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Convergent Cenozoic CO2 
history
David J. Beerling and Dana L. Royer

Reconstructions of atmospheric carbon dioxide concentrations over the past 65 million years are 
heading towards consensus. It is time for systematic testing of the proxies, against measurements and 
against each other.

Atmospheric carbon dioxide is 
clearly a primary driver of global 
temperature change1, but efforts 

to slow anthropogenic emissions from 
fossil fuel burning and land use change 
are failing. Average increases in the rates 
of fossil fuel CO2 emissions more than 
tripled from 1% per year in the 1990s to 
3.7% per year in the following decade2. 
The Earth’s atmosphere is steadily heading 
towards a burden of greenhouse gases 
not seen for some 20 million years. This 
burden will lead to a warmer future both 
in our lifetime and for generations to 
come as the energy balance of the Earth 
system slowly comes into equilibrium 
with rising greenhouse gas concentrations. 
Our planet’s climatic future can be 
estimated from an understanding of 
ancient climate change without recourse 
to computer models of Earth’s climate 
system — but only if we have reliable 
information on past concentrations of CO2 
in the atmosphere3. 

The past 65 million years (Myr) of 
Earth history is known as the Cenozoic 
era and encompasses large climate 
variations, including the transition from 
an ice-free planet to the onset of the 
Pleistocene glacial–interglacial cycles. 
This interval also saw the origin and 
worldwide diversification of grasses with 
the C4 photosynthetic pathway that today 
dominate savannas4. Over the past 50 Myr, 
the Cenozoic climate trend is characterized 
by a deep-sea cooling of approximately 
12 °C thought to have been forced by 
changes in atmospheric greenhouse 
gas composition3.

A decade ago, efforts to reconstruct 
atmospheric CO2 levels during this era 
showed fundamental disagreements 
between different proxy indicators of 
atmospheric CO2 concentrations5. This 
was especially true for the first half of the 
Cenozoic, with discrepancies between 
proxies5 spanning a range from less than 
300 ppm to more than 3,000 ppm. Our 

extensive compilation of 370 revised 
estimates of Cenozoic CO2 levels (see 
Supplementary Information) reveals 

better agreement and documents a 
coherent pattern of CO2 change, with a 
clear connection to global temperature 
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Figure 1 | Earth’s Cenozoic atmospheric CO2 history by proxy. Deep-sea temperatures3 (upper panel) 
generally track the estimates of atmospheric CO2 (lower panel) reconstructed from terrestrial and 
marine proxies following recent revisions (see Supplementary Information). Errors represent reported 
uncertainties. Symbols with arrows indicate either upper or lower limits. The vertical grey bar on the 
right axis indicates glacial–interglacial CO2 range from ice cores. The top blue bar indicates approximate 
timing of ice-sheet development on Antarctica. Horizontal dashed line indicates the present-day 
atmospheric CO2 concentration (390 ppm).
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Superrotation
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A state in which the atmosphere has greater axial angular 
momentum than equatorial solid-body rotation:

M = ⌦a2 cos2 '+ u a cos' > ⌦a2
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Superrrotation in warm climates

(Caballero & Huber GRL 2010)

COLD (1xCO2) HOT (32xCO2)

Zonal-mean zonal wind in simulations with CAM3 coupled to aquaplanet slab ocean
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What drives superrotation?

Zonal-mean momentum budget:

mean flow  
(conserves M)

large-scale eddies viscosity 

spheric GCM configured to represent an Earth-like aquaplanet with warm surface temperatures.88

As in previous work (Caballero and Huber 2010; Arnold et al. 2013) these simulations feature an89

enhanced MJO which drives upper-tropospheric superrotation, and we study the momentum fluxes90

associated with the MJO in some detail. By manipulating the equator-pole temperature contrast91

and tropical viscosity, we find we can induce surface superrotation albeit in an extreme parameter92

regime. In Section 5 we discuss our findings in a broader context and summarize our conclusions.93

2. Equatorial momentum balance94

a. Pathways to surface superrotation95

The zonal-mean zonal momentum balance in pressure coordinates can be written as96

∂tu = ( f �∂yu) v � w∂pu � ∂yu0v0 � ∂pu0w 0 � g∂pt (1)

where the first two terms on the r.h.s. represent momentum redistribution by the mean meridional97

circulation (MMC), the second two terms represent momentum redistribution by eddies and the98

last term represents vertical viscosity, expressed as the convergence of the zonal-mean stress t99

(with units of Pa) due to vertical transport of zonal momentum by small-scale eddies and convec-100

tion. Throughout, overbars represents the zonal mean, primes a deviation therefrom, and other101

symbols have their standard meaning.102

Integrating vertically and assuming steady state, we have103

�hv∂yui�hw∂pui�∂yhu0v0i� ts = 0 (2)

where h·i = g�1 R ps
0 (·) d p, ps is surface pressure and ts is the zonal-mean zonal surface stress,104

which can be related to surface zonal wind us by the linearized bulk aerodynamic formula ts = gus105

where g an exchange coefficient (defined positive; note that since we are using pressure coordi-106

