressure cross-sections of annual-mean and zonal-mean tem-
perature anomalies [K] between 850 − 1 hPa with respect to the piControl simulation
for the (a) 4×CO2 (run B), (b) rapid adjustment (run C), (c) Uniform SST warming
(run D) and (d) SST pattern (run E) experiments. Contours show the piControl cli-
matology. Stippling denotes where the differences are not statistically significant at the
95% confidence level using a two-tailed Student’s t test. Thick yellow and black lines
indicate the tropopause pressure levels in each perturbation run and in the reference
simulation, respectively.
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the imposed anomalous tropical SST warming (Fig. 3.2c).

The thick yellow lines in Figure 3.2 denote the tropopause pressure for each pertur-

bation experiment. These can be compared to the climatological tropopause in the

reference simulation (thick black lines). The lifting of the tropopause by ∼ 1 km within

the deep tropics in the full experiment comes mainly from the uniform SST warming

(∼ 80%) with the remaining 20% coming from the SST pattern. However, the maximum

tropopause lifting (> 1.2 km) occurs in the extratropics of both hemispheres, especially

over the Arctic polar cap (not shown).

3.3.2 Zonal-mean zonal wind response

The annual-mean zonal-mean zonal wind anomalies in the four perturbation experi-

ments are shown in Figure 3.3. The full 4×CO2 response (Fig. 3.3a) shows the familiar

pattern of a strengthening and upward shift of the subtropical jets, a strengthening and

poleward shift of the midlatitude westerlies in the SH, and increased westerlies in the

SH stratosphere (Collins et al., 2013). The strengthened subtropical jets arise mainly

from the uniform SST warming (Fig. 3.3c) with a small contribution from the SST

pattern (Fig. 3.3d). In contrast, the rapid adjustment (Fig. 3.3b) does not induce a

strengthening of the subtropical jets, but it does explain a significant part of the in-

creased westerlies in the SH extratropics, particularly in the upper stratosphere. The

SST pattern effect also contributes to the increased SH stratospheric westerlies, but the

uniform SST warming shows the largest increase. In the NH, the full experiment shows

stronger westerlies in the lower stratosphere and weakened westerlies near the subtrop-

ical stratopause. The anomalous lower stratospheric westerlies are contributed by the

uniform warming in the subtropics and midlatitudes and the rapid adjustment in the

extratropics and polar region. The uniform warming also causes weakened westerlies in

the subtropical upper stratosphere, with a smaller effect from the rapid adjustment.

The full 4×CO2 response shows significant zonal wind anomalies in the tropical strato-

sphere between 50− 1 hPa, which is also seen in the uniform SST warming experiment.

This is likely related to changes to the QBO properties under climate change, which

have been noted in other idealised GCM experiments (e.g. Kawatani et al., 2011),

though a detailed investigation of the QBO is beyond the scope of this study.
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Figure 3.3: As in Figure 3.2, but for the annual and zonal-mean zonal wind anomalies
[m s−1] between 850−1 hPa. Contours show the piControl climatology. The thick black
lines denote the critical lines for stationary waves (u = 0) in piControl and the thick
yellow lines for each perturbation experiment, respectively.
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The zero wind lines (u = 0), which demarcate the “critical lines” for linear stationary

Rossby waves (Dickinson, 1968), are shown by the thick lines in Figure 3.3. In the

stratosphere, there is a clear equatorward contraction of the zero wind lines in both

hemispheres in the full 4×CO2 experiment. Previous studies have connected this to

increased penetration of Rossby wave activity into the subtropical lower stratosphere

(Shepherd and McLandress, 2011). The contraction of the zero wind lines is primarily

due to the uniform SST warming, with a modest contraction also seen in the rapid

adjustment and SST pattern experiments.

3.3.3 Residual circulation response

Figure 3.4 shows latitude-pressure cross-sections of the annual-mean residual vertical

velocity (w∗) anomalies with respect to the reference simulation for experiments B, C,

D and E. The uniform SST warming accounts for most of the increased tropical lower

stratospheric upwelling (∼ 70% between 30◦S and 30◦N over the layer 100 − 50 hPa)

seen in the full 4×CO2 response. However, there are also significant, but small, increases

in tropical lower stratospheric upwelling induced by the rapid adjustment (∼ 17%) and

the SST pattern perturbations (∼ 13%) (Fig. 3.4b, 3.4d). While comparatively small

compared to the effect of the uniform SST warming, the increases in w∗ in the tropical

lower stratosphere from the SST pattern are broadly comparable in magnitude to the

effects of ENSO on tropical upwelling found in other modelling studies (Calvo et al.,

2010; Simpson et al., 2011).

The turnaround latitudes are overlaid as thick lines in Figure 3.4. A quadrupling of

CO2 leads to a narrowing of the upwelling region in the lower and middle stratosphere

that maximises around ∼ 30 hPa (Hardiman et al., 2014). This arises predominantly

from the uniform SST warming (Fig. 3.4c), with additional weaker contributions from

the rapid adjustment and SST patterns (Fig. 3.4b and 3.4d). In contrast, in the upper

stratosphere (10 hPa) the upwelling region widens particularly in the NH (cf. Hardiman

et al., 2014). The widening of the upwelling region in the NH upper stratosphere arises

almost entirely from the rapid adjustment, while the smaller tropical widening in the

SH upper stratosphere is contributed by all three components.
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Figure 3.4: As in Figure 3.2, but for the annual-mean TEM residual vertical velocity
anomalies [mm s−1] between 150 − 1 hPa. Contours show the piControl climatology
and range from −3 to 3 mm s−1 in increments of 0.375 mm s−1. The thick black lines
denote the turnaround latitudes (w∗ = 0) in piControl and pink thick lines for each
perturbation experiment, respectively.
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We move now to evaluating the changes in downwelling in the extratropics. The full

4×CO2 experiment shows enhanced downwelling over the Arctic throughout the strato-

sphere. Both the rapid adjustment and uniform SST warming induce comparable in-

creases in downwelling in the Arctic, while the SST patterns do not produce significant

w∗ changes in this region. In the SH, the full perturbation generates stronger down-

welling in the upper stratosphere and weaker downwelling in the middle and lower

stratosphere below 10 hPa. All three components produce increased downwelling in the

Antarctic upper stratosphere, with the largest change from the uniform SST warming

and the rapid adjustment. In the lower stratosphere, the uniform SST and SST patterns

both generate reduced downwelling as seen in the full 4×CO2 experiment.

The relationship of the changes in residual circulation to the overall mass transport

in the stratosphere can be seen in Figures 3.5 and 3.6, which show the residual mass

streamfunction (Ψ∗) anomalies in the solstice seasons December-February (DJF) and

June-August (JJA) in the four experiments. For comparison, Supplementary Informa-

tion (Figure S3.1) shows the annual-mean Ψ
∗ responses. As the winter hemisphere

cell is the dominant one, the climatological circulation in DJF and JJA is significantly

stronger in the NH and SH, respectively. The largest response in both hemispheres

occurs in DJF (Figure 3.5), while the NH exhibits a stronger response compared to the

SH. In DJF, the response to the SST patterns in the NH is confined to the subtropical

lower stratosphere (Fig 3.5d), while the rapid adjustment (Fig. 3.5b) and uniform SST

warming (Fig. 3.5c) induce increased poleward transport across most of the strato-

sphere, with the latter showing around three times larger anomalies near the maximum

in the subtropical lower stratosphere. The peak NH anomaly due to the rapid ad-

justment is around double that for the SST patterns in DJF. Specifically, in the lower

stratosphere (100 − 50 hPa) between 0◦ − 60◦N, the uniform SST warming accounts

for ∼ 65% of the full response, the rapid adjustment contributes ∼ 26% and the SST

patterns contribute the remainder. Conversely, in the middle and upper stratosphere

between 30− 1 hPa, over the same latitude bands, the rapid adjustment effect becomes

more important, surpassing the contribution of the uniform SST warming accounting

for the 48% and 46% of the full response, respectively.
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Figure 3.5: DJF mean residual mass streamfunction anomalies [109 kg s−1] between
150 − 1 hPa with respect to the piControl simulation for the (a) 4×CO2 (run B), (b)
rapid adjustment (run C), (c) Uniform SST warming (run D) and (d) SST pattern (run
E) experiments. Stippling denotes where the differences are not statistically significant
at the 95% confidence level using a two-tailed Student’s t test. Red contours plotted at
−5, −4, −3, −2, −1.5, −1, −0.75, −0.5, −0.25, −0.1, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 3,
4 and 5 × 109 kg s−1 show the piControl climatology with negative values showed in
dashed contours.
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In JJA (Figure 3.6), the increase in the SH mass transport is largely present in the

subtropics while the opposing changes in the mid-latitude lower stratosphere seen as a

reduction in the streamfunction, arise from both the uniform SST warming (Fig. 3.6c)

and the SST patterns (Fig. 3.6d). In the SH subtropical (0◦− 30◦S) lower stratosphere

(100 − 50 hPa), the uniform SST warming accounts for ∼ 70% of the full response

with the rapid adjustment contributing roughly ∼ 20% and the remaining 10% due to

the SST pattern. The strengthened SH poleward transport due to the uniform SST

warming is confined to the SH subtropical lower stratosphere, while the rapid adjust-

ment (Fig. 3.6b) induces poleward flow that also extends into the NH and is associated

with the deep branch of the BDC. However, it should be noted that the SH response is

generally weaker than in the NH, especially in the middle and upper stratosphere over

both solstice seasons. The deep branch of the circulation exhibits distinct hemispheric

asymmetries explaining the differences in the magnitude of downwelling over the SH and

NH polar caps seen in Figure 3.4. This asymmetry is associated with a significantly

stronger poleward NH branch of the circulation compared to its SH counterpart with

important contributions by an equally stronger NH mesospheric cell overall (not shown).

We lastly consider the extent to which the combined residual circulation anomalies

from the rapid adjustment, global uniform SST, and SST pattern experiments match

the full 4×CO2 response. This comparison is shown in the Supplementary Informa-

tion (Figure S3.2). The main differences are that the combined responses overpredict

the enhanced poleward flow in the NH extratropical lower stratosphere, while there

are dipole anomalies straddling the equator in the tropical mid-stratosphere associated

with the differences seen in the QBO features across the experiments. Nevertheless, the

differences between the linear sum of responses and the full experiment are generally

small compared to the overall changes, which supports the use of the experiments to

decompose the total response into separate parts.
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Figure 3.6: As in Figure 3.5, but for the JJA season.
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3.3.4 Wave forcing and downward control

To understand the changes in residual circulation shown in Figures 3.4 - 3.6, we now

focus on the wave forcing in each experiment. As the distribution of wave forcing shows

a strong annual cycle, we separate the changes into the winter and summer seasons in

each hemisphere (DJF and JJA) as in Figures 3.5 and 3.6. Figure 3.7 shows the DJF

average Eliassen-Palm flux divergence (EPFD) anomalies from preindustrial for runs B,

C, D and E along with the anomalous EPF vectors. We multiply the EPFD anomalies

with cosφ to represent the torque exerted on the zonal flow. The full experiment (Fig.

3.7a) shows increased EPF divergence in the NH extratropical upper stratosphere and

in the midlatitude middle stratosphere. In the SH, there is a broad region of enhanced

EPF convergence peaking around 50◦−60◦S over a layer spanning 3 to 70 hPa. There is

a reduction in EPF convergence near the SH subtropical stratopause. Between ∼ 50−70

hPa, there is enhanced EPF convergence in the tropics and subtropics in both hemi-

spheres. This modulation in the location of the maximum in the resolved wave forcing

is associated with the equatorward movement of the critical layers (Fig. 3.3), allowing

more Rossby wave activity to penetrate into the subtropical latitudes, accelerating the

shallow branch of the BDC, consistent with the findings of Shepherd and McLandress

(2011).

