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Abstract Atmospheric CO2 removal is currently receiv-

ing serious consideration as a supplement or even alter-

native to emissions reduction. However the possible

consequences of such a strategy for the climate system, and

particularly for regional changes to the hydrological cycle,

are not well understood. Two idealised general circulation

model experiments are described, where CO2 concentra-

tions are steadily increased, then decreased along the same

path. Global mean precipitation continues to increase for

several decades after CO2 begins to decrease. The mean

tropical circulation shows associated changes due to the

constraint on the global circulation imposed by precipita-

tion and water vapour. The patterns of precipitation and

circulation change also exhibit asymmetries with regard to

changes in both CO2 and global mean temperature, but

while the lag in global precipitation can be ascribed to

different levels of CO2 at the same temperature state, the

regional changes cannot. Instead, ocean memory and heat

transfer are important here. In particular the equatorial East

Pacific continues to warm relative to the West Pacific

during CO2 ramp-down, producing an anomalously large

equatorial Pacific sea surface temperature gradient and

associated rainfall anomalies. The mechanism is likely to

be a lag in response to atmospheric forcing between mixed-

layer water in the east Pacific and the sub-thermocline

water below, due to transport through the ocean circulation.

The implication of this study is that a CO2 pathway of

increasing then decreasing atmospheric CO2 concentrations

may lead us to climate states during CO2 decrease that have

not been experienced during the increase.

Keywords CO2 removal � Rainfall � Tropical circulation �
Geoengineering

1 Introduction

The response of the global water cycle to rising tempera-

ture and increasing greenhouse gases is likely to provide

one of the most significant impacts of climate change on

humans, due to societal vulnerability to drought and

flooding. Several aspects of the change in precipitation

simulated by general circulation models (GCMs), such as a

global mean increase in precipitation under warming and

the ‘rich get richer’ mechanism whereby wet regions get

wetter and dry regions get drier, appear to be robust across

models and supported by sound physical principles (Held

and Soden 2006; Seager et al. 2010; Chou et al. 2009;

Chou and Neelin 2004). However the regional pattern of

precipitation change varies widely across GCMs. For

example the form that future rainfall changes will take in

the tropical Pacific is one area of major disagreement

among models (Liu et al. 2005; DiNezio et al. 2009). This

is important as rainfall-related diabatic heating from this

region (and its variability in the form of the El Niño

Southern Oscillation (ENSO)) has a major effect on global

weather and climate. Differences in the Sea Surface

Temperature (SST) pattern response to global warming

may well explain a large proportion of the difference in

tropical precipitation patterns across models (Xie et al.

2010), and may even contribute to differences in the global

mean precipitation response (Barsugli et al. 2006).

Removal of CO2 from the atmosphere is currently

receiving significant political and media attention as a

possible supplement to or even replacement for emissions

reduction. Several recent studies have examined the effect
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that geoengineering projects might have on global precip-

itation, including the effects of removing CO2 from the

atmosphere or reducing the amount of incoming solar

radiation incident on the Earth’s surface (Wu et al. 2010;

Cao et al. 2011; Jones et al. 2010; Bala et al. 2008, 2010;

Ricke et al. 2010). While reduction of incoming solar

radiation could lead to unpredictable, undesirable effects

on the climate, particularly on the hydrological cycle

(Robock et al. 2008 Bala et al. 2010; Ricke et al. 2010),

atmospheric CO2 removal is widely seen as a safer option,

analagous with treating the cause rather than the symptoms

of the problem. The assumption here has generally been

that the climate response is exactly reversible under CO2

removal, but this is in fact unlikely to be the case.

Wu et al. (2010) examined an idealised GCM experi-

ment whereby CO2 was ramped up to 4 times pre-indus-

trial levels, then ramped down to its original value. They

found that global mean precipitation increases during the

ramp-up phase (as expected), but that it continues to

increase for several decades after CO2 starts to decrease.

This hydrological hysteresis can be explained by the

dependence of global mean precipitation on the tropo-

spheric radiation budget (via latent heat release). As well

as being affected by temperature changes, this budget is

also directly influenced by the amount of CO2 present in

the atmosphere, with the direct effect of CO2 being to

suppress precipitation (Andrews et al. 2009). During the

ramp-down phase the decrease in temperature lags CO2

due to the large heat capacity of the ocean. So two states

with the same temperature, one during ramp-up and one

during ramp-down, will have different CO2 concentrations

and therefore different global mean precipitation (Cao

et al. 2011).

Studies to date have focused on global mean precipita-

tion changes under CO2 ramp-up/ramp-down scenarios,

and their constraint by global-mean energy budget argu-

ments. These global changes are likely to be associated

with regional precipitation changes with the potential to

have large human impacts. The purpose of this paper is to

describe and analyse regional patterns of precipitation and

circulation change during CO2 ramp-up/ramp-down

experiments, and to look for possible physical mechanisms

for these changes. The focus will be on the tropical Pacific

as this is where the largest changes in rainfall occur.

The regional distribution of tropical rainfall is intimately

connected to the large-scale tropical circulation, and any

rainfall changes are likely to be associated with circulation

changes. Held and Soden (2006) showed that P = Mq,

where P is precipitation, M is mass flux from the boundary

layer into the free troposphere, and q is a typical boundary

layer mixing ratio. If constant relative humidity is assumed,

then q is determined by T (global mean temperature). So

two states with equal T but differing P (i.e. CO2 ramp-up

and ramp-down states) must have different values of M,

implying a change in convective mass flux and circulation

during CO2 ramp-up/down that is not symmetric about the

points of either maximum CO2 or maximum T. This change

in the magnitude of circulation could either simply weaken

or reinforce the existing circulation pattern, or else lead to

changes in the position of ascent and descent regions. If the

second case is true then this would have more profound

consequences for changes in regional precipitation.

This paper begins by describing the GCM experiments

used to examine the climate response to CO2 ramp-up/

ramp-down. Next, the transient pattern of precipitation and

surface temperature responses during the experiments are

described and analysed. Following this, an ocean dynami-

cal mechanism for the asymmetric changes in Pacific SSTs

and rainfall is proposed, and is then related to changes in

the tropical circulation. The sensitivity of these results to

the maximum CO2 concentration during ramp-up/ramp-

down is then explored. Finally, the linearity of the pattern

response to CO2 ramp-up/ramp-down is investigated using

a simple linear climate model.

2 Experimental setup

Two CO2 ramp-up/ramp-down GCM runs, using two dif-

ferent Hadley Centre coupled climate models, were avail-

able for this analysis. The first experiment used the

HadCM3 model (Gordon et al. 2000) and is described in

Wu et al. (2010). The atmospheric component has a hori-

zontal resolution of 2.5� lat, 3.75� lon, with 19 vertical

levels. The ocean component has a resolution of 1.25� by

1.25� with 20 vertical levels.

CO2 was increased at 2% per year from pre-industrial

values (280 ppm) until quadrupling (1,120 ppm) after

70 years. CO2 concentrations were then stabilised for

10 years before decreasing at 2% per year back to pre-

industrial levels. There then followed a stabilisation period

of 150 years at pre-industrial CO2 levels.