6

‣ Mean flow conserves angular momentum 

‣ Downgradient (diffusive) eddy momentum fluxes can only dilute M maxima 

‣ Superrotation requires countergradient eddy momentum fluxes by large-scale eddies 



Tropical eddies drive warm-climate superrotation
Aquaplanet (CAM4) with very warm surface temperature
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What are these tropical eddies?
‣ Leading EOF of tropical variability looks a lot like the Madden-Julian Oscillation

FIG. 7. Regression of leading PC of tropical upper-tropospheric variability onto
(a) geopotential height (shading), temperature (contours at intervals of 0.3K; negative dashed;
zero thick), and zonal–vertical wind (arrows; u0 and v0 have been scaled so arrows point in their
true directionwithin the axes) averaged between 58S and 58N; (b) geopotential height (shading),
v (single contour at 2 Pa s21; negative dashed) and horizontal wind (arrows) averaged between
100 and 200 hPa; (c) as in (b), but averaged between 600 and 900 hPa; and (d) surface pressure
(shading), v at 900 hPa (thick and thin contours at 2 and 1 Pa s21 respectively; negative dashed)
and horizontal wind averaged between 900 and 1000 hPa (arrows). All fields are scaled to show
anomalies associated with one standard deviation of the PC.
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Anomalies in: 

100 hPa height (shading) and  
wind (arrows),  
500 hPa vertical wind (gray)
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much larger meridional widths, the observed, flanking
Rossby waves bear a surprisingly strong resemblance to
the equatorially trapped Rossby waves in the theoretical
solutions. Not only do they propagate eastward in tandem
with the Kelvin waves, they lengthen in longitude as the
Kelvin waves lengthen and vice versa. The meridional
placement of the flanking Rossby waves appears to be
determined not by the Matsuno–Gill solution, but by
the zonal-mean zonal wind climatology.
Ours is not the first study to attribute the presence of

flanking Rossby waves to the presence of a westerly
waveguide. On the basis of numerical experiments with
a two-layer shallow-water wave equation model, linear-
ized about the observed November–April basic-state
flow and forced by an MJO-like equatorial heat source,
Barlow (2012) obtained a realistic solution that contains
features with tracks similar to those of the flanking
Rossby waves. When the same forcing was prescribed in
the Matsuno–Gill model with a resting basic state, the
induced Rossby waves were more narrowly confined to
the equatorial belt.
The MJO has been widely regarded as a tropical

phenomenon that, under some conditions, is capable of
forcing extratropical wave trains. When the flanking
Rossby waves are taken into account, planetary wave

propagation in the westerlies is seen as playing a role in
the dynamics of theMJO. Extratropical wave trains such
as the PNApattern are no longer necessarily interpreted
as being forced almost exclusively by the divergent
outflow from the MJO’s equatorial convection [e.g.,
as in the recent studies of Mori and Watanabe (2008)
and Frederiksen and Lin (2013)] but as emanating from
the flanking Rossby waves to the east and west of the
convection. At most longitudes, the jet streams appear
to function like bookends, confining the MJO signature
to the tropics and subtropics. However, when the flanking
Rossbywaves pass through the climatological-mean jet exit
regions, the zonal wind anomalies poleward of the highs
or lows in the flanking Rossby waves are able to extract
the kinetic energy from the climatological-mean flow
to force a poleward-propagating wave train. This in-
terpretation is substantiated by results of recent nu-
merical experiments by Bao and Hartmann (2014) with
a nonlinear shallow-water model in which they specified
equatorial mass sources designed to mimic the MJO-
related diabatic heating. They imposed an extratropical
basic-state flow with a jet exit region over the North
Pacific that mimics the wintertime climatology. They
found that when their simulated heating passes over the
Maritime Continent it excites an extratropical response

FIG. 14. Geopotential height (Z) (contours) and wind vector anomalies (arrows) in themodal structure regressed on PC1 and PC2 ofDx
arranged as in Fig. 1. Colored shading represents upward (green shading) and downward (pink shading) motion at 400 hPa. Contour
interval is 2m and shading interval is 10 hPaday21. The red (green) circles indicateDxmaxima (minima) and are sized in accordance with
the amplitude of the Dx maximum (minimum).
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the rising branch of the zonal overturning circulation.
The strongest positive q anomalies occur about 108
to the east of the RL at the 700-hPa level, above the
leading edge of the advancing westerly wind anomalies.
Progressing farther toward the west, the moisture
anomalies rapidly weaken and become more elevated.
Figure 2b shows zonal profiles of anomalies in hqi,2v1,

v2, and ›hqi/›t. The hqi and2v1 profiles are similar, with
maxima a few degrees to the east of the RL. A strong
correspondence between the profiles of v2 and ›hqi/›t is
evident, with shallow ascent (positive v2) associated with
moistening and stratiform ascent (negativev2) associated
with drying. It was shown in AW2 that v2 anomalies
are related to shallow, frictionally driven meridional cir-
culation cells observed in association with the lower-
tropospheric zonal wind anomalies in equatorial Kelvin
and Rossby waves forced by an equatorial heat source.
Figure 2c will be described in a later section.
To examine changes in moisture in the mid- to upper