The rapid adjustment and uniform SST warming contribute similar increases in EPF

convergence in the NH upper stratosphere in DJF (Figs. 3.7b and 3.7c). In the NH

middle stratosphere, the uniform SST warming explains most of the increase in EPF

convergence seen in the full experiment, but the rapid adjustment does contribute in the

region 20◦ − 40◦N. The uniform SST warming also contributes to most of the increase

in EPF convergence in the lower to middle SH extratropical stratosphere in austral

summer, but the rapid adjustment and SST pattern (Fig. 3.7d) do make smaller but

significant contributions to the increased wave forcing in that region. The uniform SST

warming produces most of the enhanced EPF convergence in the tropical and subtrop-

ical upper troposphere-lower stratosphere (UTLS).

Figure 3.8 shows the EPFD anomalies in JJA in each experiment. The picture in the

summer NH in the full experiment is similar to that in the SH in DJF (Fig. 3.7a).
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Figure 3.7: DJF average EP flux vector anomalies (red arrows) [m2 s−2] and EP flux
divergence anomalies [m s−1 day−1] (shading) between 200 − 1 hPa with respect to
the piControl simulation for the (a) 4×CO2 (run B), (b) rapid adjustment (run C), (c)
Uniform SST warming (run D) and (d) SST pattern (run E) experiments. The EPF
divergence here is multiplied by the cosine of latitude to represent the torque exerted
on the zonal flow. Contours show the piControl climatology with contours plotted at
−10, −8, −6, −4, −3, −2, −1, −0.5, 0.5, 1, 2, 3 m s−1 day−1. The EP flux vector and
divergence anomalies are only plotted where they are significant at the 95% confidence
level using a two-tailed Student’s t test. The EP flux vectors have been scaled following
Edmon et al. (1980) and were scaled by a magnification factor of 5 in the stratosphere
in order to enhance their visibility.
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Specifically, there is anomalous EPF divergence in the extratropical lower stratosphere

and anomalous EPF convergence in the middle to upper stratosphere, representing an

upward shift and extension of the region of climatological EPF convergence in this region

(contours). Near the subtropical stratopause there is anomalous EPF divergence that

comes mainly from the rapid adjustment (Fig. 3.8b). The anomalous EPF convergence

in the middle stratosphere comes mainly from the uniform SST warming (Fig. 3.8c)

with smaller but significant contributions from the rapid adjustment and SST patterns

(Fig. 3.8d). In the winter SH, the picture is rather different from the NH in DJF. The

full experiment shows anomalous EPF divergence in the SH upper stratosphere, which

represents a weakening of the climatological EPF convergence in this region (contours).

This is attributed mainly to the uniform SST warming, but there are also significant

EPF convergence anomalies near the SH subtropical stratopause from both the rapid

adjustment as well as the SST patterns. The changes in EPFD in the SH middle and

lower stratosphere in austral winter have a more complex structure. The full experi-

ment shows a tripolar pattern between 30 to 70 hPa, with anomalous EPF convergence

poleward of 60◦S and between 20◦−40◦S and anomalous divergence between 40◦−60◦S.

This pattern is mainly reproduced in the uniform SST warming experiment but with a

smaller contribution to the two regions of anomalous EPF convergence from the rapid

adjustment.

Previous studies have demonstrated mechanisms for tropospheric warming to influence

the stratospheric EPFD and residual circulation (e.g., Shepherd and McLandress, 2011),

but the mechanism through which the rapid adjustment acts on EPFD in the upper

stratosphere is less well understood. The radiative cooling in the stratosphere due to in-

creased CO2 is relatively uniform in latitude (Fels et al., 1980), so we do not expect large

direct changes in zonal wind through thermal wind balance. However, the temperature

response to CO2 represents a weakening of the vertical temperature gradient, particu-

larly in the upper stratosphere where the cooling is larger. The characteristics for wave

propagation and refraction can be quantified using a measure of refractive index (e.g.,

Matsuno, 1970) that is dependent on the Brunt-Väisälä frequency (N2 = g/θ (dθ/dz)).

Hence, we hypothesise that the changes in background temperature structure due to the

CO2 radiative effects alter the propagation of Rossby waves, particularly in the upper
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stratosphere, and this leads to the changes in EPFD shown in Figures 3.7 and 3.8.

Figure 3.8: As in Figure 7, but for the JJA season.

The anomalous residual circulation is driven by both resolved and parameterised wave

forcing. The seasonal parameterised wave forcing (NOGWD and OGWD) anomalies are

shown in the Supplementary Information (Figures S3.3 - S3.4 for DJF and Figures S3.5

- S3.6 for JJA). The peak changes in parameterised wave forcing are smaller than the

anomalous resolved wave forcing by around a factor of two. The anomalous NOGWD
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is mainly in the upper stratosphere and comes from the uniform SST warming. There

is anomalous OGWD (Figs. S3.4 and S3.6) in the winter hemispheres near the edge of

the polar vortex, which has comparable contributions from the rapid adjustment and

the uniform SST warming.

We now quantify the contributions of the different wave types to the anomalous mass

circulation in the lower and upper stratosphere. Figures 3.9 and 3.10 show latitudi-

nal profiles of the annual-mean mass streamfunction anomalies in each experiment at

70 hPa and 10 hPa, respectively, along with the DCP inferred contributions from the

resolved and parameterised components of the wave forcing. The DCP calculation for

the total wave forcing underestimates the directly calculated maximum streamfunc-

tion anomaly in the model by around 20%. In the lower stratosphere at 70 hPa, the

estimated streamfunction anomalies from the total wave forcing in the full 4×CO2 ex-

periment come mainly (> 80%) from the resolved wave forcing (Fig. 3.9a), with a

smaller and more homogeneous contribution from the parameterised wave drag. The

resolved wave forcing explains almost all of the DCP estimated response in the rapid

adjustment experiment (Fig. 3.9b) and most of it in the uniform SST warming (Fig.

3.9c) case. The component that contributes the smallest increase in streamfunction at

70 hPa, the SST pattern experiment (Fig. 3.9d), shows roughly equal contributions

from parameterised and resolved wave forcing. The overall dominance of the resolved

wave forcing for the strengthened BDC in the lower stratosphere is consistent with the

larger changes in resolved wave drag in this region (Figures 3.7 and 3.8) compared to

the parameterised wave forcing changes in this region (Figures S3.3 - S3.6).

In the upper stratosphere (10 hPa), the full 4×CO2 experiment shows contributions

to the enhanced streamfunction from both resolved and parameterised wave forcing

(Fig. 3.10a). In the NH, the EPFD contribution explains around two thirds of the total

DCP estimated streamfunction anomalies and GWD around one third. The positive

NH streamfunction anomaly from EPFD poleward of 30◦N comes from both the rapid

adjustment (Fig. 3.10b) and the uniform SST warming (Fig. 3.10c). In contrast, the

positive streamfunction anomaly in the upper stratosphere from parameterised wave

drag comes mainly from the uniform SST warming (Fig. 3.10c).
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Figure 3.9: Annual-mean residual streamfunction anomalies [109 kg s−1] at 70 hPa with
respect to the piControl simulation for the (a) 4×CO2 (run B), (b) rapid adjustment
(run C), (c) Uniform SST warming (run D) and (d) SST pattern (run E) experiments.
Black line shows the direct calculation, the downward control calculations for EPFD,
OGWD + NOGWD and their sum (EPFD + OGWD + NOGWD) are shown in ma-
genta, green and grey dashed, respectively.
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Figure 3.10: As in Figure 3.9, but at 10 hPa.
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In the SH, the picture in the Full experiment is somewhat more complex, with the ma-

jor contribution to the enhanced poleward mass transport coming from GWD, which is

partly offset by an opposite contribution from the EPFD. This positive SH streamfunc-

tion anomaly associated with EPFD comes mainly from the uniform SST warming (Fig.

3.10c), which also generates enhanced SH poleward transport via enhanced GWD. This

increased poleward flow in the SH upper stratosphere is further increased by the rapid

adjustment (Fig. 3.10b) with contributions from both resolved and parameterised wave

drag. In both hemispheres, the SST pattern has little effect on the wave forcing in the

upper stratosphere (Fig. 3.10d).

3.3.5 Uncertainty in global mean SST response

Figure 3.11 summarises the results by showing the annual-mean tropical upward mass

flux anomalies in the different experiments at 70 hPa (Fig. 3.11a) and 10 hPa (Fig.

3.11b), respectively. Also shown are the mass flux anomalies from the high and low

uniform warming experiments (runs F and G), which span the spread in 4× CO2 global

mean SST response across the CMIP5 models. In the lower branch of the BDC, the

annual-mean tropical upward mass flux increases by 45% in the full experiment com-

pared to piControl (3.1× 109 kg s−1). The uniform SST warming accounts for ∼ 70%

of this increase, with the rapid adjustment (∼ 20%) and SST patterns (∼ 10%) con-

tributing the remainder in comparable amounts. The central estimates of the mass flux

anomalies at 70 hPa in the three uniform SST warming (2.1, 3.4, 4.9 K) experiments

are 1.4, 2.3 and 3.4× 109 kg s−1, which gives an approximate linear scaling of 0.7× 109

kg s−1 K−1 (∼ 10% K−1). In the lower stratosphere, the uncertainty from the CMIP5

model spread in global mean SST response to 4× CO2 is larger than the contribution

from the rapid adjustment and the SST pattern effect.

In the upper stratosphere at 10 hPa, the total mass flux increases by around 35%

in the full experiment (0.6× 109 kg s−1). This increase comes almost equally from the

rapid adjustment (∼ 40%) and the uniform SST warming (∼ 45%), with the remaining

∼ 10% contribution coming from the SST pattern effect, though the latter is not sta-

tistically distinguishable from internal variability. The central estimates of mass flux

anomalies at 10 hPa in the three uniform SST warming experiments are 0.17, 0.29 and

0.50 × 109 kg s−1, which gives an approximate linear scaling with global mean SST
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of 0.11 × 109 kg s−1 K−1 (∼ 7% K−1). In the upper stratosphere, the magnitude of

the anomalous mass flux due to the rapid adjustment is therefore comparable to the

uncertainty from the model spread in global mean SST response to 4×CO2.

Figure 3.11: Annual-mean tropical upward mass flux anomalies [109 kg s−1] at (a) 70

hPa and (b) 10 hPa in the different perturbation experiments as labelled. The edges
of the boxplots indicate ±1 standard deviation of the interannual variability and the
whiskers indicate ±2 standard deviations.

3.4 Discussion and conclusions

We have performed idealised experiments with the HadGEM3-A model to decompose

the long-term Brewer-Dobson circulation response to an abrupt quadrupling in CO2

into three components: 1) a rapid atmospheric adjustment where CO2 is added to the

atmosphere but sea surface temperatures (SST) are held fixed; 2) a contribution from

the global-average SST change; and 3) an SST pattern effect. The SST anomalies in

response to the abrupt 4×CO2 perturbation were derived from the CMIP5 multi-model

ensemble. The multi-model annual-mean global-mean SST anomaly over the final 50

years of the CMIP5 abrupt-4×CO2 runs is 3.4 K. The SST pattern (i.e. the local de-
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viation from the global mean value) shows relatively higher SST across the tropical

oceans and most of the Northern hemisphere and relatively cooler SST across much of

the Southern Ocean and in the northern North Atlantic. The HadGEM3-A simulations

are perturbed from a reference preindustrial state, and sea ice concentrations are held

fixed to enable a clean separation of the effects of SST without combining this with the

potential effect of sea ice changes on the stratosphere (e.g. Kim et al., 2014).