The second experiment used the higher resolution and

more complex HadGEM2-ES (Hadley Centre Global

Environmental Model version 2 Earth System model).

HadGEM2-ES (Martin et al. 2011; Collins et al. 2011) is a

coupled atmosphere–ocean–sea ice model combined with

component models for atmospheric aerosols, tropospheric

chemistry, and terrestrial and oceanic ecosystems involved

in various couplings within the Earth system. The atmo-

spheric component has a horizontal resolution of 1.25� lat,

1.875� lon, with 38 vertical levels. The ocean component

has a resolution of 1� by 1� between the poles and 30�S and

30�N, with resolution increasing smoothly to 1/3� at the

equator. There are 40 unevenly spaced levels in the

vertical.
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The experiment is described in Boucher et al. (2011),

and involved increasing CO2 at 1% per year from pre-

industrial concentrations until quadrupling after 140 years.

CO2 was then reduced at 1% per year until returning to pre-

industrial levels. CO2 levels were prescribed for this

experiment, so CO2 fluxes between the atmosphere and the

ocean, and between the atmosphere and the land surface

are diagnostics only.

Three other HadGEM2-ES CO2 ramp-up/ramp-down

experiments were also analysed. These also increased and

decreased at 1% per year from pre-industrial concentra-

tions but peaked at varying CO2 levels (3 9 CO2, 2 9 CO2

and 1.5 9 CO2). The HadGEM2-ES and HadCM3 4 9

CO2 experiments are the main focus of this paper, as they

have the largest change in radiative forcing and are

therefore likely to show the strongest signal of change. The

other ramp-up/ramp-down experiments are used to estab-

lish the sensitivity of results to the magnitude of forcing.

We also make use of an abrupt 4 9 CO2 step-up and

control experiment with HadGEM2-ES, but this time the

ocean and sea-ice model are replaced with climatological

SSTs, di-methyl sulphide (DMS) fluxes and sea-ice distri-

butions. These climatologies are derived from a stable

fully-coupled pre-industrial control integration. In this

setup the atmosphere is free to respond to the change in

atmospheric radiative heating caused by the increased CO2,

but surface temperatures are held fixed (e.g. Hansen et al.

2005). We refer to this as the ‘Hansen’ experiment.

We use this the Hansen experiment to separate the CO2

direct radiative effect on precipitation from that associated

with large-scale changes in surface temperature (e.g. Bala

et al. 2010; Andrews et al. 2010). In transient situations it

is important to realise that these two effects emerge on

different timescales due to the relatively small heat

capacity of the atmosphere compared to the ocean. Note

that in HadGEM2-ES CH4 and O3 are usually calculated by

the tropospheric chemistry model, but in these Hansen

experiments the interactive CH4 and O3 are uncoupled

from the radiation code, which sees prescribed climato-

logical values. This was done in order to enable easier

implemention of the Coupled Model Intercomparison

Project phase 5 (CMIP5) design.

Control runs with fixed pre-industrial CO2 levels were

used for both HadCM3 and HadGEM2-ES. The Had-

GEM2-ES control had no noticeable drifts in the variables

of interest, so a 50 year mean was taken of the control run

and used as a comparison for the experimental values and

to calculate anomalies from. The HadCM3 control has a

drift in the thermohaline circulation and Atlantic ocean

temperatures. Although this does not lead to a noticeable

drift in global mean temperature, parallel segments of the

control run were used to calculate anomalies for the Had-

CM3 experiment.

Pennell and Reichler (2011) found that of all the pairs of

GCMs originating from the same modelling centre, Had-

CM3 and HadGEM1 (the predecessor of HadGEM2) were

the least similar to one another. This gives some encour-

agement that any agreement between these two models is

an indication of robustness, particularly as the earth-system

component of HadGEM2-ES makes it even less similar to

HadCM3 than HadGEM1 is.

3 Results

3.1 Transient patterns of precipitation and SST change

Figure 1a, b show the behaviour of global mean T (1.5 m

temperature) and P for HadGEM2-ES and HadCM3 during

CO2 ramp-up/ramp-down. It can be seen that precipitation

in both models continues to increase for several decades

after both CO2 and temperature have peaked. The lag is

longer in HadCM3, possibly because the change in forcing

is more abrupt (2% per year as opposed to 1% per year for

HadGEM2-ES), because of the 10 year stabilisation at

peak CO2, or else because the non-linear effect of CO2 and

temperature on precipitation is stronger in HadCM3 than in

HadGEM2-ES (Good et al. 2011a).

After CO2 stabilisation T remains higher than its original

state and decreases only slowly. It is presumed that

T would return to its original level if a long enough sta-

bilisation period were applied (at pre-industrial CO2 forc-

ing) that the deep ocean could release all heat stored during

the perturbed forcing period. Change in precipitation

plotted against temperature is shown in Fig. 1c, d. This

illustrates the possibility of multiple P states for the same

T due to the direct dependence of P on CO2 (Cao et al.

2011).

Global mean T is often taken as a measure of the

severity of a climate anomaly, but in this case it is clear

that changes in global mean P do not scale with T. As the

impacts of precipitation changes depend heavily on the

pattern of change, it is of interest how regional precipita-

tion varies with T and CO2 during CO2 ramp-up/ramp-

down.

Figures 2a, b and 3a, b show multi-annual mean

anomalies of precipitation, for ramp-up and ramp-down

periods chosen to be symmetric about the point of maxi-

mum CO2. As well as the magnitude of global P being

asymmetric about maximum CO2, the pattern of precipi-

tation anomaly development also appears to be asymmetric

about this point, particularly in the tropical equatorial

Pacific where a positive precipitation anomaly continues to

develop in the ramp-down period.

For HadGEM2-ES these differences become clearer

when changes in the circulation are observed. Figure 2c, d
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show the development of 500 hPa convective updraught

mass flux (Mc) anomalies during ramp-up/ramp-down in

HadGEM2-ES. As expected from physical arguments

(Held and Soden 2006; Knutson and Manabe 1995),

warming causes a decrease in Mc in the majority of tropical

convective regions. Any increase in precipitation in these

regions (e.g. over the maritime continent) is attributed to

increased atmospheric water vapour (the thermodynamic

component of precipitation change; c.f. Seager et al. 2010).

The exception to the general decrease in Mc is the equa-

torial Pacific where an increase in Mc is observed, leading

to a positive dynamical component of precipitation change

in this region. This increase in Mc starts to develop during

the ramp-up phase, but is asymmetric about maximum CO2

and stronger during ramp-down than ramp-up. As will be

shown later, these equatorial Pacific changes are asym-

metric about the change in global mean T as well as CO2.

Mc was not available as a diagnostic from the HadCM3

experiment so cannot be shown here.

Figures 2e, f and 3c, d show the development of surface

temperatures during ramp-up/ramp-down. As in the case of

precipitation there is an asymmetry about maximum CO2.