troposphere, we divide the specific moisture anomaly q

by qs, the value of the mean saturation specific hu-
midity at that level, to obtain the relative humidity
anomaly (RH). We calculate qs using the relation
qs ’ 0:6223 [es/(p2 0:378es)], where the saturation
vapor pressure es is obtained using the Clausius–
Clapeyron equation [see Eq. (3.97) of Wallace and
Hobbs (2006)], and both p and es are in hectopascals.
Composite RH is shown as the shaded field in Figs. 2a
and 3a, along with the specific humidity and 2v
anomalies, respectively. The v and RH profiles are
similar, but the maximum value in RH is located slightly
to the west of the region of maximum ascent. The dis-
tinction ismore clearly revealed by the line plots shown in
Fig. 3b. These line plots also show that the RH anomalies
are closely aligned with OLR anomalies. Thus, large
values of vertically integrated RH are associated with
regions of widespread upper-level clouds, in agreement
with observational studies of Powell and Houze (2013)
and Xu and Rutledge (2014). Both q and RH (Fig. 2a)
exhibit a ‘‘bottom up’’ development as one moves from

FIG. 2. (a) Composite longitude–height cross sections of zonal mass circulation (arrows), RH
anomalies (shaded), and q (contoured). Contour interval is 0.025 g kg21. The largest meridional
flux vector is about 0.1 kgm22 s21, and the largest vertical flux vector is about 43 1024 kgm22 s21.
The zero contour of q is dashed. (b) Values of hqi (black solid), ›hqi/›t (gray solid),2v1 (dashed),
and v2 (dotted), all arbitrarily scaled to facilitate comparison. (c) As in (a), but for q* and RH*
derived diagnostically from the vertical velocity field using Eq. (6). All fields are averaged from
108S to 108N.
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Enhanced MJO in warm climates

Full-complexity GCM simulations (CAM3+slab ocean) with increasing CO2

(Caballero & Huber GRL. 2010)

spectral resolution (∼2.5° × 2.5°). A 10 minute time step is
used to ensure numerical stability in all cases. OHT is held
fixed at the observationally‐derived present‐day value in the
modern runs. The aquaplanet simulations uses the same
OHT but rendered zonally and hemispherically symmetric.
The Eocene is simulated using OHT and mixed layer depth
derived from a corresponding set of equilibrated fully‐
coupled model (CCSM3) Eocene simulations [Liu et al.,
2009] using the same CO2‐doubling sequence as the slab‐
ocean runs.
[7] Figure 1 presents an overview of results. In the si-

mulations with low CO2 and modern or Eocene boundary
conditions, equatorial SSTs are near modern values (∼27°C)
and results agree reasonably well with observations, though
it is clear that this model underestimates observed modern
tropical eddy variability, as noted in previous work [Collins
et al., 2006]. There is little change in the results as SST
increases up to ∼33°C. Beyond this point, however, tran-
sient eddy activity becomes strongly sensitive to SST,
increasing roughly 4‐fold as SST rises to 47° (Figure 1a).

Over the same range, tropopause westerly winds accelerate
from near‐zero to about 33 m s−1 (Figure 1b). This change
in the winds is due to increased momentum convergence by
the transient eddies (Figure 1c). Momentum divergence by
the zonal‐mean circulation also increases somewhat with
SST, but much less than eddy momentum convergence; as
result, the balance tips in favour of strong mean westerlies.
[8] Figure 2 compares climatological cross sections from

the coldest and warmest aquaplanet runs. The colder run
(Figure 2a) shows the conventional picture with near‐zero
equatorial winds, peak eddy activity in the midlatitude storm
tracks and Eliassen‐Palm fluxes directed upwards and
equatorwards. The warm case is dramatically different, with
much weaker eddy activity in midlatitudes–consistent with
prior work [Caballero and Langen, 2005; O’Gorman and
Schneider, 2008]–and peak activity at the equatorial tropo-
pause (which has risen to around 70 hPa). Strong poleward
Eliassen‐Palm fluxes emanate from this region, indicating
zonal momentum convergence which drives strong equato-
rial superrotation. At intermediate temperatures, the patterns

Figure 1. Summary results from the model runs as a function of equatorial‐mean SST (5°S–5°N). Large crosses indicate
corresponding results from the ECMWF ERA‐40 reanalysis product. All quantities plotted here are annual long‐term
averages around the equatorial tropopause (5°S–5°N, 50–150 hPa). (a) Standard deviation of transient‐eddy zonal wind,
a gross measure equatorial eddy activity. (b) Zonal‐mean zonal wind. (c) Zonal momentum convergence by transient eddies
(positive values) and by the zonal‐mean circulation (negative values).

Figure 2. Zonal‐mean climatologies of the aquaplanet runs with (a) 280 ppm and (b) 8960 ppm (5 doublings) atmospheric
CO2 concentration. Shading shows zonal wind (m s−1), contours show standard deviation of transient‐eddy zonal wind
(m s−1), and vectors show the Eliassen‐Palm flux, plotted as in the work of Edmon et al. [1980].
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2 topics for the rest of this talk:

‣Why does MJO amplitude increase in warm climates? 