In the tropical lower stratosphere, the 45% increase in the annual-mean mass trans-

port by the BDC under the full 4×CO2 perturbation comes mainly (∼ 70%) from the

uniform SST warming consistent with the findings of Lin et al. (2015). The remain-

der comes from the rapid adjustment (∼ 20%) and the SST pattern effect (∼ 10%).

The amplitude of the SST pattern effect on the mass transport in the lower strato-

sphere is broadly comparable to that found on interannual timescales associated with

ENSO (Calvo et al., 2010; Simpson et al., 2011), though note that while the SST pat-

tern imposed here shows enhanced warming in the equatorial Pacific, by construction

it contains global structure; including relative warming across the tropical oceans and

North Pacific and relative cooling in the Southern Ocean (Fig. 3.1c). In the upper

stratosphere, where the deep branch of the BDC occurs, the increase in the BDC mass

transport under abrupt-4×CO2 comes from the rapid adjustment and the uniform SST

warming in roughly equal measure. The results are consistent with studies that show

an important role for the strengthening of the subtropical jets under climate change

(e.g. Garcia and Randel, 2008; Lin and Fu, 2013; McLandress and Shepherd, 2009;

Shepherd and McLandress, 2011), which in the decomposition performed here comes

mainly from the uniform SST warming. However, our results also demonstrate that

an increase of the BDC in the upper stratosphere comes mainly from the radiative

cooling of the stratosphere by CO2, as seen in the rapid adjustment component of the

response. This means that in transient atmosphere-ocean abrupt-4×CO2 experiments,

there are expected to be different characteristic timescales for the BDC response. In the

lower stratosphere, the timescale of the BDC response will be mainly determined by the

rate of tropospheric warming and associated changes to upper tropospheric heating and

subtropical jet strength, while in the upper stratosphere there will be a fast timescale

associated with the CO2 radiative cooling and a slow timescale also tied to the tro-

pospheric warming. The results therefore demonstrate the existence of two timescales
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in the response of the BDC to increasing CO2, with the relative importance of each

timescale for the long-term response being height dependent.

We further examined the effect of the uncertainty in global mean SST response to

increased CO2, as a proxy for model spread in equilibrium climate sensitivity. The

range in the global mean SST response across the CMIP5 models is 2.1 to 4.9 K. Fur-

ther experiments imposing these global uniform SST values show an increase in the

lower stratosphere (70 hPa) upward mass flux of 1.4× 109 and 3.4× 109 kg s−1, respec-

tively, which can be compared to the increase of 2.3 × 109 kg s−1 in the multi-model

mean global SST experiment. In the upper stratosphere (10 hPa), the upward mass

flux change for uniform SST warming of 2.1 and 4.9 K is 0.17 × 109 and 0.5 × 109 kg

s−1, respectively, which can be compared to 0.29× 109 kg s−1 in the multi-model mean

global SST experiment. Therefore, in the lower stratosphere the contribution from the

uniform SST warming and its uncertainty is larger than the rapid adjustment and SST

pattern effects on the BDC in the lower stratosphere. However, in the upper strato-

sphere (10 hPa) the uncertainty in the magnitude of global mean SST increase across

models is comparable to the magnitude of the rapid adjustment effect on the BDC.

Using the tropical mass flux anomalies described above and the GSAT changes in the

experiments given in Section 3.2.2, we calculate a linear dependence of the tropical

upward mass flux on GSAT of 0.62 × 109 kg s−1 K−1 (∼ 9% K−1) at 70 hPa and

0.10×109 kg s−1 K−1 (∼ 6% K−1) at 10 hPa. Hardiman et al. (2014) examined CMIP5

models and calculated a multi-model mean trend in 70 hPa upward mass flux of 3.2%

decade−1 over 2006− 2099 in the Representative Concentration Pathway 8.5 (RCP8.5)

emissions scenario. The multi-model mean change in GSAT between 2081− 2100 rela-

tive to 1986− 2005 is 3.7 K in the RCP8.5 scenario (Collins et al., 2013). This gives an

approximate multi-model mean GSAT trend for the 21st century of 0.35 K decade−1.

Dividing these two numbers gives an estimate for the relationship between 70 hPa mass

flux and GSAT of ∼ 9% K−1. This is in almost exact agreement with our results, despite

the different modelling approaches, though our estimate would be slightly larger if the

contributions from the rapid adjustment and SST pattern effects, which are implicitly

included in the simulations used by Hardiman et al. (2014), were accounted for. The

comparison is further complicated by the projected reduction in the BDC due to ozone
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recovery (e.g. Oman et al., 2009), which offsets part of the GHG-driven increase over

the 21st century; this effect is also included in the 21st century scenario simulations used

by Hardiman et al. (2014) and, if removed, this would presumably make the inferred

relationship to GSAT larger than the ∼ 9% K−1 estimated above based on the CMIP5

RCP8.5 scenario.

The CO2 perturbation applied here is large compared to projected CO2 concentrations

during the 21st century based on current mitigation commitments under the United

Nations Framework Convention on Climate Change (UNFCCC) 2015 Paris Agreement.

For a smaller increase in CO2, the rapid adjustment and uniform SST warming contri-

butions are expected to be smaller; in this case the SST pattern effect would become

proportionately more important. Our experiments have neglected any feedbacks that in-

duce stratospheric ozone changes; it has been shown that the ozone response to 4×CO2

affects the zonal-mean extratropical circulation (Chiodo and Polvani, 2017); it would be

interesting to also examine the effects of ozone on the BDC in the future. The experi-

ments are designed to study the long-term centennial response to an abrupt quadrupling

of CO2, and they have only been performed with one model. The model contains mean

state biases that could affect some of the details of the responses described here. Stud-

ies with other coupled atmosphere-ocean models and those that examine the transient

response of the BDC to CO2 would therefore be insightful.

3.5 Supplementary material

CMIP5 Models

1. ACCESS1-0 2. ACCESS1-3 3. CCSM4 4. CNRM-CM5 5. CSIRO-Mk3-6-0
6. CanESM2 7. EC-EARTH 8. GFDL-CM3 9. GFDL-ESM2G 10. GFDL-ESM2M
11. GISS-E2-H 12. GISS-E2-R 13. HadGEM2-ES 14. IPSL-CM5A-LR 15. IPSL-CM5A-MR
16. IPSL-CM5B-LR 17. MIROC-ESM 18. MIROC5 19. MPI-ESM-LR 20. MPI-ESM-MR
21. MPI-ESM-P 22. MRI-CGCM3 23. NorESM1-M 24. BCC-CSM1-1-M 25. BCC-CSM1-1
26. INMCM4

Table S3.1: The CMIP5 global coupled ocean-atmosphere general circulation models
used to construct the SST and SIC boundary conditions in this study.
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Figure S3.1: Annual mean residual mass streamfunction anomalies [109 kg s−1] between
150 − 1 hPa with respect to the piControl simulation for the (a) 4×CO2 (run B), (b)
rapid adjustment (run C), (c) Uniform SST warming (run D) and (d) SST pattern (run
E) experiments. Stippling denotes where the differences are not statistically significant
at the 95% confidence level using a two-tailed Student’s t test. Red contours plotted
at −5, −4, −3, −2, −1.5, −1, −0.75, −0.5, −0.25, −0.1, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2,
3, 4 and 5× 109 kg s−1 show the piControl climatology with negative values showed in
dashed contours.
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Figure S3.2: The residual mass streamfunction anomalies [109 kg s−1] in (a) the full
4×CO2 experiment (as in Fig. 3.5a), (b) the sum of experiments C+D+E and (c) a - b
differences. Note panel (c) has a different colour scale. This shows the decomposition of
the streamfunction response in the full experiment into the three components analysed
in the main text works to leading order.
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Figure S3.3: DJF average non-orographic GWD anomalies [m s−1 day−1] (shading) in
the four perturbation experiments. The NOGWD here is multiplied by the cosine of
latitude to represent the torque exerted on the zonal flow. Contours show the piControl
climatology with contours plotted from −3 to 1.5 in increments of 0.25 m s−1 day−1.
Hatching denotes where differences are not statistically significant at the 95% confidence
level.
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Figure S3.4: As in Figure S3.3, but for the DJF mean orographic GWD. Note the
different piControl climatology contour range at the bottom right side.
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3.5 Supplementary material

Figure S3.5: As in Figure S3.3, but for JJA.
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3.5 Supplementary material

Figure S3.6: As in Figure S3.4, but for JJA.
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Abstract

The stratospheric residual circulation cannot be directly measured and hence various

observable proxies have been used to indirectly quantify changes in the residual circula-

tion on various timescales. However, the extent to which these proxies are successful in

capturing the behaviour of the residual circulation is an open question. Here, we use an

ensemble of hindcast simulations between 1979− 2013 from the Community Earth Sys-

tem Model version 1 Whole Atmosphere Community Climate Model (CESM1-WACCM)

to compare observation-based proxies with direct measures of the residual circulation in

a self-consistent manner. The proxies are measures of the contrast in lower stratospheric

temperatures between the tropics and pole and ozone concentrations in the tropical

lower stratosphere. The temperature-based measure exhibits robust correlations with

tropical lower stratospheric upwelling on interannual timescales and a good year-round
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correlation between their monthly trends over 1998− 2013. However, its value in con-

straining features of the seasonal cycle is limited owing to the details of its calculation.

We find that tropical mean ozone at 50 hPa lags tropical upwelling at 70 hPa by 2

months. After accounting for this lag, ozone closely mirrors tropical upwelling variabil-

ity on seasonal, interannual and long-term trends, especially for the 1998−2013 period.

On interannual timescales both the tropical mean ozone and temperature-based indices

are strongly (anti-)correlated with tropical upwelling (|r| ∼ 0.9), indicating these are

good proxies for the residual circulation in CESM1-WACCM. In terms of multi-year

trends, tropical ozone shows the highest anti-correlation across months with tropical

upwelling (r = −0.82) followed by the temperature-based index. The correlations of

monthly trends are consistently smaller during the ozone depletion era (1979 − 1997)

than during the era of ozone recovery onset (1998− 2013).

4.1 Introduction

The Brewer-Dobson circulation (BDC) in the stratosphere can be described as two

hemispheric cells with air ascending in the tropics through the tropical tropopause

layer (TTL; Fueglistaler et al., 2009), meridional flow towards the poles, and descent

in the midlatitudes and extratropics (e.g. Butchart, 2014 and references therein). The

BDC modulates the distribution of trace gases in the stratosphere, including methane,

nitrous oxide, water vapour and ozone. These gases play an important role in the ra-

diative balance of the stratosphere and troposphere and changes in their distributions

can affect radiative forcing and surface temperature trends (e.g. Forster and Shine,

1997, 1999), stratospheric temperature trends (e.g. Maycock et al., 2014, 2018), and

regional surface climate via stratosphere-troposphere coupling (e.g. Polvani et al., 2011;

Maycock et al., 2013). It is therefore important to understand past and future changes

in the BDC.