Perhaps the most striking feature in both models is the

hemispheric asymmetry due to a contrast between the

speeds of thermal response of land and ocean to CO2

forcing. This will be discussed in more detail in Sect. 3.2

but does not appear to be the main contributor to the

tropical Pacific precipitation anomalies. For HadGEM2-ES

(Fig. 2e, f) one obvious feature is a relative warming of the

east and central equatorial Pacific. This persists throughout

CO2 ramp-down and into the stabilisation period (not

shown). In HadCM3 (Fig. 3c, d) a similar though less

pronounced pattern is present. Only two time-slices are

shown here for each model, but the evolution of central and

east Pacific SST anomalies has been examined and is

consistent throughout CO2 ramp-up/ramp-down, suggest-

ing that the pattern is unlikely to be due to internal multi-

decadal oscillations.

As global mean T lags CO2 during ramp-down, the

difference between the two periods shown in Figs. 2 and 3

will include a signal due to the difference in T between

them (the ramp-down period is warmer than the ramp-up

one). In order to eliminate this T signal and study these

rainfall and SST asymmetries in more detail, two 40 year

time periods were chosen for HadGEM2-ES. The first

period was the last 40 years of CO2 ramp-up, while the

second was chosen to be the 40 year ramp-down period

with (approximately) the same climatological mean T as

the first period (these periods are shown on Fig. 1a). In this

way any difference between the two periods should be

independent of global mean T, and the difference in global

mean P should be purely a consequence of different CO2

levels in the two periods (with lower CO2 and hence higher

global mean P in the second period). As the thermody-

namical component of precipitation change should scale

with q and therefore T, this procedure should isolate

HadGEM2-ES
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Fig. 1 Global mean 1.5 m

temperature (K) and

precipitation (%) anomalies and

CO2 concentration (factor with

respect to pre-industrial levels)

for a HadGEM2-ES and

b HadCM3 ramp-up/ramp-down

experiments. c (HadGEM2-ES)

and d (HadCM3) show precip

anomalies against temperature

anomalies for the same

experiments. Dashed vertical
lines show boundaries of CO2

ramp-up/ramp-down periods.

Horizontal diamond-ended lines
in a and b signify the position of

two time periods with the same

climatological global mean T.

Similar figures for HadCM3 and

HadGEM2-ES respectively are

shown in Wu et al. (2010) and

Boucher et al. (2011)
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dynamical precipitation changes between ramp-up and

ramp-down. A similar procedure was followed for Had-

CM3, but in this case using 20 year periods due to the

shorter time and larger forcing gradients in that experiment

(see Fig. 1b).

Differences of P and surface temperature between these

periods (ramp-down minus ramp-up) are shown in Figs. 4a,

b and 5a, b. A pointwise Student’s t test was performed on

these differences, with a null hypothesis that the two time-

series for each point have the same mean. Each point time-

series was detrended before performing the test, and points

where the null hypothesis was rejected at the 5% confi-

dence level are stippled in Figs. 4 and 5.

The surface temperature response of HadGEM2-ES

(Fig. 4a) exhibits several interesting features, including a

relative warming in the central and eastern equatorial
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Fig. 2 HadGEM2-ES anomalies from control for two 40 year means,

one during CO2 ramp-up and one during CO2 ramp-down and

symmetrical about the point of maximum CO2. a, b Precipitation

(mm/day), c, d Convective mass flux at 500 hPa (Pa/s) (positive mass

flux is upwards), e, f Surface temperature (K). Line contours indicate

mean control-run values with contour intervals of 5 mm/day for

precipitation and 0.05 Pa/s for convective mass flux
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Pacific and a decrease in the equatorial Pacific zonal

temperature. HadCM3 shows a similar pattern of surface

temperature change to HadGEM2-ES between the two

periods of equal mean T (see Fig. 5), though the equatorial

Pacific warm anomaly is much more equatorially confined

than in HadGEM2-ES and is located further towards the

central Pacific. Although these temperature anomalies are

small compared to the amplitude of a typical El Niño

anomaly, persistent small amplitude anomalies in the

tropical Pacific can have large impacts on global climate

(Karnauskas et al. 2009) and are thought to have been

responsible for the 1930s North American dust bowl

drought (Schubert et al. 2004).

The detailed differences in SST response between

HadGEM2-ES and HadCM3 are likely to be a combination

of differences in experimental design and differences in the

structure, parametrizations and biases of the GCMs, but the

broad agreement between the models suggests a degree of

robustness to the results.

The rainfall anomalies in Figs. 4b and 5b both show a

shift of rainfall into the central and eastern equatorial

Pacific similar to that seen during El Niño events, with

associated negative rainfall anomalies in the inter-tropical

and south Pacific convergence zones and over the maritime

continent. It can be seen from Fig.4c that for HadGEM2-

ES these rainfall anomalies are entirely explained by the

change in convective mass flux, identifying them as

dynamical precipitation changes.

As the pattern of increased rainfall and Mc in the central

and eastern equatorial Pacific is consistent with circulation

changes induced by an East Pacific SST warming (such as

in an El Niño event), it seems likely that it is the slowly

developing SST patterns that are responsible for the

asymmetry of precipitation patterns during ramp-up/ramp-

down. This is consistent with the study of Xie et al. (2010)

using an ensemble of NCAR (National Center for Atmo-

spheric Research) and GFDL (Geophysical Fluid Dynamics

Laboratory) GCMs, who found that tropical precipitation

changes are positively correlated with spatial deviations of

SST warming from the tropical mean.

However the SST anomalies are not the only possible

mechanism for the asymmetry in precipitation patterns. As

the lag in global mean P with respect to T can be explained

by the ‘fast precipitation response’ to CO2 (Cao et al.
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Fig. 3 HadCM3 anomalies from control for two 20 year means, one

during CO2 ramp-up and one during CO2 ramp-down and symmet-

rical about the point of maximum CO2. a, b Precipitation (mm/day),

c, d Surface temperature (K). Line contours indicate mean control-run

values with contour intervals of 5 mm/day for precipitation
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2011), one possibility is that the asymmetries in the pattern

of P between ramp-up and ramp-down might also be due to

this effect. This was investigated by looking at the results

of an experiment designed to isolate the direct radiative

effect of CO2.

3.2 The direct effect of CO2 on tropical precipitation

Figure 6 shows the results of a ‘Hansen’ experiment,

whereby CO2 is instantaneously quadrupled, but SSTs are

held fixed. It should be noted that although SSTs are held

constant, the land surface is allowed to heat up. Land

surface heating and associated circulation changes are

included as part of the fast CO2 response due to their rel-

atively short timescale of adjustment to forcing.