‣ Surface superrotation: Can equatorial winds be westerly at the surface? 



“Moisture-mode” instability

Moist static energy anomaly
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@th = �u ·rh � !@ph + R + Fs

h = CpT + gz + Lq

h = h + hMJO + h0

Local evolution of moist static energy

Partition into zonal mean, MJO mode and residual:

Substitute into evolution equation, project onto MJO mode;  turns out that

Negative (damping) Positive (amplifying)

@thMJO ⇡ �!MJO @ph �r · u0h0 + RMJO

Moist static energy budget

of vertical advection. We therefore confirm the main result of Arnold et al. [2013] that the MJO is destabi-
lized by the rapid increase in lower-tropospheric MSE as temperature rises.

The rest of this section examines the temperature response of the eddy term 2hr ! V0h0i, which has been
given less attention in previous work on warm-climate MJO. As in previous work [e.g., Andersen and Kuang,
2012], we will use a diffusive approximation to provide a physical interpretation of this term. If the eddies
act diffusively, the eddy MSE flux V0h0 should be down gradient, and this is indeed the case: Figure 9 shows

Figure 8. Vertical profiles of xMJO averaged over the active phase of the MJO and normalized to have (left) minimum value of 21, (center)
!h , and (right) xMJO@p

!h , averaged between 58N and 58S.

Figure 9. Vertically integrated MSE hhMJOi (shading), vertically integrated eddy flux of MSE V 0h0 (arrows), and vertically integrated conver-
gence of eddy flux 2rV 0h0 (contours c.i. 2, 4, and 8 J/s for d 5 0, 3, and 5, respectively). For presentation purposes, all fields are symme-
trized around the equator and the flux fields are smoothed.

Journal of Advances in Modeling Earth Systems 10.1002/2015MS000615
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h = h + hMJO + h0

@thMJO ⇡ �!MJO @ph �r · u0h0 + RMJO

(shading)

(gray contours)



contribution at lower temperatures. This again is likely a consequence of using the method of vertically inte-
grating the fields before projecting against hhMJOi. Since !u has a vertical structure, the integral h!u@x hMJOi is
not necessarily in quadrature with hhMJOi.

The three remaining significant terms—LH, 2hxMJO@p
!hi, and 2hr ! V0h0i—all act to damp the amplitude of

the MJO. The LH term gives a weak damping contribution which changes little with temperature. In terms
of its contribution to propagation, the LH term changes from eastward in the d 5 0 case to westward in the
d 5 5 case; only this latter case matches the phase relation found in observations.

The other two terms give much larger damping and both decrease strongly as temperature rises. As in
Arnold et al. [2013], we are therefore drawn to the conclusion that the MJO amplitude increases due to the
decreasing strength of the damping terms. While Arnold et al. [2013] focused on the role of the vertical
advection term 2hxMJO@p

!hi, we find here that the eddy divergence term 2hr ! V0h0i plays a comparable
role. The next section explores both these terms in more detail.

Although the main focus of this study is changes in maintenance, it is interesting to note that despite a
transition to strong superrotation, the frequency of the spectral peak in Figure 2 and Table 1 is roughly con-
stant. This can be understood by looking at the balance in Figure 7. All positive contributions to propaga-
tion decrease with temperature. The decrease is compensated by a phase change and a large increase in
advection by the mean zonal wind h!u@x hMJOi. Interestingly, these changes almost exactly compensate as
can be seen in the small change in contribution to propagation for the sum of all budget terms.

5. Mechanisms for Decreased Damping of the MJO

Here we examine the reasons for which the MJO’s two main damping terms become weaker in warmer cli-
mates, as shown in the previous section.

Starting with the vertical advection term 2hxMJO@p
!hi, Figure 8 shows vertical profiles of xMJO and !h for the

cases d 5 0, 3, and 5. The xMJO profile in the updraft region becomes increasingly top-heavy as temperature
increases; all else equal this implies a stabilizing (damping) influence because the upper-tropospheric
region where 2xMJO@p

!h < 0 becomes more dominant in the vertical integral. However, the !h profile also
changes, in two ways: the low-level MSE gradient increases and the midlevel h minimum shifts upward.
Both these changes give more weight to the lower-troposphere region where 2xMJO@p

!h > 0 and are there-
fore destabilizing. Overall, it is the latter effect that wins out and gives a net decrease in the damping effect

Figure 7. The leading terms in the MSE budget (see legend) regressed onto PC1 and projected onto EOF1 and EOF2, presented in a
phase-amplitude diagram (see text). The budget terms are normalized by the amplitude of the MSE regression and have units day21. The
advective terms have been separated into eddies, MJO, and zonal-mean components. The remaining terms (not shown here) all have nor-
malized amplitudes <0.02 day21. Large circle represents the d 5 0 case, smaller circles are for increasing temperatures.