The BDC is comprised of two parts: slow global-scale advective transport known as

the residual circulation and relatively fast quasi-horizontal mixing which occurs mainly

in the subtropics (e.g. Plumb, 2002; Shepherd, 2007). The residual circulation can be

further separated into two branches, the shallow branch in the lowermost stratosphere

and the deep branch in the middle to upper stratosphere (Birner and Bönisch, 2011).
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Age-of-air (AoA) is a measure of the stratospheric mass transport that accounts for the

effects of both the residual circulation and quasi-horizontal mixing (Kida, 1983; Hall

and Plumb, 1994; Plumb, 2002). AoA can be inferred from long-lived stratospheric

tracers (e.g. SF6, CO2) allowing an assessment of observed BDC changes. However, it

is challenging to separate the relative importance of the residual circulation and mixing

for estimated variability and trends in AoA (e.g. Stiller et al., 2012; Garny et al., 2014;

Ploeger et al., 2015a,b; Eichinger et al., 2019; Šácha et al., 2019).

Chemistry-climate models and general circulation models robustly project a strength-

ening of the BDC in the lowermost stratosphere since the late 1970s (e.g. Butchart

and Scaife, 2001; Butchart et al., 2006, 2010, 2011; Garcia and Randel, 2008; Li et al.,

2008; Calvo and Garcia, 2009; McLandress and Shepherd, 2009; Oman et al., 2009;

Shepherd and McLandress, 2011; Lin and Fu, 2013). This has been attributed to the

effects of ozone depleting substances (ODS), primarily affecting austral spring and sum-

mer through the formation of the ozone hole (e.g. Aquila et al., 2016; Polvani et al.,

2019, 2017, 2018; Abalos et al., 2019), as well as to rising greenhouse gas concentra-

tions (e.g. Rind et al., 1990, 1998; Sigmond et al., 2004; Butchart et al., 2006, 2010;

Fomichev et al., 2007; Olsen et al., 2007; Garcia and Randel, 2008; Li et al., 2008;

Calvo and Garcia, 2009; McLandress and Shepherd, 2009; Oman et al., 2009; SPARC,

2010; Shepherd and McLandress, 2011; Garny et al., 2011; Lin and Fu, 2013; Hardiman

et al., 2014). In contrast, AoA estimates inferred from in-situ and satellite observations

of stratospheric tracers over the satellite era exhibit significant discrepancies with the

projected BDC acceleration simulated by climate models (Stiller et al., 2012; Haenel

et al., 2015; Engel et al., 2017; Karpechko and Maycock, 2018). These discrepancies

may be, in part, associated with the fact that long-term multi-decadal observed AoA

trends rely on relatively sparse (in space and time) data (e.g. Engel et al., 2009, 2017).

Furthermore, on decadal timescales the residual circulation is strongly affected by inter-

nal variability (Hardiman et al., 2017), making it challenging to identify forced trends

in satellite datasets with higher spatiotemporal coverage but covering shorter periods

(e.g. Stiller et al., 2012). These factors present a challenge for comparing modelled and

observed estimates of BDC strength and variability (Garcia et al., 2011).
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Since the residual circulation cannot be directly measured, various observable quan-

tities have been used in the literature to indirectly infer changes in its behaviour on

interannual to multi-decadal timescales. This includes stratospheric composition, such

as lower stratospheric ozone (Randel et al., 2006; Fu et al., 2010), and stratospheric

temperatures (e.g. Fu et al., 2010; Young et al., 2012; Ossó et al., 2015).

Stratospheric ozone in the tropical lower stratosphere is strongly controlled by vertical

advection and thus ozone changes in this region are closely linked with the BDC over the

annual cycle (Randel et al., 2007; Abalos et al., 2013a), on interannual timescales (Ran-

del et al., 2006; Calvo et al., 2010; Oman et al., 2013) and decadal trends (Lamarque

and Solomon, 2010; Randel et al., 2007). Nevertheless, in-mixing and photochemical

production also play a role in the ozone budget in the tropical lower stratosphere (e.g.

Abalos et al., 2013a; Meul et al., 2014), which affects how representative tropical lower

stratospheric ozone anomalies are of changes in the residual circulation.

Several studies have used the observed anti-correlation between low and high latitude

stratospheric temperatures over the annual cycle (Yulaeva et al., 1994) as a proxy for

changes in BDC strength (Ossó et al., 2015; Ueyama and Wallace, 2010; Young et al.,

2011, 2012). In the absence of diabatic processes, the effect of an accelerated BDC

on lower stratospheric temperatures is manifested as a cooling in the tropics and a

warming in high latitudes, as evident in multiple observational studies (Fu et al., 2010,

2015; Johanson and Fu, 2007; Lin et al., 2009; Rosenlof and Reid, 2008; Thompson

and Solomon, 2009). Young et al. (2012) used temperature data from the Microwave

Sounding Unit channel 4 (MSU4) and Stratospheric Sounding Unit (SSU) to define an

empirical residual circulation index and inferred trends between 1979−2005 throughout

the depth of the stratosphere. Conversely, Ossó et al. (2015) concluded that long-term

trends derived using the temperature-based residual circulation index were not statis-

tically significant due to contamination from sources of variability such as the El Niño

Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO), highlighting the

potential limitations of using temperature-based proxies.

The above discussion serves to highlight the challenges of quantifying observed changes

in the stratospheric residual circulation. This is further compounded by the fact that

189



4.2 Data and methods

residual circulation estimates from reanalysis datasets contain substantial discrepancies

between the measures used (including uncertainties in the reanalyses; Abalos et al.,

2015), presenting a barrier to their use for characterising long-term variability and

trends. The extent to which indirect proxy measures are successful in capturing the be-

haviour of the residual circulation, given that they may be influenced by other unrelated

processes, remains as an open question. Since this question cannot be comprehensively

addressed using observations, the approach adopted in this study is to use a modelling

framework where the residual circulation and observation-based proxy measures can

be diagnosed in a self-consistent manner. This enables an assessment of the extent to

which proxies are able to capture the behaviour of the residual circulation on differ-

ent timescales, assuming that the model resolves sufficiently all related processes. The

remainder of this paper is structured as follows: Section 4.2 describes the model sim-

ulations and measures of the residual circulation used, Section 4.3 presents our results

and Section 4.4 summarises our main findings.

4.2 Data and methods

4.2.1 Model description

We use the Community Earth System Model version 1 (CESM1) Whole Atmosphere

Community Climate Model (WACCM) run with an interactive chemistry scheme (Gar-

cia et al., 2007; Marsh et al., 2013). We analyse three ensemble members of the free-

running hindcast simulations (REF-C1) covering the period 1979 to 2013, performed

for the Chemistry-Climate Model Initiative (CCMI; Eyring et al., 2013; Morgenstern

et al., 2017). The simulations use prescribed observed sea surface temperatures (SSTs)

and sea ice concentrations from the Hadley Centre Ice and Sea Surface Temperature

dataset (HadISST; Rayner et al., 2003) and specify observed greenhouse gases (CO2,

N2O and CH4), organic halogens, 11-year solar cycle variability and volcanic aerosol

surface area densities and heating. Tropical zonal winds over the range 86− 4 hPa are

nudged toward observations to capture a realistic representation of the QBO. CESM1-

WACCM has a horizontal resolution of 1.9◦ × 2.5◦ and is run on 66 vertical levels up

to an altitude ∼ 140 km. In the lower stratosphere, the vertical resolution is ∼ 1.2

km near the tropopause increasing to ∼ 2 km near the stratopause. An evaluation of
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the performance of the free-running simulations of CESM1-WACCM can be found in

Froidevaux et al. (2019).

4.2.2 Residual circulation measures

4.2.2.1 Residual vertical velocity

To quantify the residual circulation we use the Transformed Eulerian Mean (TEM;

Andrews and McIntyre 1976, 1978; Andrews et al. 1987) residual vertical velocity w∗

computed as:

w∗ = w +
1

a cosφ

∂

∂φ

[
v′θ′ cosφ

∂θ/∂z

]
, (4.1)

where overbars denote zonal mean quantities and primes the departure from the zonal

mean. v and w are the meridional and vertical components of wind, respectively,

z = −H ln (p/ps) is the log-pressure height, p is pressure, ps is surface pressure, θ

is potential temperature, a is the Earth’s radius and φ is latitude. We use the 70 hPa

level to represent the residual circulation in the lower stratosphere, recognising this

captures both the shallow and deep branches of the circulation. w∗ is averaged between

fixed latitude bands (30◦S - 30◦N), though we have checked the results are similar for

other choices of a tropical band (e.g. 20◦S - 20◦N). This will be referred to as w∗trop.

To facilitate a comparison with other studies, we use another residual circulation index

based on Equation 7 of Ossó et al. (2015), that combines both tropical and extratropical

variations in w∗. This BDCw∗ at a given pressure level is defined as:

BDCw∗ = w∗extr − w∗trop, (4.2)

where w∗extr is the extratropical (> 40◦N/S) area-weighted mean w∗ and w∗trop is the

tropical (30◦S - 30◦N) area-weighted mean w∗. To account for the seasonal cycle in

the deep branch of the residual circulation, w∗extr is computed for the Northern Hemi-

sphere (NH) between December-May and for the Southern Hemisphere (SH) from June-

November. A negative value of BDCw∗ indicates an increased overturning circulation;

however, as in Ossó et al. (2015), we reverse the sign of BDCw∗ to facilitate the com-

parison with w∗ and the rest of the proxy measures.
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4.2.2.2 Tropical lower stratospheric ozone

For tropical lower stratospheric ozone as a proxy for the residual circulation, we use the

zonal mean monthly mean ozone mixing ratio at 50 hPa averaged over 15◦S - 15◦N. The

vertical level is again chosen based on a lagged correlation analysis and selecting the

level that shows the highest correlation (see Supplementary Figure S4.1). The altitude

identified by this method is broadly consistent with the level at which vertical advection

plays the dominant role for the ozone budget in CESM1-WACCM, whereas at higher

pressures in-mixing makes a larger relative contribution (Abalos et al., 2013b).

4.2.2.3 Stratospheric temperature indices

We employ the same temperature-based index for the residual circulation as derived

from observations by Young et al. (2012) and Ossó et al. (2015). For consistency with

those studies, we sample the CESM1-WACCM temperature data using the MSU4 chan-

nel weighting function for the upper troposphere/lower stratosphere (∼ 13−22 km) (see

Supplementary Figure S4.2). The BDC temperature index (BDCT ) is then defined as:

BDCT = Textr − Ttrop, (4.3)

where Ttrop is the tropical (20◦S - 20◦N) and Textr is the extratropical (> 40◦N/S)

mean temperature anomalies for each month. Following Young et al. (2012) and Ossó

et al. (2015), we compute BDCT using Textr in the NH between December-May and in

the SH between June-November.

In order to verify that this temperature index captures similar behaviour in the model

to that seen in observations, we compute the Pearson correlation coefficient between

Ttrop and Textr for each month (Figure 4.1). We find a statistically significant anti-

correlation between Ttrop and Textr throughout the year across all ensemble members,

with the exception of May for just one ensemble member. The correlation is generally

largest with the SH in August-September and smallest in December-January and May-

June. The individual ensemble members show spread in the correlation coefficient in

any one month by up to around 0.3, particularly for months where Textr is taken from

the NH; this indicates the important role of internal variability for the relationship be-

tween tropical and extratropical lower stratospheric temperatures, which will also affect
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observational estimates. With this in mind, Young et al. (2012) and Ossó et al. (2015)

did not include calculations for May as the anti-correlation between tropical and extrat-

ropical temperatures was found to be weaker than in other months and not statistically

significant. However, in CESM1-WACCM the anti-correlation between Ttrop and Textr
is present across all months and in all ensemble members. For this reason we calculate

BDCT for all months.