Figure 6a shows the precipitation response in the Hansen

experiment. Over the ocean there is a general reduction in

precipitation in convective regions, but no significant

change in the pattern of precipitation (with the exception of

a shift of the ITCZ (Inter-tropical convergence zone) on the

eastern boundary of the Pacific). The Mc anomaly in Fig. 6b

shows that these changes are dynamical, with a suppression

of convection across all the main convective centres. This

over-ocean stabilisation can be explained by the absorption

properties of CO2 and the overlap of CO2 absorption lines

with water vapour (WV) (Mitchell et al. 1987; Sugi and

Yoshimura 2004), combined with a possible shift of rainfall

from ocean to land due to enhanced land-sea surface tem-

perature gradients.

The over-ocean precipitation change in the Hansen

experiment is one of suppression of existing precipitation

regions and the direct effect of CO2 does not appear to lead

to significant spatial redistribution of precipitation.

Although non-linear interactions between T and CO2 are

possible (Good et al. 2011a), and could in theory lead to

changes in rainfall patterns in the ramp-up/ramp-down
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Fig. 4 Difference (ramp-down minus ramp-up) between two Had-

GEM2-ES 40 year time periods, one during ramp-down and one

during ramp-up, with the same climatological global mean 1.5 m

temperature. a Precipitation (mm/day), b surface (SST and land

surface) temperature (K), c updraught convective mass flux at

500 hPa (Pa/s) (positive mass flux is upwards) anomalies. d shows the

ocean potential temperature anomaly (K) for a cross section of the

Pacific ocean from 5N to 5S. The solid line shows the mean

thermocline position during the first (ramp-up) period, the dashed line
shows it during the second (ramp-down) period. In a and b grid-points

where the difference is statistically significant at the 5% level are

stippled. Line contours indicate mean values during the first 40 year

period with contour intervals of 5 mm/day for precipitation and

0.05 Pa/s for convective mass flux
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Fig. 5 Difference (ramp-down minus ramp-up) between two Had-

CM3 20 year time periods, one during ramp-down and one during

ramp-up, with the same climatological global mean 1.5 m temper-

ature. a Precipitation (mm/day), b surface (SST and land surface)

temperature (K). c shows the ocean potential temperature anomaly

(K) for a cross section of the Pacific ocean from 5N to 5S. The solid

line shows the mean thermocline position during the first (ramp-up)

period, the dashed line shows it during the second (ramp-down)

period. In a and b grid-points where the difference is statistically

significant at the 5% level are stippled. Line contours indicate mean

values during the first 20 year period with contour intervals of 5 mm/

day for precipitation

0 90E 180 90W
90S

45S

0

45N

90N
Precip anom

-2.75 -2.25 -1.75 -1.25 -0.75 -0.25 0.25 0.75 1.25 1.75 2.25 2.75

0 90E 180 90W 0
90S

45S

0

45N

90N
500hPa Mc anom

-0.0275 -0.0175 -0.0075 0.0025 0.0125 0.0225

(a) (b)

Fig. 6 Anomalies of a Precipitation (mm/day) and b updraught

convective mass flux at 500 hPa (Pa/s) (positive mass flux is upwards)

for the Hansen experiment. The anomalies are constructed by

subtracting the mean of the 20 years immediately before CO2 step-up

from the 20 year mean beginning 10 years after the CO2 step-up. Line
contours indicate mean control-run values with contour intervals of

5 mm/day for precipitation and 0.05 Pa/s for convective mass flux
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experiment where SSTs are not fixed, they do not seem to

play a large role in HadGEM2-ES. It therefore seems likely

that although the direct effect of CO2 on precipitation can

explain the global mean lag in P, the lag and continuing

development of oceanic precipitation patterns during ramp-

up/ramp-down is not due to the direct radiative effect of

CO2. The linearity of the changes in P with regard to T and

CO2 will be investigated later in this study.

It appears regional redistribution of rainfall during CO2

ramp-up/ramp-down is caused by circulation changes

associated with changing SST gradients, not by direct

CO2-related rainfall enhancement. This can be seen from

the change in Mc between the two periods in HadGEM2-

ES (Fig. 4c). If CO2 effects were dominant then the pattern

of Mc change should be the opposite of that seen in the

Hansen experiment (Fig. 6c), with Mc increased over

convective regions in the second period but no circulation

shift. In fact a clear shift in circulation is seen, with

increased Mc in the central and eastern equatorial Pacific

and a reduction in Mc in the ITCZ and SPCZ regions. The

positive equatorial Pacific precipitation anomaly extends

further west in HadCM3 than in HadGEM2-ES, consistent

with the relative SST anomalies in the two models.

As well as changes in the equatorial Pacific, Figs. 4 and 5

show interesting asymmetries in surface temperature and

rainfall over land, particularly in the monsoon regions.

Some of these can be explained by the direct radiative effect

of CO2 and these will be investigated in a separate paper.

One significant feature to note is the hemispheric asym-

metry of warming/cooling rates during CO2 ramp-up/ramp-

down, apparently due to the differential speed of land/ocean

temperature responses to radiative forcing and the large

capacity of the southern ocean to absorb heat. This hemi-

spheric asymmetry could in theory contribute towards the

observed southwards shift in the Pacific ITCZ between ramp-

up and ramp-down. Although a corresponding southward

shift of the Atlantic ITCZ is seen in HadGEM2-ES (Fig. 4),

this is not apparent for HadCM3(5).

The Hansen experiment does not show a northward shift

of the Pacific ITCZ despite a hemispheric temperature

asymmetry caused by allowing the land-surface to warm

but not the ocean. This suggests that local Pacific SST

gradients are more important than global-scale hemispheric

asymmetries in determining the position of the Pacific

rainfall bands. This appears to be true in the present-day

climate, where the Pacific ITCZ remains north of the

equator during boreal winter, and Bain et al. (2011) found

that the position of the observed Pacific ITCZ is largely

controlled by tropical Pacific SST patterns. Whether or not

the hemispheric temperature asymmetry contributes

towards the southward shift in Pacific rainfall patterns, it

would not explain the eastward shift in precipitation. In

contrast, the observed anomalous equatorial Pacific zonal

SST gradient is consistent with the complete pattern of

Pacific rainfall anomalies, as similar anomalies are seen

during El Niño events.

Figure 7a, b show transient changes in equatorial Pacific

zonal SST gradient during CO2 ramp-up/ramp-down for

HadGEM2-ES and HadCM3, with both models showing a

decreasing trend in this gradient during ramp-up that con-

tinues for several decades into the ramp-down period

before starting to recover. In both cases the Pacific SST

gradient lags further behind CO2 change than does global

mean T. The next question to be considered is why this

equatorial Pacific SST asymmetry arises between CO2

ramp-up and ramp-down.

3.3 Equatorial Pacific ocean response

The equatorial Pacific is a highly coupled atmosphere–

ocean system, and contains a multitude of feedbacks that

act to shape SSTs in the region (Collins et al. 2010; Lloyd

et al. 2009). This makes the attribution of cause and effect

during climate change experiments of SST and circulation

anomalies in the equatorial Pacific non-trivial. DiNezio

et al. (2009) examined the response of the equatorial

Pacific to greenhouse-gas forcing in the CMIP3 ensemble

of GCM experiments, and found that the dominant factor in

the east Pacific SST response to warming is the balance

that emerges between ocean vertical and horizontal heat

transport in any particular model. A weaker Walker cir-

culation during warming leads to weaker zonal ocean

currents, and a positive dynamical heating of the east

Pacific due to reduced lateral heat flux divergence, and this

is partly, fully or more than balanced (depending on the

model) by an increase in cooling from below caused by

increased vertical temperature stratification.