Journal of Advances in Modeling Earth Systems 10.1002/2015MS000615
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Response of MSE budget terms to warming

(Carlson & Caballero, JAMES 2016)

Damping gets weaker as climate warms => MJO amplitude grows



Momentum transport and surface wind

spheric GCM configured to represent an Earth-like aquaplanet with warm surface temperatures.88

As in previous work (Caballero and Huber 2010; Arnold et al. 2013) these simulations feature an89

enhanced MJO which drives upper-tropospheric superrotation, and we study the momentum fluxes90

associated with the MJO in some detail. By manipulating the equator-pole temperature contrast91

and tropical viscosity, we find we can induce surface superrotation albeit in an extreme parameter92

regime. In Section 5 we discuss our findings in a broader context and summarize our conclusions.93

2. Equatorial momentum balance94

a. Pathways to surface superrotation95

The zonal-mean zonal momentum balance in pressure coordinates can be written as96

∂tu = ( f �∂yu) v � w∂pu � ∂yu0v0 � ∂pu0w 0 � g∂pt (1)

where the first two terms on the r.h.s. represent momentum redistribution by the mean meridional97

circulation (MMC), the second two terms represent momentum redistribution by eddies and the98

last term represents vertical viscosity, expressed as the convergence of the zonal-mean stress t99

(with units of Pa) due to vertical transport of zonal momentum by small-scale eddies and convec-100

tion. Throughout, overbars represents the zonal mean, primes a deviation therefrom, and other101

symbols have their standard meaning.102

Integrating vertically and assuming steady state, we have103

�hv∂yui�hw∂pui�∂yhu0v0i� ts = 0 (2)

where h·i = g�1 R ps
0 (·) d p, ps is surface pressure and ts is the zonal-mean zonal surface stress,104

which can be related to surface zonal wind us by the linearized bulk aerodynamic formula ts = gus105

where g an exchange coefficient (defined positive; note that since we are using pressure coordi-106
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2. Equatorial momentum balance12

The zonal-mean zonal momentum balance in pressure coordinates can be written as13

∂tu = ( f +z )v � w∂pu + S � g∂pt (1)

where the first two terms on the r.h.s. represent momentum redistribution by the mean meridional14

circulation (MMC) and the last two terms represent the effect of eddies: S=�∂yu0v0 is the horizon-15

tal eddy momentum flux convegence, while t = g
�1(u0w 0+u00w 00) is the vertical eddy stress due to16

momentum transport by large-scale eddies, u0w 0, and by small-scale turbulent motions including17

convection, u00w 00. Throughout, (·) represents the zonal mean, primes a deviation therefrom, and18

other symbols have their standard meaning.19

Integrating vertically and assuming steady state, we have20

�hw∂pui+ hSi� ts = 0 (2)

where h·i = g
�1 R ps

0 (·) d p, ps is surface pressure and ts is the zonal surface stress, which can21

be related to surface windspeed us by the linearized bulk aerodynamic formula ts = gus where22

g an exchange coefficient (defined positive; note that since we are using pressure coordinates,23

the momentum flux is positive downwards). This expression neglects the contribution from the24

relative vorticity term in (1), which is appropriate in midlatitudes where the local Rossby number25
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spheric GCM configured to represent an Earth-like aquaplanet with warm surface temperatures.88

As in previous work (Caballero and Huber 2010; Arnold et al. 2013) these simulations feature an89

enhanced MJO which drives upper-tropospheric superrotation, and we study the momentum fluxes90

associated with the MJO in some detail. By manipulating the equator-pole temperature contrast91

and tropical viscosity, we find we can induce surface superrotation albeit in an extreme parameter92

regime. In Section 5 we discuss our findings in a broader context and summarize our conclusions.93

2. Equatorial momentum balance94
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The zonal-mean zonal momentum balance in pressure coordinates can be written as96

∂tu = ( f �∂yu) v � w∂pu � ∂yu0v0 � ∂pu0w 0 � g∂pt (1)

where the first two terms on the r.h.s. represent momentum redistribution by the mean meridional97

circulation (MMC), the second two terms represent momentum redistribution by eddies and the98

last term represents vertical viscosity, expressed as the convergence of the zonal-mean stress t99

(with units of Pa) due to vertical transport of zonal momentum by small-scale eddies and convec-100

tion. Throughout, overbars represents the zonal mean, primes a deviation therefrom, and other101

symbols have their standard meaning.102

Integrating vertically and assuming steady state, we have103

�hv∂yui�hw∂pui�∂yhu0v0i� ts = 0 (2)

where h·i = g�1 R ps
0 (·) d p, ps is surface pressure and ts is the zonal-mean zonal surface stress,104

which can be related to surface zonal wind us by the linearized bulk aerodynamic formula ts = gus105

where g an exchange coefficient (defined positive; note that since we are using pressure coordi-106
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A pathway to surface superrotation
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is small and near the equator under equinoctial (i.e. equatorially symmetric) conditions, where v26

is small.27

The balance (2) is most often invoked to explain the midlatitude surface westerlies: near the28

center of the Ferrell cell, where w is small, momentum convergence by baroclinic eddies must29

be balanced by positive surface winds. At the equator, where the Hadley cell drives strong ris-30

ing motion, the situation is quite different. If S becomes positive in the equatorial upper tropo-31

sphere, the most natural response is for the zonal-mean wind to develop westerly shear, in which32

case �hw∂pui will be negative and can balance hSi with zero or even negative surface winds: in33

essence, the MMC evacuates momentum from the equatorial strip at the same rate as the eddies34

converge it, with no need to involve surface stress in the momentum balance. As will be discussed35

in Section XX, this is precisely the balance that prevails in our superrotating GCM simulations.36