Figure 4.1: Pearson correlation coefficient between the MSU4 weighted CESM1-
WACCM tropical mean (20◦ S - 20◦ N) and extratropical mean temperature anomalies
over 1979-2013. The latter is taken from the Northern Hemisphere between December-
May (> 40◦ N) and from Southern Hemisphere between June-November (> 40◦ S).
Markers (star, cross and open circle) in black, red and blue denote the three ensemble
members, respectively. All correlations are statistically significant at the 95% confidence
level apart from in May in the third ensemble member (r3i1p1).

4.2.3 Statistical analysis

The relationships between the indices introduced in Section 4.2.2 are quantified using

the Pearson linear correlation coefficient. All metrics are standardised to facilitate their

intercomparison. We performed lagged correlations between indices and quote results

for the lag at which the correlation is a maximum. For the calculation of interannual
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variability, all monthly mean data are first detrended and the 10-year running mean

is subtracted from the timeseries to remove decadal variability. Long-term trends are

calculated using linear least squares regression applied to the raw timeseries.

4.3 Results

4.3.1 Seasonal cycle

Figure 4.2 shows the ensemble mean long-term seasonal cycle of the residual circulation

related measures considered in this study. As expected, w∗trop exhibits a strong seasonal

cycle with a minimum in June and a maximum in boreal winter (December-January)

associated with the stronger planetary wave forcing of the residual circulation in NH

winter compared to the SH (Rosenlof, 1995). BDCw∗ exhibits similar features during

boreal winter/spring months though with a larger gradient and minimising a month ear-

lier (May) than w∗trop; however, during austral winter and spring it exhibits a markedly

different behaviour. There is a ‘step’ in the timeseries between May and June at the

switch of hemisphere for w∗extr, and thereafter BDCw∗ remains roughly constant while

w∗trop shows an increase in upwelling into boreal autumn and winter. Although BDCw∗

is based partly on the same information (w∗trop), between June and November BDCw∗ is

computed based on the SH extratropics. During austral spring the relative increase in

w∗trop is offset by a reduction in w∗extr associated with the break-down of the Antarctic

polar vortex which means BDCw∗ shows little variation over these months (not shown).

The seasonal cycle of BDCT was not evaluated in Young et al. (2012) or Ossó et al.

(2015), hence there is no indication what it should look like. BDCT shows a very

different behaviour to w∗trop between December - May when it is computed using NH

extratropical temperatures. Instead of showing a reduction between boreal winter and

spring, as is the case for w∗trop, it shows an increase due to a more rapid increase in

the extratropics compared to the tropics during these months. There is another ‘jump’

between May and June when the calculation of the BDCT switches from the NH to the

SH cell. The overall minimum of the BDCT seasonal cycle occurs in July compared

to June for w∗trop. Between July and November, when the SH extratropics are used

for the calculation, the BDCT exhibits an increase that is qualitatively consistent with

the seasonal cycle of w∗trop. Overall, BDCT exhibits a statistically significant year-round
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correlation (r = 0.47±0.15) albeit not fully capturing the shape of the tropical upwelling

seasonal cycle.

Figure 4.2: Long-term (1979 − 2013) ensemble mean seasonal cycle of w∗trop (black),
BDCT (red), BDCw∗ (blue) and 50 hPa ozone averaged between 15◦S - 15◦N (magenta).
Ozone timeseries are lagged by +2 months. The year-round correlation coefficient of
each index with w∗trop is shown along with its associated error. It should be noted that
the year-round correlation between w∗trop and BDCT index is not statistically significant
(p > 0.05). The sign of BDCw∗ has been reversed to facilitate a comparison with the
other metrics.

Both BDCw∗ and BDCT show spurious behaviour at the time the indices switch hemi-

spheres. Hence their value in constraining features of the seasonal cycle is limited.

Furthermore, within the periods when a given hemisphere is used BDCw∗ does not re-

semble w∗trop during austral winter and spring and BDCT does not resemble w∗trop during

boreal winter and spring. Hence neither appears to be a good proxy for the behaviour

of w∗trop over the seasonal cycle.
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In terms of the stratospheric tracer composition, tropical O3 at 50 hPa exhibits an almost

mirrored seasonal cycle compared to w∗trop, with a high anti-correlation (r = 0.95±0.02;

regression slope of −0.71 ppm/mm s−1) similar to the observational study of Randel

et al. (2007). The anti-correlation between w∗trop and O3 maximises at a lag of +2

months. The lag could be explained due to the long-relaxation timescale of odd oxygen

and the cold temperatures in the lower stratosphere (Marsh and Garcia, 2007). Overall,

the year-round correlations between w∗trop and the residual circulation proxies were

similar across the three CESM1-WACCM ensemble members (not shown).

4.3.2 Interannual variability

Figure 4.3 shows the annual mean standardised anomalies of the indices described in

Section 4.2.2. The correlation of each index with w∗trop is shown in Table 4.1 for each

ensemble member (ri), across all members (ra) and the ensemble mean (rem), which cap-

tures the externally forced variations from the imposed SSTs and the nudged QBO that

are consistent amongst ensemble members. BDCT and BDCw∗ both exhibit remark-

ably similar interannual variability as compared to w∗trop in terms of the peak-to-peak

amplitude and temporal structure. For BDCw∗ , this simply means that the inclusion

of information on w∗extr does not deteriorate the correlation substantially (r > 0.93)

and therefore that interannual variability in w∗extr and w∗trop are strongly correlated, as

assumed in the formulation of BDCw∗ . For BDCT , the strong agreement with w∗trop on

interannual timescales holds for all three ensemble members with r > 0.77 (ensemble

mean regression slope is 1.15 K/mm s−1). This is despite the fact that the MSU4

weighting function includes part of the upper troposphere. Note that we include years

with major tropical volcanic eruptions (e.g. El Chichón in 1982 and Mount Pinatubo in

1991), which cause major temperature variations as well as affecting the BDC strength

(Fueglistaler et al., 2011), but based on the timeseries in Figure 4.3 these events do not

appear to strongly affect the correlations between metrics.

Tropical mean O3 at 50 hPa exhibits a statistically significant anti-correlation with w∗trop
on interannual timescales (r < −0.83), with relatively small variation across ensemble

members and the highest regression slope across all timescales considered in the study

(−1.54 ppm/mm s−1). The differences between the annual mean interannual O3 vs

w∗trop regression slope compared to the seasonal cycle, suggest a different relationship
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across timescales, potentially associated with QBO-induced variability including a shift

of subtropical barriers in the former (e.g. Baldwin et al., 2001; Ploeger et al., 2015b).

The results show that over a multi-decadal period in CESM1-WACCM, BDCT and O3

at 50 hPa are indeed very good proxies for interannual variability in w∗trop and BDCw∗ .

Figure 4.3: Annual mean standardised anomalies of w∗trop (black), BDCT (red), BDCw∗

(blue) and 50 hPa tropical average (15◦S - 15◦N) ozone (magenta). The timeseries are
deviations from a 10-year running mean. The ensemble mean timeseries are shown in
thick lines while the ensemble members in thin dashed lines. The correlation coefficients
between w∗trop and each metric are shown in the legend for the ensemble mean coloured,
respectively. The correlations for individual ensemble members are given in Table 4.1

We next analyse the interannual variability of the metrics by season. Recall that BDCT
and BDCw∗ are computed using the NH extratropics for December - May and the SH

extratropics for June - November; hence our choice of seasons (DJF, MAM, JJA, SON)

avoids averaging across the inter-hemispheric ‘jumps’ described in Section 4.3.1. Figure

4.4 shows timeseries of standardised anomalies of each metric by season. The corre-

sponding correlation coefficients for individual ensemble members are shown in Table

4.2.
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Metric r1i1p1 r2i1p1 r3i1p1 all ens. mean

BDCw∗ r1 = 0.93 r2 = 0.96 r3 = 0.93 ra = 0.94 rem = 0.98

BDCT r1 = 0.92 r2 = 0.86 r3 = 0.77 ra = 0.86 rem = 0.88

O3 r1 = −0.86 r2 = −0.91 r3 = −0.83 ra = −0.87 rem = −0.91

Table 4.1: Correlation between w∗trop and BDCw∗ , BDCT and tropical average (15◦S -
15◦N) ozone at 50 hPa. r1, r2 and r3 denote the correlations for each ensemble member
(r1i1p1, r2i1p1 and r3i1p1, respectively) while ra and rem denote the correlation for
the concatenated and ensemble mean timeseries. Correlations in bold are statistically
significant at the 95% confidence level.

The correlation between BDCT and w∗trop is significant year-round and in all ensem-

ble members (see Table 4.2). For a given season, the ensemble spread in the correlation

coefficient is generally larger than the difference in the correlation coefficient for all

members (ra) between seasons, indicating that BDCT explains a similar proportion of

variance in w∗trop over the whole year. The regression slope between BDCT and w∗trop
ranges between 0.5− 0.82 K/mm s−1 across seasons (for the ensemble mean), consid-

erably lower than for the annual mean. It should be noted that the regression slope

estimate between BDCT and w∗trop for JJA and SON seasonal means is not significantly

different from the annual mean where BDCT is computed from the SH extratropics, due

to SH extratropical temperature variability not being associated as strongly with w∗trop
as in other seasons or the annual mean on interannual timescales. The seasonal correla-

tions of BDCT are, however, systematically lower (r = 0.64− 0.70) than for the annual

mean in Figure 4.3 (r = 0.88). As expected, BDCw∗ exhibits a high correlation with

w∗trop throughout the year; however, the correlations in seasons where the NH extrat-

ropics are used are systematically lower by up to 0.09 (e.g. in MAM) than for seasons

where the SH extratropics are used. Interestingly, the ensemble mean correlation for

BDCT and BDCw∗ in MAM and for BDCT in DJF is consistently higher than for any

individual member, indicating that internal variability plays an important role in these

seasons. This will affect observed correlations since only one realisation exists.

Compared to the relatively high seasonal correlations for BDCT and BDCw∗ , 50 hPa

O3 exhibits a weaker but statistically significant anti-correlation with w∗trop across all
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seasons and ensemble members. The anti-correlation with 50 hPa O3 is stronger in JJA

(ra = −0.69) and weaker in MAM potentially associated with stronger mixing tenden-

cies (ra = −0.36), with similar behaviours in DJF and SON (ra = −0.57 and −0.55,

respectively). The correlation of the ensemble mean is substantially more negative in

DJF (rem = −0.73; regression slope of −0.87 ppm/mm s−1) than for the individual

members (ri = −0.56 to −0.58), indicating a relatively larger role for internal variabil-

ity in this season and a tighter relationship between O3 and w∗trop when the upwelling

is stronger.

Figure 4.4: Standardised anomalies of the w∗trop (black), BDCT (red), BDCw∗ (blue)
and 50 hPa tropical average (15◦S - 15◦N) ozone (magenta) for a) DJF, b) MAM, c)
JJA and d) SON seasonal means. Thick lines denote the ensemble means while the thin
dashed lines the ensemble members. The correlations for individual ensemble members
and the concatenated timeseries are given in Table 4.2.