The magnitude of the cooling influence on eastern

Pacific SSTs produced by upwelling is determined by two

mechanisms. The first is the strength of upwelling, driven

by surface winds and measured in this study through the

strength of the Walker circulation. The second is the degree

of ocean stratification across the thermocline, with larger

stratification meaning that the mixed-layer is cooled more

for the same upwelling strength. The depth of the ther-

mocline is also an important factor in the efficiency of

upwelling, but this is strongly related to the strength of

upwelling and surface wind stress. The various factors

influencing the efficiency of upwelling-related cooling in

the East Pacific are illustrated in a schematic in Fig. 8. In

this section, equatorial Pacific thermocline changes during

CO2 ramp-up/ramp-down will be examined, and in the next

section this will be linked to changes in the Walker

circulation.

One major difference between the equatorial Pacific

response to ENSO and to climate change is that in an
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ENSO event the Walker circulation is tightly coupled to

SST changes, while under climate change the Walker cir-

culation is also controlled by large-scale constraints on the

tropical circulation (Held and Soden 2006). Whereas in an

ENSO event SST and Walker circulation changes act to

reinforce each other via the Bjerknes feedback, under
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Fig. 7 Transient changes in mean equatorial West Pacific (5�S–5�N,

80�E–160�W) SST (K), mean equatorial East pacific SST (K) (Niño3

region, 5�S–5�N, 150�W–90�W) and equatorial Pacific SST gradient

(K) (SST difference between the West and East Pacific regions)

during CO2 ramp-up/ramp-down for a HadGEM2-ES and b HadCM3.

c shows changes in mean Niño3 thermocline vertical temperature

gradient (K/m) for HadGEM2-ES, as well as the mean temperature of

the two model levels above the thermocline and the two model levels

below it. d shows changes in mean Niño3 thermocline vertical

temperature gradient (K/m) for HadCM3. e and f show changes in

mean Niño3 thermocline depth during ramp-up/ramp-down for

HadGEM2-ES and HadCM3 respectively, together with the change

in Walker circulation index. Note that the Walker circulation index is

inverted on the y axis, with positive downwards. All values are

filtered using a 5 year moving time window. Dashed vertical lines
show boundaries of CO2 ramp-up/ramp-down periods
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climate change it is possible for the Walker circulation and

SST gradient changes to be more independent of one

another. Karnauskas et al. (2009) discussed the relative

roles of competing mean tropical mass flux and local ocean

stratification effects on the equatorial Pacific zonal pressure

and SST gradients in observations, and found evidence that

both effects may already be playing a role in the region.

The question here is which mechanism is driving the

asymmetry in equatorial Pacific SSTs between CO2 ramp-

up and ramp-down.

The ‘Ocean Thermostat’ mechanism of Clement et al.

(1996) predicts a relatively small warming in the east

Pacific under greenhouse-gas forcing due to radiative

warming of the mixed layer producing enhanced thermal

ocean stratification and hence enhanced cooling by

upwelling. This effect is complicated in GCMs by the

adjustment of the sub-mixed layer water to higher tem-

peratures (Seager and Murtugudde 1997) as heat is trans-

ferred into the ocean, but DiNezio et al. (2009) still found

that changes in ocean stratification were an important part

of the east Pacific mixed-layer heat budget in GCMs.

Figure 7c and d show changes in Niño3 mean thermo-

cline temperature gradient during CO2 ramp-up/ramp-

down. The thermocline gradient is taken as the maximum

theta gradient in the top 200 m of the ocean, and so is not

dependent upon the absolute depth of the thermocline as it

shoals with warming, but remains a good measure of

thermal stratification between the mixed-layer and the sub-

thermocline waters.

During ramp-up the thermocline gradient increases, and

there are two possible explanations for this. The first is the

lag between equatorial mixed-layer heating from changes

in CO2 radiative forcing, and CO2-related heating of the

sub-thermocline ocean. Much of the water which upwells

in the east Pacific is originally subducted in the subtropics

and eventually feeds into the equatorial undercurrent, with

a circulation timescale of decades to centuries (McCreary

and Lu 1994; Matei et al. 2008; McPhaden and Zhang

2002). Therefore water that is present below the east

Pacific thermocline during the ramp-up phase will have

come into equilibrium with the subtropical atmosphere

several decades earlier when CO2 levels were lower, and

will be relatively cool compared to the equatorial mixed-

layer.

This would explain a transient increase in stratification

as is seen during ramp-up, but DiNezio et al. (2009) also

found that the CMIP3 multi-model temperature difference

between the surface and 75 m depth remains anomalously

high even after over a century of stabilisation. A possible

cause of this is that the multi-model mean signal of SST

warming is that of enhanced equatorial warming (Liu et al.

2005), with the equator warming more than the subtropics.

Therefore the sub-thermocline waters which subduct in the

sub-tropics would continue to be relatively cooler than the

equatorial mixed-layer waters even at equilibrium. This

provides a second possible explanation for the increase in

stratification gradient during CO2 ramp-up. The use of a

fixed-depth stratification comparison in the DiNezio et al.

(2009) study was necessary in order to compare different

models in the CMIP3 ensemble, but means that the result

of increased stratification in the raised-CO2 stable state

may be influenced by changes in the depth of the ther-

mocline, as opposed to true changes in the cross-thermo-

cline temperature gradient.

The thermocline theta gradient starts to decrease

immediately upon CO2 ramp-down, and decreases more

quickly than it increased (in both HadGEM2-ES and

HadCM3). Again this can be explained by the lag between

mode water subducting in the sub-tropics and upwelling at

the equator. In the ramp-down case, mixed layer water will

start to cool from the surface while the temperature of the

sub-thermocline water is still increasing, causing a rapid

decrease in the sharpness of the thermocline as seen.

Figure 7c shows the mean temperature of the two model

levels above and mean of the two levels below the thermo-

cline for HadGEM2-ES, and it can clearly be seen that the

sub-thermocline waters continue to warm for several decades

into the ramp-down. Unlike in HadGEM2-ES, HadCM3

upper ocean model levels are not evenly spaced and changes

in thermocline depth during ramp-up/ramp-down mean that

the thermocline gradient cannot be interpreted simply as the

temperature difference between levels above and below the

thermocline. As a result, these temperatures are not shown in

Fig. 7d.

The differences in Pacific ocean vertical cross-section

theta (potential temperature) between two time periods

with equal global-mean T (one during ramp-up and one

during ramp-down) are shown in Figs. 4d and 5c for

HadGEM2-ES and HadCM3. These clearly show a relative

warming of the deep ocean between these periods, with a

Walker Circulation

Thermocline
Depth Vertical

Stratification
Upwelling

Thermocline

Deep Ocean
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Fig. 8 Schematic of processes controlling the efficiency of upwell-

ing-related surface cooling in the east Pacific on climate timescales.