One possible way to generate equatorial surface westerlies is for the vertical eddy stress t to be37

downgradient and strong enough to vertically homogenize the zonal wind: in that case, �hw∂pui38

will be zero and surface westerlies will develop to balance hSi. In this picture, momentum is39

injected into the equatorial strip at upper levels by S, is rapidly transported down to the surface40

and is dissipated by surface stress. As shown in Section XX, t is indeed downgradient in our GCM41

simulations, albeit not strong enough to drive surface superrotation.42

For an alternative perspective, consider the zonal-mean angular momentum budget of near-43

surface air (Figure XX). Consider an air parcel—or more precisely a circumglobal ring of air44

parcels—travelling in the boundary layer from the poleward edge of the Hadley cell (where we45

take u = 0) towards the equator. The ring’s angular momentum will evolve following46

dtm = acosj(S�g∂pt) (3)
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Increased equatorial viscosity leads to surface superrotation

transitioning smoothly to zero in the stratosphere, and
features positive values near the equator and in the
extratropics compensated by negative values in the
subtropics. The amplitudes of the lobes are adjusted
so that the global integral of S is exactly zero to ensure
global conservation of angular momentum. For sim-
plicity, we do not attempt to represent eddy energy
transports, though it should be noted that these can
affect Hadley cell strength and thus the equatorial
momentum balance (Singh and Kuang 2016; Singh
et al. 2017).
Vertical viscosity is represented using the diffusive

closure in (3). The diffusivity has the structure n5
max[nb, neg(u)], where nb 5 2m2 s21 is a uniform back-
ground diffusivity with a value in the range observed
in free-tropospheric turbulence in the real atmo-
sphere (Wilson 2004), ne is an equatorial diffusivity

that varies from run to run, and g(u) is a Gaussian
meridional profile centered at the equator with half
width of 38 latitude; the total diffusivity is vertically
uniform in the troposphere but tapers rapidly to the
background value above the tropopause at 200hPa. The
purpose of this structure is to arbitrarily enhance equa-
torial viscosity (and control the equatorial Péclet num-
ber) without excessively distorting the global general
circulation. Physically, we take this equatorial en-
hancement to represent convective momentum trans-
port (CMT) in the intertropical convergence zone.
Romps (2012, 2014) shows that diffusion is in fact a
reasonable first approximation for CMT, at least for
wind profiles with long vertical wavelength, and given
typical values of convective mass flux and entrainment
rates yields a diffusivity of 10–30m2 s21, an order of
magnitude higher than in clear air. Note that this

FIG. 1. Results fromaxisymmetric simulationswith varyingPéclet number (Pe). (a)–(c) Imposed zonalmomentum sourceS.Gray contours in
(a) show the tropical heatingQ normalized byQmax (contours at 0.1, 0.3, 0.5, . . .; negative dashed). Black dotted lines in (b) and (c) indicate the
region of enhanced equatorial viscosity. (d)–(f) Zonal-mean zonal wind (shading; blues indicate easterlies) andmeridionalmass streamfunction
(gray contours at 1, 5, 10, and 15 3 1010 kg s21; negative dashed). Black lines outline regions of superrotation, where angular momentum is
greater than the equatorial value in solid-body rotation Va2. (g)–(i) Zonal-mean surface zonal wind. (j)–(l) Terms in the vertically integrated
zonal momentum budget: MMC term (2hy›yui2 hv›pui; orange line), imposed zonal momentum source (blue), and surface stress (green).
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Surface superrotation in full GCM

section through the leading mode (Fig. 7a) shows a
remarkable resemblance to the observed MJO
(Kiladis et al. 2005; Adames and Wallace 2014a,b).
The wave has a first-baroclinic-mode vertical struc-
ture, with the upper-level height anomaly shifted
roughly 908 east with respect to the low-level anom-
aly. Air rises through a layer of cooler air in the lower
troposphere and then into a strong warm anomaly in
phase with the upper-level height anomaly. The am-
plitudes of these anomalies are around 4 times
greater than in observations and similar to those
found in previous warm-climate simulations (Carlson
and Caballero 2016).
A horizontal cross section at upper levels shows the

familiar combination of an equatorial Kelvin wave with
off-equatorial, geostrophically balanced Rossby gyres
(Fig. 7b). As in observations (Adames and Wallace

2014a), the gyres are tilted so as to yield a chevron
pattern that converges westerly momentum onto the
equator. Figure 8 shows that the Rossby gyres are
confined within the subtropical jets both horizontally
and vertically. This confinement can be interpreted
as Rossby wave trapping by the ambient shear
(Barlow 2012; Monteiro et al. 2014)—note in fact that
the anomalies become evanescent in the region
where their phase speed exceeds the local value of
the zonal-mean wind (delineated by the thick con-
tour in Fig. 8). Midlatitude features coherent with the
tropical waves are also apparent, again in agreement
with observations (cf. Adames and Wallace 2014a,
their Fig. 13).
In summary, the dominant mode of tropical vari-

ability in our simulations is remarkably MJO-like in its
spatial structure but with considerably faster eastward