In summary, BDCT captures a significant fraction of the year-to-year variation in w∗trop
(44 − 49%) on seasonal timescales, while O3 at 50 hPa generally captures less of the

variance (13− 48%).
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Metric DJF MAM JJA SON

r1 = 0.9 r1 = 0.86 r1 = 0.98 r1 = 0.94

r2 = 0.95 r2 = 0.87 r2 = 0.97 r2 = 0.94

BDCw∗ r3 = 0.93 r3 = 0.83 r3 = 0.96 r3 = 0.95

ra = 0.93 ra = 0.85 ra = 0.97 ra = 0.94

rem = 0.94 rem = 0.92 rem = 0.97 rem = 0.94

r1 = 0.62 r1 = 0.61 r1 = 0.64 r1 = 0.82

r2 = 0.68 r2 = 0.73 r2 = 0.68 r2 = 0.65

BDCT r3 = 0.68 r3 = 0.66 r3 = 0.58 r3 = 0.65

ra = 0.66 ra = 0.67 ra = 0.64 ra = 0.7

rem = 0.75 rem = 0.76 rem = 0.57 rem = 0.74

r1 = −0.57 r1 = −0.4 r1 = −0.71 r1 = −0.47
r2 = −0.56 r2 = −0.4 r2 = −0.75 r2 = −0.67

O3 r3 = −0.58 r3 = −0.27 r3 = −0.6 r3 = −0.5
ra = −0.57 ra = −0.36 ra = −0.69 ra = −0.55
rem = −0.73 rem = −0.37 rem = −0.75 rem = −0.6

Table 4.2: Correlation between the 1979-2013 w∗trop and BDCw∗ , BDCT and tropical
average (15◦S - 15◦N) ozone at 50 hPa for each season. r1, r2 and r3 denote the
correlations for each ensemble member (r1i1p1, r2i1p1 and r3i1p1, respectively) while
ra for the concatenated ensembles and rem for the ensemble mean. Correlations in bold
are statistically significant at the 95% confidence level.

4.3.3 Multi-decadal trends

To evaluate linear trends of the residual circulation proxies, we split the 1979 − 2013

period into two intervals to account for the changing behaviour of ODSs following

the implementation of the Montreal Protocol and its amendments. The first period

(1979− 1997) is characterised by increasing concentrations of ODSs causing increasing

ozone depletion and a well-documented global lower stratospheric cooling (see recent

review in WMO, 2018). The second period between 1998 − 2013 is associated with a

reduction in ODSs (and ozone depletion) while concentrations of other greenhouse gases

(GHGs) continued to increase. The motivation for considering these periods separately

lies with the fact the tropical lower stratosphere exhibited a global mean cooling trend

over 1979−1997, which has been attributed to ozone depletion (e.g. Forster et al., 2007;

Polvani and Solomon, 2012) with a smaller role for increasing GHGs (e.g. Maycock,

2016). The cooling of the global lower stratosphere ceased around the mid-1990s (e.g.

Maycock et al., 2018). In addition to the changing global mean temperature trend in
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the lower stratosphere, recent modelling studies have found that ODSs were the dom-

inant driver of an accelerated BDC since the 1970s (e.g. Polvani et al., 2019, 2018;

Abalos et al., 2019). These studies also report that in the future the decrease in ODSs

counteracts the GHG-driven acceleration of the BDC, hence we separate these two time

periods as they have been characterised by distinct residual circulation trends (Fu et al.,

2019). The fact that we do not analyse the whole time period 1979−2013, differentiates

our study from Young et al. (2012) and Ossó et al. (2015) who analysed monthly trends

for the observed BDCT and modelled BDCw∗ between 1979− 2005.

Figures 4.5 and 4.6 show monthly trends in the residual circulation indices analysed

over 1979 − 1997 and 1998 − 2013, respectively. The units are arbitrary but the sign

of the BDCw∗ trends is reversed to facilitate the comparison with w∗trop. This means

that, as plotted, a positive trend in w∗trop, BDCT and BDCw∗ indicates a strengthening

of the BDC. One common feature is that all residual circulation proxies exhibit larger

uncertainties over the second period (1998− 2013; Figure 4.6), which may be partly a

consequence of it being a shorter time interval (16 years compared to 20 years). Consis-

tent with this, it was shown that dynamical variability can mask upwelling trends on

multi-decadal timescales (Hardiman et al., 2017).

Over the first period 1979 − 1997, w∗trop shows a statistically significant positive trend

in around half of the months consistent with a strengthening of the BDC during the

period of ozone depletion (Abalos et al., 2015). Interestingly, in contrast to some pre-

vious studies we find a significant positive trend in w∗trop in November-December, but

no trend in January-February. There is a smaller but statistically significant positive

trend in MAM and August-September. The BDCw∗ monthly trends are more uncertain,

exhibiting significantly larger confidence intervals compared to the rest of the residual

circulation proxies, associated with the larger extratropical variability during DJF com-

ing from the NH and SON in the SH. BDCw∗ shows a pronounced strengthening of the

residual circulation in December and January associated with enhanced downwelling

over the NH extratropics. While some months show statistically significant positive

trends that qualitatively match the w∗trop trend, there are months with significant neg-

ative BDCw∗ trends (February, July) when w∗trop shows no trend. Hence, the overall

year-round correlation between w∗trop and BDCw∗ trends is non-significant (rem = 0.15).
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The BDCT trends do not show a good agreement with the sign of the w∗trop trends

across most months, manifested as a fairly weak year-round correlation (rem = 0.36).

There are some notable exceptions where the sign of the BDCT trends and w∗trop do not

match (e.g. November) while only half of the time, their monthly trends lie consistently

within the confidence intervals of the other. Tropical O3 exhibits negative trends across

all months with a year-round anti-correlation with w∗trop of r = −0.50. However, it

must be borne in mind that chemical ozone loss could have contributed to a decrease

in tropical ozone over this period. One way to test this would be to examine a simula-

tion with fixed ODS levels, however, given the evidence from models that ODSs forced

most of the residual circulation trend over this period, this would not provide a clean

comparison with the results in Figure 4.5.

The second period 1998 − 2013 exhibits distinct differences in the trends of all proxy

measures compared to the first period where ODSs were increasing. w∗trop shows a

statistically significant positive trend in austral winter and a negative trend between

September-December. It should be noted that the annual mean tropical upward mass

flux trends at 70 hPa starting around the turn of the 21st century were not positive

across most of the CCMI REF-C1 simulations (including CESM1-WACCM) evaluated

in Chrysanthou et al. (2019). The correlation of BDCw∗ trends with w∗trop is as sim-

ilarly low in this period as for 1979 − 1997. Conversely, BDCT trends more closely

follow the w∗trop trends with a substantially higher (compared to 1979 − 1997) and

statistically significant year-round correlation of rem = 0.73, characterised by the high-

est, albeit statistically uncertain regression slope across all timescales considered here

(1.51 K/mm s−1). It is unclear why BDCT would better capture w∗trop trends in the

second period, but this could potentially be due to a pronounced role of increasing

GHGs in the temperatures of the UTLS.

The tropical ozone trends are also different in the 1998-2013 period, with positive trends

during NH autumn/winter (October, November and December) and a negative trend

from April to August, especially in JJA. The year-round anti-correlation is stronger be-

tween w∗trop and tropical O3 in this period as compared to over 1979-1997 (r = −0.82)

as well as statistically significant (regression slope is −1.3 ppm/mm s−1).
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Figure 4.5: Monthly trends of the ensemble mean CESM1-WACCMREF-C1 over 1979−
1997 for the w∗trop (black), BDCT (red), BDCw∗ (blue) and tropical average (15◦ S -
15◦ N) O3 at 50 hPa (magenta). A 7-year running mean was computed prior to the
calculation of the trends. The trends units are in km year−1 dec−1 for w∗trop and
BDCw∗ , K dec−1 for BDCT and 10 × ppm dec−1 for O3. The whiskers denote the
range of the 95 % confidence level of the trends. The year-round linear cross-correlation
coefficients between w∗trop and each other metric is shown in the upper centre part of
the figure, coloured with the colour of each metric, respectively. The sign of the BDCw∗

trends is reversed in order to facilitate the intercomparison.

It should be noted that attributing the drivers of the above trends over such short

periods may be problematic as the signal to noise ratio can be relatively low over a

short time period. Moreover, different trend analysis methods have the potential to

exhibit different results hence other approaches were explored in this study. A multiple

linear regression (MLR) analysis was also applied for the monthly trends of all metrics

considered in this study accounting for known natural drivers of tropical lower strato-

spheric variability; the El Niño-Southern Oscillation (ENSO), major volcanic eruptions

and quasi-biennial oscillation, similar to Chrysanthou et al. (2019), albeit without con-

sidering a linear trend regressor. Additionally, a lag for the ENSO signal in the MLR
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Figure 4.6: As in Figure 4.5 but for 1998− 2013.

was also considered as this process is not expected to be instantaneous; it would take

time for a regressor to drive the tropical lower stratospheric variability of all proxies

considered in this study (Marsh and Garcia, 2007). However, w∗trop, tropical O3 at

50 hPa and ENSO signal were not found to exhibit strong correlations between them in

the lower stratosphere (100-50 hPa) under a range of different lags considered, hence a

lag in the ENSO regressor was not used. Subsequently applying a linear trend analysis

on the residuals between the original and reconstructed monthly timeseries of all MLR

proxies revealed that most of the monthly trends were not statistically significant while

the year-round correlations between the tropical upwelling and the rest of the proxies

were also adversely affected, hence are not shown.

4.4 Summary and conclusions

Quantifying variability and trends in the stratospheric residual circulation is hampered

by a lack of observational constraints and discrepancies amongst reanalysis datasets. We

have performed an intercomparison of indirect proxy measures of the residual circulation
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in the lower stratosphere based on observable quantities within a modelling framework.

We used an ensemble of free-running historical simulations from the CESM1-WACCM

model covering the period 1979 − 2013. We used the tropical average w∗ (w∗trop) at

70 hPa as the reference measure of the residual circulation. Additionally, for the sake of

completeness, we use a slightly modified version of BDCw∗ at 70 hPa from Ossó et al.

(2015), which incorporates information on w∗ from the tropics and extratropics. As

observation-based measures, we use a temperature-based measure of the residual circu-

lation (BDCT ) in the lower stratosphere, originally defined by Young et al. (2012). We

also include the tropical average ozone at the 50 hPa level as a tracer that is controlled

by the residual circulation through vertical advection.

For the mean seasonal cycle, the strongest anti-correlation with w∗trop was for tropi-

cal O3 at 50 hPa lagged by 2 months, similar to the result of Randel et al. (2007). The

temperature-based measure, BDCT , captured the general behaviour of an increasing

residual circulation during austral spring, but did not capture the behaviour in boreal

winter and did not reproduce a realistic seasonal cycle. This is in part because of the

way the index is calculated using opposite hemispheres for the extratropics in different

months.

On interannual timescales, the annual-mean BDCT and tropical O3 exhibit excellent

agreement (|r| ∼ 0.9 for the ensemble mean) with w∗trop. Hence BDCT and tropical

O3 at 50 hPa are useful indices for representing annual mean variability in tropical up-

welling (cf. Weber et al., 2011). For the seasonal means, BDCT and tropical O3 are

still significantly correlated with w∗trop but to a lesser extent than for the annual mean.

We further considered long-term trends in the indices over 1979−1997 and 1998−2013.