Equatorial cross-section across the Pacific is shown
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smaller relative warming in the East Pacific mixed layer

and relative cooling of the West Pacific mixed layer. The

mean depth of the thermocline during the two periods is

also shown. For HadGEM2-ES their is a slight shoaling of

the thermocline in the second period relative to the first,

whereas in HadCM3 no obvious change is seen.

The depth of the thermocline is an important modulator

of the efficiency of equatorial upwelling in cooling the

surface. Thermocline level is taken here as the model level

of maximum vertical theta gradient. Thermocline depth

during ramp-up/ramp-down is shown in Fig. 7e and f and

follows the trend in Walker circulation strength for both

GCMs (the agreement is closer for HadGEM2-ES than for

HadCM3). Variations in surface wind stress can cause the

thermocline depth to vary (Seager and Murtugudde 1997;

Clement et al. 1996), and it is assumed here that on climate

timescales changes in thermocline depth are a result of

changes in the Walker circulation, not the cause.

3.4 Tropical circulation changes

The equatorial Pacific zonal SST gradient is strongly

coupled to the strength of the Pacific Walker circulation.

As well as this local Pacific coupling, under climate change

the tropical circulation weakens as temperature increases

(Held and Soden 2006), and this is likely to impact the

Walker circulation. In order to try and separate these dif-

ferent drivers of changes in the Pacific Walker circulation,

tropical mean convective updraught mass flux (Mc) was

taken as a measure of the strength of the large-scale trop-

ical circulation. The strength of this large-scale circulation

should not be heavily influenced by local Pacific SST

changes and can be considered as a measure of the

circulation change due to large-scale precipitation/water

vapour constraints. The strength of the zonal mean Hadley

cells during CO2 ramp-up/ramp-down was also examined,

in order to compare with that of the Pacific Walker cell.

Figure 9a shows the change in tropical mean (-30�S to

30�N) Mc integrated between 925 hPa and 100 hPa during

ramp-up/ramp-down for HadGEM2-ES (Mc was not

available as a diagnostic from the HadCM3 experiment).

A depth integrated value was used as significant changes to

the depth of the circulation occurred during ramp-up/ramp-

down, so changes in Mc on a single level reflect changes in

circulation depth as well as strength. Mc decreases during

ramp-up, then increases as soon as CO2 starts to decrease.

Unlike T, Mc does not exhibit a lag with respect to CO2,

as it is dependent not only on T but also directly on CO2

through precipitation and stability changes. This is con-

sistent with the Held and Soden (2006) P = Mq argument,

and this is illustrated by the construction of a proxy for Mc,

denoted Mc*. Mc* is calculated for each year by dividing

q by P at each gridpoint, and then taking the tropical mean.

Mc* is shown in Fig. 9a, and behaves very similarly to Mc,

including its interannual variability. The main difference is

that the anomaly in Mc from control is around 80% of that

in Mc* throughout the experiment (see Fig. 9b).

This discrepancy could be due to one of several reasons.

The assumption in the construction of Mc* is that the

majority of precipitation in the tropics comes from local

mass flux and this assumption of locality may not be

entirely valid. Also Mc is the depth integrated convective

mass flux, whereas P = Mq refers specifically to the total

mass flux from the boundary layer to the free troposphere.

Another possibility is that sub-annual variability in q and

P is important. Finally, P = Mq ignores the return of water
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Fig. 9 a Transient change in tropical mean (30�S–30�N) updraught

convective mass flux (%) (positive mass flux is upwards) anomaly

during CO2 ramp-up/ramp-down for HadGEM2-ES. Mc indicates

model output mass flux while Mc* is proxy mass flux derived from

model q and P. Global mean 1.5 m temperature (K) and precipitation

(%) anomalies are also shown. b shows the relationship between Mc
and Mc* during ramp-up, ramp-down and stabilisation. Dashed
vertical lines show boundaries of CO2 ramp-up/ramp-down periods
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vapour to the boundary layer in the descending branches of

the tropical circulation, and this may not be negligible.

Despite this, Mc in the model follows the theory of Held

and Soden (2006) extremely closely. The consequence of

the changes in Mc is that the strength of the tropical

atmospheric circulation should start to recover in strength

as CO2 levels drop, and would not be expected to show a

lag as T and P do. This does not imply that all aspects of

the tropical circulation should behave equally, as a redis-

tribution of the spatial pattern of convection is possible

while still satisfying the constraint of tropical mean chan-

ges in Mc.

Figure 10a, b show changes in the strength of the northern

Hadley cell in DJF, as measured by the maximum value of

the zonally-averaged Stokes’ streamfunction (see Trenberth

et al. 2000 for a full description of this streamfunction). The

changes mirror tropical mean trends in Mc, with northern

Hadley cell strength decreasing during ramp-up (agreeing

with previous studies Gastineau et al. 2009; Held and Soden

2006; Vecchi and Soden 2007), but starting to recover

immediately as the ramp-down phase begins.

Interestingly the strength of the southern Hadley cell in

JJA shows no noticeable signal throughout ramp-up/ramp-

down in either model (not shown), possibly because

changes in SST patterns act to maintain the meridional

circulation and compensate for global mean Mc changes in

this region and season. Gastineau et al. (2008) examined

changes to the Hadley circulation under global warming in

the IPSL-CM4 GCM, and found that the Hadley circulation

weakened much more in JJA than in DJF. They suggested

that changes to the thermohaline circulation in IPSL-CM4

could realign SSTs and produce hemispheric asymmetries

in the Hadley cell response to warming in that model. The

strength of the JJA Hadley cell is also connected to the

strength and position of the Indian monsoon and this is

one area where GCMs show limited skill. Therefore

HadGEM2-ES North Hadley cell strength djf

0 100 200 300

Year

0

2

4

6

8

Te
m

p
 a

n
o

m
 (

K
) 

&
 P

re
ci

p
 a

n
o

m
 (

%
)

North Hadley strength
T
P

-20

-15

-10

-5

0

5

10

H
ad

le
y 

N
o

rt
h

 s
f 

p
er

c 
an

o
m

 (
%

)

HadCM3 North Hadley cell strength djf

0 50 100 150 200 250 300

Year

-1

0

1

2

3

4

5
Te

m
p

 a
n

o
m

 (
K

) 
&

 P
re

ci
p

 a
n

o
m

 (
%

)

-20

-15

-10

-5

0

5

10

H
ad

le
y 

N
o

rt
h

 s
f 

p
er

c 
an

o
m

 (
%

)

HadCM3 Walker pmsl index

0 50 100 150 200 250 300

Year

-1

0

1

2

3

4

5

6

Te
m

p
 a

n
o

m
 (

K
) 

&
 P

re
ci

p
 a

n
o

m
 (

%
)

T
P
Walker index

-40

-20

0

20

40

W
al

ke
r 

p
m

sl
 in

d
ex

 a
n

o
m

 (
%

)

HadGEM2-ES Walker pmsl index

0 100 200 300

Year

0

2

4

6

Te
m

p
 a

n
o

m
 (

K
) 

&
 P

re
ci

p
 a

n
o

m
 (

%
)

T
P
Walker index

-100

-80

-60

-40

-20

0

20

40

W
al

ke
r 

p
m

sl
 in

d
ex

 a
n

o
m

 (
%

)

(a) (b)

(d)(c)

Fig. 10 Transient circulation strength changes (%) during CO2 ramp-

up/ramp-down. DJF northern Hadley cell strength is shown for

a HadGEM2-ES and b HadCM3. Annual mean Pacific Walker

circulation strength is shown for c HadGEM2-ES and d HadCM3.