FIG. 5. Results from CAM4 simulations using (a),(d),(g),(j) reference parameters, (b),(e),(h),(k) reduced meridional SST gradient, and
(c),(f),(i),(l) reduced SST gradient plus enhanced convective momentum transport. (a)–(c) Total eddy momentum convergence
(2›yu

0y0 2 ›pu
0v0; shading) and

ffiffiffiffiffiffiffiffiffiffiffi
EKE

p
(gray contours; dotted, solid, and thick solid lines at 5, 10 and 15m s21, respectively). (d)–(f) Zonal-

mean zonal wind and mass streamfunction, with plotting conventions as in Fig. 1. Black lines outline regions of superrotation, where
angularmomentum is greater than the equatorial value in solid-body rotationVa2. (g)–(i) Zonal-mean surface zonal wind. (j)–(l) Terms in
the vertically integrated zonal momentum budget: MMC term (2hy›yui2 hv›pui; orange line), eddymomentum convergence (2h›yu0y0i;
blue line), and surface stress (green line).
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Surface superrotation in full GCM
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section through the leading mode (Fig. 7a) shows a
remarkable resemblance to the observed MJO
(Kiladis et al. 2005; Adames and Wallace 2014a,b).
The wave has a first-baroclinic-mode vertical struc-
ture, with the upper-level height anomaly shifted
roughly 908 east with respect to the low-level anom-
aly. Air rises through a layer of cooler air in the lower
troposphere and then into a strong warm anomaly in
phase with the upper-level height anomaly. The am-
plitudes of these anomalies are around 4 times
greater than in observations and similar to those
found in previous warm-climate simulations (Carlson
and Caballero 2016).
A horizontal cross section at upper levels shows the

familiar combination of an equatorial Kelvin wave with
off-equatorial, geostrophically balanced Rossby gyres
(Fig. 7b). As in observations (Adames and Wallace

2014a), the gyres are tilted so as to yield a chevron
pattern that converges westerly momentum onto the
equator. Figure 8 shows that the Rossby gyres are
confined within the subtropical jets both horizontally
and vertically. This confinement can be interpreted
as Rossby wave trapping by the ambient shear
(Barlow 2012; Monteiro et al. 2014)—note in fact that
the anomalies become evanescent in the region
where their phase speed exceeds the local value of
the zonal-mean wind (delineated by the thick con-
tour in Fig. 8). Midlatitude features coherent with the
tropical waves are also apparent, again in agreement
with observations (cf. Adames and Wallace 2014a,
their Fig. 13).
In summary, the dominant mode of tropical vari-

ability in our simulations is remarkably MJO-like in its
spatial structure but with considerably faster eastward

FIG. 5. Results from CAM4 simulations using (a),(d),(g),(j) reference parameters, (b),(e),(h),(k) reduced meridional SST gradient, and
(c),(f),(i),(l) reduced SST gradient plus enhanced convective momentum transport. (a)–(c) Total eddy momentum convergence
(2›yu
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ffiffiffiffiffiffiffiffiffiffiffi
EKE

p
(gray contours; dotted, solid, and thick solid lines at 5, 10 and 15m s21, respectively). (d)–(f) Zonal-

mean zonal wind and mass streamfunction, with plotting conventions as in Fig. 1. Black lines outline regions of superrotation, where
angularmomentum is greater than the equatorial value in solid-body rotationVa2. (g)–(i) Zonal-mean surface zonal wind. (j)–(l) Terms in
the vertically integrated zonal momentum budget: MMC term (2hy›yui2 hv›pui; orange line), eddymomentum convergence (2h›yu0y0i;
blue line), and surface stress (green line).

OCTOBER 2018 CABALLERO AND CARL SON 3681

section through the leading mode (Fig. 7a) shows a
remarkable resemblance to the observed MJO
(Kiladis et al. 2005; Adames and Wallace 2014a,b).
The wave has a first-baroclinic-mode vertical struc-
ture, with the upper-level height anomaly shifted
roughly 908 east with respect to the low-level anom-
aly. Air rises through a layer of cooler air in the lower
troposphere and then into a strong warm anomaly in
phase with the upper-level height anomaly. The am-
plitudes of these anomalies are around 4 times
greater than in observations and similar to those
found in previous warm-climate simulations (Carlson
and Caballero 2016).
A horizontal cross section at upper levels shows the

familiar combination of an equatorial Kelvin wave with
off-equatorial, geostrophically balanced Rossby gyres
(Fig. 7b). As in observations (Adames and Wallace

2014a), the gyres are tilted so as to yield a chevron
pattern that converges westerly momentum onto the
equator. Figure 8 shows that the Rossby gyres are
confined within the subtropical jets both horizontally
and vertically. This confinement can be interpreted
as Rossby wave trapping by the ambient shear
(Barlow 2012; Monteiro et al. 2014)—note in fact that
the anomalies become evanescent in the region
where their phase speed exceeds the local value of
the zonal-mean wind (delineated by the thick con-
tour in Fig. 8). Midlatitude features coherent with the
tropical waves are also apparent, again in agreement
with observations (cf. Adames and Wallace 2014a,
their Fig. 13).
In summary, the dominant mode of tropical vari-

ability in our simulations is remarkably MJO-like in its
spatial structure but with considerably faster eastward