The first period is characterised by increasing concentrations of ODSs, while the second

period experiences decreasing ODSs. All residual circulation measures exhibit statisti-

cally significant trends across some months in both periods, with larger uncertainties

over 1998−2013 compared to the first period. The year-round correlation of the monthly

BDCT trends with the w∗trop trends is rem = 0.73 in the second period but 0.36 in the

first period. Ossó et al. (2015) considered the correlation between trends in BDCT
and BDCw∗ (excluding May) over 1979 − 2005 and found a correlation of 0.71. Our
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results show this finding may be sensitive to the time period considered. Tropical mean

50 hPa O3 trends are negative over 1979−1997 and are anti-correlated with w∗trop trends

(rem = −0.5). For the period 1998− 2013, the anti-correlation increases (rem = −0.82)

though caution must be taken as we have not separated the role of chemical loss from

transport in determining the ozone trends.

Of the proxy measures considered here, the BDCT appears to be a good proxy for

the residual circulation on shorter timescales, but its representativity for long-term

trends may depend on the time period. This should be borne in mind for other studies

using this measure to approximate observed residual circulation trends (e.g. Fu et al.,

2010, 2015, 2019; Young et al., 2012). Owing to limitations of the model data, we have

not considered all methods for estimating the residual circulation in the tropical lower

stratosphere, for example using the advection of the water vapour tape recorder (e.g.

Minschwaner et al., 2016) or the behaviour of the QBO (Kawatani and Hamilton, 2013).

These areas would be ripe for future investigation.
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4.5 Supplementary material

Figure S4.1: Vertical lagged correlation analysis between w∗trop and tropical (15◦S -
15◦N) average O3 denoted magenta colour. The lag corresponding to each pressure
level on the Y axis is 2, 2, 2, 2, 2, 1, 1, 13, 9 months for O3 at 50 hPa. The maximum
anti-correlation value is found for O3 at 50 hPa for +2 months.
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Figure S4.2: Vertical profile of the MSU4 channel weighting function. Left Y axis
denotes the pressure range corresponding to the black line and right Y axis the altitude
range corresponding to the red dashed line. The values of left and right Y axes are not
reflecting each other.
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Chapter 5

Conclusions

The Brewer-Dobson circulation (BDC) forms a fundamental part of the global atmo-

spheric circulation and plays important roles in controlling the distribution of trace

gases in the stratosphere. While the processes that control the BDC are relatively

well understood, there remain gaps in our knowledge of how these processes respond

to an evolving climate state and whether global models are able to adequately repro-

duce them. This thesis has addressed several topics related to our understanding of the

stratospheric residual circulation, the advective part of the BDC, and its representation

in models under historical and future climates. In this chapter, I summarise the main

findings of this thesis before detailing further work that could be conducted motivated

by the results from this work.

5.1 Key findings

I first return to the aims of this thesis as set out in Section 1.6. These were set to:

1. Evaluate the representation of the stratospheric residual circulation in a suite

of “specified dynamics or nudged” chemistry-climate simulations and assess their

performance against free-running simulations and reanalysis datasets.

2. Design and perform climate model simulations to quantify the importance of ra-

diative effects (rapid adjustment), global-average ocean warming and the local

patterns of ocean warming for the BDC response to GHG-induced climate change,

and assess the extent to which they can be linearly combined to explain the overall

response.
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3. Investigate the robustness and interchangeability of different observational-based

BDC measures within a modelling framework, to determine which measures most

closely reproduce the simulated residual circulation and its variability on different

timescales.

The work presented in Chapter 2 addressed the first aim using a suite of “specified-

dynamics” hindcast simulations recently performed by the World Climate Research

Programme (WCRP)/Stratosphere-troposphere Processes And their Role in Climate

(SPARC) Chemistry-Climate Model Initiative (CCMI) where models are relaxed to-

wards reanalysis fields of horizontal winds and temperature (or vorticity and diver-

gence). This work was published in Atmospheric Chemistry and Physics (Chrysanthou

et al., 2019).

It was found that using nudged meteorology does not constrain the mean strength of the

residual circulation. The climatological residual circulation was found to be different in

terms of magnitude and structure from both equivalent free-running simulations from

the same models and from that estimated in the reanalysis dataset used for nudging.

Importantly, nudging leads to a discrepancy between the directly estimated mean circu-

lation and that derived from the total wave forcing via the downward control principle

(DCP; Haynes et al., 1991). The addition of a non-physical tendency in the model equa-

tions appears to decouple the residual circulation from the wave forcing in the nudged

models, violating the steady-state balance between the mean flow and eddy motions

(Haynes et al., 1991). The disagreement between the direct residual circulation and the

momentum balance estimate was found not to be as strong in the middle stratosphere

as in the lower stratosphere, possibly associated with differences in the effect of nudging

in the shallow and deep branches of the circulation (Birner and Bönisch, 2011). I posit

that the model-specific details of how the nudging is implemented, such as the relaxed

variables, the altitude range and timescales that the nudging is applied, are likely to

affect the details of this decoupling.

In contrast, nudging was found to tightly constrain the interannual variability of the

tropical upward mass flux in the lower stratosphere, associated to the resolved and pa-

rameterised wave forcing contributions, despite the fact that the models use different
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reanalysis datasets for nudging. The reason why nudging does not constrain the mean

strength of the residual circulation while it does constrain the interannual variability in

the lower stratosphere is unclear. A potential mismatch between the mean state of the

model and the reanalysis driving a continuous spurious forcing via nudging (Miyazaki

et al., 2005) could be the reason that nudging affects the mean adversely but tightly

constrains the interannual variability; however, a detailed investigation of the nudg-

ing effects could not be performed in the context of a multi-model study and further

investigation of this point is a topic for future study (see Section 5.2). Recent model-

specific sensitivity studies of different specified dynamics schemes evaluated in Davis

et al. (2020) have highlighted a promising avenue in tackling the reasons for discrep-

ancies associated with how the nudging is implemented across different models (Orbe

et al., 2020a).

Regarding long-term trends, most nudged simulations exhibit a statistically significant

positive trend in the lower stratospheric tropical upward mass flux over 1980 − 2009.

However, in many cases this is distinct in amplitude and sign from the reanalysis dataset.

Specifically, while the ERA-Interim reanalysis shows a negative residual circulation

trend over this period (Abalos et al., 2015), most nudged simulations relaxed towards

ERA-Interim show a positive trend. Remarkably, trends starting from the late 1990s up

to 2009, are mostly positive in the nudged simulations, disagreeing with a slowdown of

the BDC since the turn of the century seen across all reanalysis products associated with

the decreasing role of ODSs in driving the stratospheric circulation also seen in models

(Abalos et al., 2019; Polvani et al., 2019, 2018). Further investigation of the sensitivity of

trends with respect to the time period considered revealed that statistically-significant

lower stratospheric tropical upward mass flux trends need at least 12 years (in most

cases around 20 years) to emerge in the nudged simulations broadly corroborating the

findings of (Hardiman et al., 2017b). The results highlight important limitations of

using nudged simulations to study long-term trends of stratospheric tracers.

In summary, the results of Chapter 2 show that nudging in chemistry-climate model

simulations indeed affects the residual circulation in the stratosphere without necessar-

ily improving it, similar to the concurrent findings of Orbe et al. (2018) for tropospheric

large-scale transport. This showed that the simulated vertical winds are not similar to
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the reanalysis and can be far from the free-running simulations. Nevertheless, nudging

may be useful in cases where model biases need to be removed (Hardiman et al., 2017a)

and/or the temperature-dependent chemistry is of interest (e.g. Froidevaux et al., 2019).

Nudging towards anomalies rather than the full fields may improve the simulation of

reanalysis trends and preserve the model’s climatology (Davis et al., 2020). All things

considered, at the present time I would urge caution in drawing quantitative compar-

isons of stratospheric tracers affected by the residual circulation in nudged simulations

against observational data until the mechanistic details of the nudging effects are fully

understood.

The second aim of this thesis was addressed in Chapter 3, which used the Hadley

Centre Global Environmental Model 3 to quantify the distinct contributions from the

radiative effects of CO2, the global mean SST magnitude and the SST pattern to the

projected long-term change in the residual circulation under a 4×CO2 forcing experi-

ment. This work was published in Weather and Climate Dynamics (Chrysanthou et al.,

2020). The results show that under the 4×CO2 perturbation, the annual mean mass

flux in the tropical lower stratosphere increases by 45%. This arises mainly from the

uniform SST warming (∼ 70%) while the contribution from the rapid adjustment was

found to be ∼ 20%, approximately double that attributed to the effect of the SST pat-

tern. Conversely, in the upper stratosphere, where the deep branch of the BDC resides,

the increase in mass transport of the BDC exhibits similar contributions from the uni-

form SST warming and the rapid adjustment. The importance of the spatially averaged

near-surface warming is in agreement with the findings of Lin et al. (2015), while the

magnitude of the effect of SST pattern is broadly consistent with the lower stratosphere

changes on interannual timescales associated with ENSO (Calvo et al., 2010; Simpson

et al., 2011) although the details of the SST pattern are rather different under climate

change.

Mechanistically, the increased residual circulation in the lower stratosphere reflects a

modulation of the location of the Rossby wave critical layers allowing for an enhanced

penetration of Rossby wave activity into the subtropics due to a strengthening of the

subtropical jets under increasing GHGs (e.g. Calvo and Garcia, 2009; Shepherd and

McLandress, 2011; Hardiman et al., 2014); this feature is largely reproduced from the
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uniform SST warming. Nevertheless, in the upper stratosphere the important role of

the rapid adjustment associated with stratospheric cooling by CO2, highlights a draw-

back in our mechanistic understanding of the controls on wave propagation to higher

altitudes in the stratosphere and mesosphere. The radiative cooling in the stratosphere

from CO2 is relatively uniform (Fels et al., 1980) and cannot account for any substantial

direct changes in the zonal flow through thermal wind balance. To explain the Eliassen-

Palm flux divergence changes induced by the rapid adjustment component of the full

4×CO2 response, I postulate that the reduced static stability associated with the tem-

perature response to CO2 alters the refractive index, thereby impacting on Rossby wave

propagation. The above findings suggest that there are two characteristic timescales

in the response of the BDC to increasing CO2, with the relative importance of each

timescale for the long-term response being height dependent. In the shallow branch of

the circulation, the tropospheric and ocean warming reflected through changes in the

subtropical jets mainly modulates the BDC response, while in the deep branch of the

circulation, a slow response due to tropospheric warming acts in tandem with a fast

timescale associated with the CO2 radiative cooling.

Further experiments to investigate the impact of model uncertainty in the global mean

SST response to CO2, as a proxy for climate sensitivity, showed that in the lower strato-

sphere, the uncertainty in the contribution from uniform SST warming is larger than the

absolute contribution from both the rapid adjustment and SST pattern. Conversely, in

the upper stratosphere the model spread in the magnitude of global mean SST increase

gives an uncertainty that is comparable to the magnitude of the rapid adjustment. In

agreement with Hardiman et al. (2014), I derive an approximate relationship between

the tropical upward mass flux in the lower stratosphere and on global surface air temper-

ature of ∼ 9% K−1. However, the estimate of Hardiman et al. (2014) implicitly includes

the contributions of the rapid adjustment and SST pattern effects which Chapter 3

explicitly separates.

Neglecting ozone feedbacks is an important caveat of this study, as it was shown that the

ozone response to a 4×CO2 perturbation affects the zonal mean extratropical strato-

spheric circulation (Chiodo and Polvani, 2017). Furthermore, the CO2 perturbation

applied is very high compared to projected CO2 concentrations during the 21st century.
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Smaller perturbations will mean the SST pattern effects will become relatively more

important as compared to the rapid adjustment and global mean SST response.