Global mean 1.5 m temperature (K) and precipitation (%) anomalies

are also shown for all plots (for same seasons as circulation strength).

Hadley and Walker circulation strength values are filtered using a

5 year moving window. Dashed vertical lines show boundaries of

CO2 ramp-up/ramp-down periods
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model-dependent changes in ocean circulation could pro-

duce the different results seen between the Hadley centre

models and IPSL-CM4.

Pacific Walker circulation changes are shown in

Fig. 10c, d. Following Vecchi and Soden (2007), Walker

circulation strength is taken to be the difference in pmsl

(pressure at mean sea level) between the eastern Pacific

(5�S-5�N, 160�-80�W) and the Indo-west Pacific (5�S-5�N,

80�-160�E). Variations in equatorial Pacific zonal wind

stress are highly correlated with this pressure difference

index in both models and observations (Vecchi et al.

2006), so it can be considered a proxy for zonal wind stress

and the strength of equatorial oceanic upwelling.

Walker circulation strength decreases with warming

as expected from previous studies (Vecchi et al. 2006; Vecchi

and Soden 2007; Held and Soden 2006; Knutson and

Manabe 1995; Gastineau et al. 2009; Zhang and Song

2006), but unlike tropical mean Mc and the Hadley cir-

culation there is a lag between the start of the ramp-down

and the Walker circulation beginning to recover. This lag is

more pronounced in HadGEM2-ES but is also present in

HadCM3. It appears likely that this lag is not caused by

tropics-wide changes in P and q, but is instead related to

local conditions in the equatorial Pacific during ramp-up/

ramp-down; specifically temporal asymmetries in SST

patterns and the development of an east Pacific warm

anomaly. This argument is given weight by the similarity

of the length of the lags in Pacific SST gradient and Pacific

Walker circulation during the start of CO2 ramp-down

(compare Figs. 7a, b and 10 c, d).

3.5 Relative importance of ocean stratification

and mean tropical circulation changes

During the ramp-up phase the effect of increasing ocean

stratification would suggest a reduced warming of the east

Pacific compared to the west Pacific, but in fact the opposite

occurs and the East Pacific warms more than the West

Pacific (see Fig. 7 a and b). This suggests that the decrease

in the strength of the Walker circulation (of up to 40%), and

associated weakening of upwelling and zonal ocean cur-

rents, dominates over the increased vertical stratification.

As the ocean-thermostat effect alone would lead to a

La–Niña-like SST pattern and a strengthening of the

equatorial pressure gradient, this decrease in the Walker

circulation is likely to be driven by constraints on tropical

convective mass flux, and the weakening of the mean

tropical circulation. Therefore we can ascribe the relative

East Pacific warming during ramp-up in HadGEM2-ES and

HadCM3 to wider tropical circulation changes related to the

argument of Held and Soden (2006).

At the start of ramp-down ocean stratification quickly

reduces, while the Walker circulation continues to weaken

for several decades. While both effects would serve to

produce an increase in the equatorial Pacific temperature

gradient due to a reduction in upwelling-associated cool-

ing, in this case it seems likely that the ocean changes are

the driving mechanism which then feeds back into the

Walker circulation. During ramp-down, the mean tropical

trend is for the atmospheric circulation to strengthen (see

Fig. 9), so the tendency of the Pacific Walker circulation to

oppose this trend appears likely to be driven by local

memory in the system. Due to the small heat capacity of

the atmosphere and mixed-layer relaxation time of a few

years, the only component in the tropical Pacific with a

memory of decades and above is the deep ocean, so it is the

continued warming of the sub-thermocline ocean during

CO2 ramp-down that is driving the continuing development

of a central and East Pacific SST anomaly and the asso-

ciated rainfall and circulation changes.

The dominance of different mechanisms during CO2

ramp-up and the beginning of ramp-down can be explained

by the magnitude and speed of stratification change in each

case. During ramp-up the tendency is for both the mixed-

layer and sub-thermocline ocean to warm, but the mixed-

layer warms faster so there is a gradual increase in

thermocline gradient (Fig. 7c). However during ramp-

down the tendency of the mixed-layer, if disconnected

from the deep ocean, would be to cool, while the sub-

thermocline waters are still warming due to the lag caused

by the ocean circulation. The opposing temperature ten-

dencies lead to a rapid decline in thermocline theta gradient

which locally overwhelms the tropical circulation response

at the start of CO2 ramp-down.

After the first few decades of CO2 ramp-down the

equatorial Pacific zonal temperature gradient begins to

increase and return to its original level, and this can be

attributed to a slowing of the ocean vertical stratification

change in this period, combined with a continued increase

in the mean tropical circulation. The strength of the Walker

circulation also begins to recover during this period, indi-

cating that the influence of the mean tropical circulation

has once again become dominant over local ocean strati-

fication changes in the region.

Although spatially non-uniform changes in evaporative

damping (Knutson and Manabe 1995) or west Pacific cloud

changes (DiNezio et al. 2009) could in theory be important

in determining equatorial Pacific SST gradients under CO2

forcing, there appears to be no reason for either of these to

be spontaneously asymmetric with respect to T during

ramp-up/ramp-down because of atmospheric processes

alone. As the direct CO2 forcing simulated in the Hansen

experiment doesn’t produce large atmospheric circulation

changes over the oceans, it seems unlikely that the lag

between T and CO2 is the root cause of the equatorial

Pacific zonal SST gradient changes. Therefore any
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influence of evaporation or cloud changes on the SST

asymmetries between ramp-up and ramp-down is likely to

be a feedback driven by ocean changes.

3.6 Sensitivity of results to maximum CO2

concentration

In order to investigate the robustness and sensitivity to

maximum CO2 concentration of the equatorial Pacific

precipitation and SST responses to CO2 ramp-up/ramp-

down, several other experiments were examined. Three

HadGEM2-ES experiments increased and decreased CO2

at 1% per year, similarly to the 4 9 CO2 ramp-up/ramp-

down run, but peaked instead at values of 3 9 CO2,

2 9 CO2 and 1.5 9 CO2.