FIG. 5. Results from CAM4 simulations using (a),(d),(g),(j) reference parameters, (b),(e),(h),(k) reduced meridional SST gradient, and
(c),(f),(i),(l) reduced SST gradient plus enhanced convective momentum transport. (a)–(c) Total eddy momentum convergence
(2›yu

0y0 2 ›pu
0v0; shading) and

ffiffiffiffiffiffiffiffiffiffiffi
EKE

p
(gray contours; dotted, solid, and thick solid lines at 5, 10 and 15m s21, respectively). (d)–(f) Zonal-

mean zonal wind and mass streamfunction, with plotting conventions as in Fig. 1. Black lines outline regions of superrotation, where
angularmomentum is greater than the equatorial value in solid-body rotationVa2. (g)–(i) Zonal-mean surface zonal wind. (j)–(l) Terms in
the vertically integrated zonal momentum budget: MMC term (2hy›yui2 hv›pui; orange line), eddymomentum convergence (2h›yu0y0i;
blue line), and surface stress (green line).

OCTOBER 2018 CABALLERO AND CARL SON 3681

Control case 
                      Pe ⇠ 16⌫ ⇠ 1 m2 s�1

Low gradient,  CMT x 8 
                      Pe ⇠ 3⌫ ⇠ 5 m2 s�1

Reduce Péclet number in GCM by: 

‣ reducing equator-pole temperature gradient (=> reduced Hadley cell strength) 

‣ artificially increasing convective momentum transport (CMT)
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parameter regime in which the model exhibits surface
superrotation.

a. Model and simulations

We use the Community Atmospheric Model, version
4 (CAM4), developed by the National Center for At-
mospheric Research (Neale et al. 2010). The dynamical
equations are solved using the spectral-element dy-
namical core High-Order Method Modeling Environ-
ment (HOMME) with 18 resolution. Unlike the default
CAM4 finite-volume dynamical core, HOMME con-
serves angular momentum to high accuracy (Lauritzen
et al. 2014), providing confidence that the super-
rotation observed here is not the result of nonphysical
momentum sources (Lebonnois et al. 2012b). Subgrid-
scale processes are modeled using the full set of CAM4
parameterizations, including radiation, moist convec-
tion, turbulence, and clouds [see Neale et al. (2010) for
details]. The moist convective parameterization includes
a description of convective momentum transport fol-
lowing the method of Gregory et al. (1997). The model
is configured as an aquaplanet with fixed sea surface

temperature (SST). The SST is zonally uniform and
equatorially symmetric, with a cosine-squared latitudinal
dependence dropping from a maximum Tmax at the
equator to a minimum Tmin at 808 latitude, remaining
constant poleward of that latitude. Orbital parameters
are set to yield permanent equinox insolation (zero
obliquity and eccentricity), though a diurnal cycle is
retained. Atmospheric CO2 is set at 367 ppm. Simula-
tions are run for 6 years, and results presented below are
statistics over the last 5 years.
In the reference (control) simulation, we set Tmax 5

368C and Tmin 5 78C. These values are chosen to
roughly match the best available proxy surface tem-
perature reconstructions for the early Eocene (Huber
and Caballero 2011). We perform three sets of sensi-
tivity simulations. In one set, which aims to explore
the effect of Hadley cell strength, the equator–pole
temperature gradient is reduced by raising Tmin in
several steps up to a maximum of 308C. Note that this
has the additional effect of reducing extratropical
baroclinicity, leading to a reduction in momentum
export from the tropics by baroclinic eddies; this can

FIG. 4. Axisymmetric simulations showing surface superrotation via (a)–(d) scenario 2, (e)–(h) scenario 3, and (i)–(l) scenario 4.
(a),(e),(i) Imposed momentum source S (shading) and tropical heatingQ (gray contours; conventions as in Fig. 1). (b),(f),(j) Zonal wind
and mass streamfunction with plotting conventions as in Fig. 1. Black lines outline regions of superrotation, where angular momentum is
greater than the equatorial value in solid-body rotation Va2. (c),(g),(k) Equatorial momentum balance as in Figs. 2d–f. (d),(h),(l) Zonal-
mean surface zonal wind (m s21).
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Can realise all pathways in axisymmetric model

2

3

4



‣ Elevated tropical temperatures lead to enhanced MJO-like variability  

‣ MJO-like mode is trapped within the upper-level subtropical jets 

‣ Momentum convergence is confined to upper troposphere and drives superrotation 

‣ Sufficiently high vertical viscosity can bring superrotation down to the surface, but in GCM 
requires order-of-magnitude increase in CMT 

‣ Transition to surface superrotation in past or future warm climate seems unlikely; on the 
other hand, understanding of CMT remains crude and surprises could be in store.

Conclusions
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