The third and final aim of this thesis was addressed in Chapter 4, which is a manuscript

in preparation for Atmospheric Science Letters. This addresses the fact that the residual

circulation cannot be directly measured, and as a consequence various indirect observed

measures have been used to quantify the circulation. This work focuses on compar-

ing the measures within a self-consistent modelling framework using an ensemble of

hindcast simulations with CESM1-WACCM, and evaluating the extent to which they

capture the behaviour of the residual circulation in the tropical lower stratosphere on

different timescales. The indirect measures used as proxies for the residual circulation

may be impacted by unrelated processes and different studies have used different in-

direct measures making them hard to intercompare. The reference measure for this

comparison is the modelled TEM tropical upwelling while the proxies include measures

of the contrast in lower stratospheric temperatures between the tropics and extratropics

as well as ozone concentrations in the tropical lower stratosphere.

It was found that in the mean seasonal cycle, the tropical O3 at 50 hPa lagged by

2 months exhibits the strongest anti-correlation with tropical lower stratospheric up-

welling. Conversely, the temperature-based measure did not closely reproduce the sea-

sonal cycle in tropical upwelling, as it uses opposite hemispheres for the extratropics in

different months. The temperature-based index and tropical mean O3 at 50 hPa were

found to be good proxies for the residual circulation in the lower stratosphere on in-

terannual timescales (|r| ∼ 0.9 for the ensemble mean). To a lesser degree, the same

applied for the seasonal mean, where almost all correlations with the tropical upwelling

are statistically significant.

By separating the full time period into two sub-periods, 1979− 1997 and 1998− 2013,

characterised by increasing and decreasing concentrations of chlorine-based ODSs re-

flected on ozone decreases and increases, respectively, the relationship of trends in the

proxy measures to that of tropical upwelling were analysed. The temperature-based

index and the tropical mean 50 hPa O3 exhibited statistically significant year-round

correlations with tropical upwelling over the 1998 − 2013 period (rem = 0.73 and
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rem = −0.82), respectively), which were substantially higher than in the 1979 − 1997

period. Nevertheless, for the tropical mean 50 hPa O3 monthly trends, the role of trans-

port associated chemical losses was not quantified, hence caution must be exercised. For

the temperature-based index, the year-round correlation with the tropical upwelling in-

dicates a sensitivity to the time period considered, when compared to the findings of

Ossó et al. (2015).

Overall, the temperature-based index, originally defined in Young et al. (2012), ex-

hibits encouraging features as a proxy measure of the residual circulation in the tropical

lower stratosphere, particularly on interannual timescales. However, for multi-decadal

timescales, its close relationship with the residual circulation in the lower stratosphere

may be conditional on the time period, a factor that should be taken into consideration

when using this measure to infer residual circulation trends based on observations. (e.g.

Fu et al., 2010, 2015, 2019; Young et al., 2012; Ossó et al., 2015).

Synthesising the above results, the overarching aim of this PhD was achieved by pro-

ducing high-quality research that has addressed model uncertainties and/or directly

improved the modelling of the stratospheric residual circulation under both historical

and future climates. In Chapter 2, I was able to demonstrate that the “specified-

dynamics” simulations of a state-of-the-art suite of chemistry-climate models are not

currently suited and well understood to be used in order to study the stratospheric

composition. This type of simulation is not yet sufficiently optimised and introduces

dynamical uncertainties in the model as reflected onto the residual circulation advection

processes, bar its control in the interannual variability in the lower stratosphere. Until

the errors introduced by this type of simulation onto the mean state are rectified, cau-

tion has to be exercised when interpreting stratospheric tracer distributions. Moreover,

in Chapter 3, I was able to illustrate that a delineation of the components associated

with the modelled response of the BDC to an abrupt-4×CO2 perturbation, can be ap-

proximated to a large extent, without the need to use a coupled-ocean integration. A

set of atmosphere-only sensitivity simulations including the separated atmospheric ra-

diative, global ocean and local ocean responses respectively, can be used to approximate

the centennial equilibrium full residual circulation response to a quadrupling of CO2.

Mechanistically, I demonstrated the existence of two characteristic timescales in the
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residual circulation response acting on different altitudes and these timescales are asso-

ciated with different components. In the lower stratosphere, the slow response forced by

the tropospheric and global ocean warming-induced enhanced planetary wave activity,

dominates. In the upper stratosphere, the response is characterised in equal measures

by the former slow response and a much faster response associated with the direct atmo-

spheric effects of increased CO2. Last but not least, in Chapter 4 work, I examined the

interchangeability between the modelled residual circulation and observational-based

indirect proxy measures in the tropical lower stratosphere, across different timescales.

Assuming that the model resolves all necessary processes, I was able to demonstrate the

usefulness of a temperature observational-based proxy measure of the residual circula-

tion on interannual timescales within a chemistry-climate model framework. Notably,

modelled tropical mean ozone when lagged, captures a remarkably consistent percent-

age of the residual circulation variability features across multiple timescales, improving

our understanding of model processes associated with advection. Overall, this work

has progressed our understanding pertaining to mechanistic and diagnostic processes

related to the stratospheric residual circulation in numerical simulations.

5.2 Future work

Based on the results of Chapter 2, there are a several unresolved issues relating to the

application of nudging in climate models. An important open question is why does

the nudging have different effects on the climatological mean circulation in contrast to

the interannual variability. A potential way to investigate the mechanistic details of

nudging for this question would be a similar approach to Smith et al. (2017) but for

the stratosphere. This would entail nudging the model to its free-running version and

assessing the error growth rate of the model dynamical fields across various timescales

(hourly to multi-decadal) including its effects on diffusion, convection and gravity wave

parameterisation schemes in order to pinpoint the timescales where nudging adverse

effects emerge. On a technical note, how the choice of nudging parameters affects the

simulated stratospheric circulation remains an open question, albeit now partly ex-

plored for a single model (Davis et al., 2020; without considering relaxation timescales).

A potential way forward would be to study how a diabatic forcing perturbs the residual

circulation by imposing tendencies in the thermodynamic equation. Calculation of the
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thermodynamic balance estimate of the residual circulation through diabatic heating

rates could provide insights of how this process ultimately affects the model dynamics.

A further topic for investigation is the extent to which there may be a relationship

between model biases and the effect of nudging on the residual circulation. Addition-

ally, the matter of the larger residuals between the direct estimate of tropical upward

mass fluxes and the total diagnosed wave forcing quantified using the DCP formulation

(Haynes et al., 1991) in the nudged simulations could also be potentially explored. In

order to tackle this issue, calculation of the momentum balance estimate of the residual

circulation might be key in providing some answers. It is possible that the calculation

of the residual circulation based on the thermodynamic and momentum balance for the

nudged simulations might result in a whole different behaviour compared to the direct

TEM framework used in Chapter 2.

In terms of the response of the residual circulation to climate change, future work

could probe the mechanism of how the rapid adjustment affects the residual circula-

tion, which remains less well understood. I postulated that the stratospheric radiative

cooling alters the refractive index ultimately affecting the propagation and breaking

characteristics of Rossby waves in the stratosphere; however, a detailed investigation

of this potential mechanism would be an interesting problem to tackle. Eichinger and

Šácha (2020) have highlighted potential technical problems associated with an overes-

timation of the residual circulation acceleration in climate models due to a shrinking

caused by the stratospheric cooling over time. This it turn, affects the transformation

assumptions used by models to compute the necessary diagnostics, illustrating the im-

portance of investigating this mechanism in detail. Quantification and attribution of

type (transient/stationary and planetary/synoptic) of the resolved waves forcing the

BDC under increasing GHGs via a wavenumber-frequency decomposition could also

add to the results of Chapter 3. Additionally, investigating the transient behaviour of

the BDC response and the characteristics of the different timescales of the responses in

abrupt-4×CO2 simulations with coupled ocean would be insightful. Another interesting

research pathway would be to address the influence of ozone-climate feedbacks on the

results. To reduce the cost of running climate simulations with interactive chemistry

this could make use of novel data science approaches as shown in Nowack et al. (2018) in

climate sensitivity simulations. Specifically, Nowack et al. (2018) demonstrated that by
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applying a relatively simple temperature-based machine learning algorithm, the ozone

distributions in pre-industrial or abrupt-4×CO2 simulations could be predicted reliably.

Hence, this computationally efficient method of including the missing ozone feedbacks

on the projected acceleration of the BDC could be applied in a similar fashion in the

modelling framework of Chapter 3 in order to evaluate the importance of stratospheric

ozone variability compared to a fixed climatology.

Another potential research pathway forward could be partly motivated by the results

of Chapter 4. Based on recent observational evidence, lower stratospheric ozone has

been declining since 1998 (Ball et al., 2018), in contrary to the expectations of the at-

mospheric community as ozone exhibits a recovery in the upper stratosphere (e.g. Ball

et al., 2017) as well as a total column ozone recovery over Antarctica (Solomon et al.,

2016). However, it was shown that nudged chemistry-climate models were not success-

ful in capturing the observed lower stratospheric ozone variations (Ball et al., 2018)

attributing this discrepancy to large interannual variability. Conversely, Chipperfield

et al. (2018) using a chemistry-transport model, were able to reproduce the observed

ozone variability attributed to atmospheric dynamics in the region, corroborated by

Wargan et al. (2018) using the the Modern-Era Retrospective Analysis for Research

and Applications Version 2 (MERRA-2) reanalysis product. Even more recently, Orbe

et al. (2020b) pinpointed the advective residual circulation as the primary driver of

these ozone variations using a set of Goddard Earth Observing System (GEOS) general

circulation model simulations with a slightly different nudging approach compared to

Ball et al. (2018). Nonetheless, Orbe et al. (2020b) also demonstrated that the circu-

lation changes associated with the lower stratospheric ozone variations in both their

nudged simulation and MERRA-2 product were outside the range of the internal vari-

ability bounds estimated via an ensemble of free-running simulations with the same

model. Future work could entail a comprehensive model investigation into the mecha-

nisms associated with the role of the advective residual circulation on the recent lower

stratospheric ozone variations as well as any potential reasons for the discrepancies be-

tween observations, free-running/nudged models and reanalysis products.

Future work could also take advantage of a relatively new and powerful tool in climate
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modelling used to sample more completely the range of internal climate variability, con-

sisting of a large number of ensemble members with identical forcings initiated from

slightly different initial conditions. These ‘large ensemble’ experiments represent cli-

mate variations in the model due to random internal variability. They have been used

to separate the externally forced response from internal variability, provided that the

model can capture the relevant physical processes, hence quantifying the possibility of

what could happen in the real world, as in a single realisation (e.g. Deser et al., 2012;

Seviour et al., 2017; Maher et al., 2019). Future work could entail investigating the

projected strengthening of the BDC under increasing GHG scenarios in such a frame-

work (e.g. Max Planck Institute Grand Ensemble; Maher et al., 2019) that would allow

disentangling the forced residual circulation response from internal variability.

Gravity wave effects are very important for the middle atmosphere circulation and

they have a substantial impact on the stratospheric tracer distribution (Eichinger et al.,

2020); however, there remain large uncertainties in the representation of gravity wave

fluxes in models. From a model development point of view, novel data science ap-

proaches (e.g. machine learning) could be applied to investigate and potentially improve

atmospheric gravity wave sub-grid parameterisations (orographic and non-orographic)

in climate models. Another research pathway could be put into the context of studying

the implications, based on the quasi-geostrophic theory, related to the compensation

between resolved planetary-scale and parameterised wave driving of the BDC in mod-

els, manifested both in the climatological mean and wave forcing changes under climate

change (Cohen et al., 2013; Sigmond and Shepherd, 2014).
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