As for the 4 9 CO2 experiment, two 40 year periods

were chosen for each run with approximately the same

climatological mean 1.5 m temperature. The first period

was the last 40 years of CO2 ramp-up, while the second

period was during CO2 ramp-down. Figure 11 shows the

difference in precipitation and surface temperature between

the two periods for each experiment.

For the 3 9 CO2 and 1.5 9 CO2 experiments the large-

scale patterns of precipitation and surface temperature

anomalies are similar to the HadGEM2-ES 4 9 CO2

experiment, though the east and central equatorial Pacific

positive temperature anomaly is weaker in the 3 9 CO2

experiment. However the 2 9 CO2 experiment shows a

very different surface temperature anomaly, with the pat-

tern being dominated by relative warming in the Arctic and

cooling in the Antarctic.

This effect is likely to be due to the relative magnitude

and lags of the sea-ice feedbacks in the two hemispheres.

Whereas for the other ramp-up/ramp-down experiments the

lag in sea-ice recovery after peak CO2 is equal between

north and south or larger in the Southern hemisphere, for

the 2 9 CO2 experiment the lag is larger in the northern

hemisphere (see Fig. 12). This is related to the arctic being

relatively warmer in the second 40 year period and in this

case dominates the signal in the surface temperature

anomaly. The precipitation anomaly in the 2 9 CO2

experiment is also weaker and of a different shape to the

other experiments. This is presumably a consequence of the

large differences in surface temperature anomaly between

this and the other experiments, and indicates that vari-

ability in sea-ice feedbacks can have wide-ranging conse-

quences across the globe. The influence of high latitude ice

cover on the position of tropical rainfall bands has previ-

ously been noted by Chiang and Bitz (2005) and Chiang

et al. (2008) in experiments with the Community Climate

Model (CCM) version 3 GCM.

As the equatorial Pacific is an area of high natural

variability in SSTs and rainfall (Collins et al. 2010; Wu

et al. 2003; Matei et al. 2008), much of the differing detail

in the responses of the different experiments is likely to be

due to this variability. The shape and magnitude of the

positive temperature anomaly in the south-east Pacific

varies between the different experiments, and is associated

with a strong HadGEM2-ES cloud feedback response in

this region which will be the focus of a separate study.

Figure 13 shows values of precipitation and temperature

averaged between 5�S-5�N for all ramp-up/ramp-down

experiments. The mean of the HadGEM2-ES experiments

clearly shows an increased equatorial SST gradient across

the Pacific and an eastward shift of rainfall from the mar-

itime continent into the Pacific, as does the HadCM3

experiment. Disregarding the HadGEM2-ES 2 9 CO2

experiment, all the other runs show this type of general

behaviour with variability in the position of the rainfall

anomaly and strength of SST gradient. For HadGEM2-ES

the magnitude of the precipitation response does not vary

linearly with the magnitude of peak CO2, as the 1.5 9 CO2

experiment has a larger Pacific precipitation anomaly than

the 3 9 CO2 experiment. Variation in the equatorial

Pacific responses of the 4 9 CO2, 3 9 CO2 and 1.5 9 CO2

experiments is likely to be due to natural variability in what

is a highly variable region. The HadCM3 experiment has

the largest Pacific SST and precipitation responses, and this

may be due to the more abrupt change in forcing between

CO2 ramp-up and ramp-down (2% per year for HadCM3 as

opposed to 1% per year for HadGEM2-ES) or simply to

inter-model variability.

A decrease in cross-thermocline vertical potential tem-

perature gradient was identified as the likely mechanism

for the relative east and central Pacific warming in the

4 9 CO2 ramp-up/ramp-down experiments, and this was

also examined for the other ramp-up/ramp-down runs.

Figure 14 shows the transient change in thermocline gra-

dient during ramp-up/ramp-down for each of the experi-

ments, and a decrease in gradient during CO2 ramp-down

can be seen in each case. This suggests that the thermocline

gradient lag mechanism is not particularly sensitive to the

magnitude of maximum CO2 during CO2 ramp-up/ramp-

down.

3.7 Linearity of precipitation and surface temperature

responses

As a further test of our understanding, we use the linear

simple climate model reconstruction of Good et al. (2011a),

applied to HadGEM2-ES (this is not done for HadCM3, due

to significant non-linearity in precipitation change identified

by Good et al. (2011b)). We do this to test a specific aspect

of our proposed mechanism; that the spatial anomaly pat-

terns in Figs. 4 and 11 can be explained solely in terms of

different timescales of response in different parts of the
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climate system. The linear reconstruction of Good et al.

(2011a) aims to predict the spatially-resolved response of a

GCM to any given forcing scenario. This method makes a

linearity assumption which means that it can reproduce

spatial patterns as in Figs. 4 and 11, but only if they arise

because of different timescales of response in different parts

of the climate system (the hypothesis we wish to test). Any

spatial patterns from non-linear responses will not appear in

the linear reconstruction. This reconstruction also has

higher signal/noise compared to the equivalent GCM sce-

nario experiment, which allows significant spatial patterns

to be identified more clearly.

The reconstruction (described in detail by Good et al.

(2011a)) is based on the response of the same GCM to a
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Fig. 11 Difference (ramp-down minus ramp-up) between two

HadGEM2-ES 40 year time periods, one during ramp-down and

one during ramp-up, with the same climatological global mean 1.5 m

temperature for three different CO2 ramp-up/ramp-down runs. a, b are

for 3 9 CO2, c, d for 2 9 CO2 and e, f for 1.5 9 CO2. a, c,

e Precipitation (mm/day), b, d, f surface temperature (K). Grid-points

where the anomaly is statistically significant at the 5% level are

stippled. Line contours indicate mean values during the first 40 year

period with contour intervals of 5 mm/day for precipitation and

0.05 Pa/s for convective mass flux
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CO2-step experiment (where CO2 is instantaneously

increased from pre-industrial concentrations to four times

that level and then held constant), combined with a linear

assumption. It assumes that the GCM response to any

change in forcing is given by a linear scaling of the

response in a CO2 step experiment, and that the responses

to a series of forcing changes are linearly additive.

The results are given in Fig. 15. The reconstruction

captures the dominant patterns seen in Figs. 4 and 11. In

particular, the reconstruction accurately reproduces the
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Fig. 12 Transient changes in anomalous (from control mean) north-

ern (black line) and southern (red line) hemisphere fractional sea-ice

coverage for HadGEM2-ES. a shows the 4 9 CO2 experiment,

b 3 9 CO2, c 2 9 CO2 and d 1.5 9 CO2. Dashed vertical lines show

boundaries of CO2 ramp-up/ramp-down periods. Horizontal diamond-
ended lines signify the position of two time periods with the same

climatological global mean T. Small gaps in the 4 9 CO2 and

3 9 CO2 time-series indicate single years of missing data
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Fig. 13 a Precipitation and b Surface temperature anomalies (ramp-

down minus ramp-up) averaged between 5N and 5S for the difference

between two time periods, one during ramp-down and one during

ramp-up, with the same climatological global mean 1.5 m temper-

ature. HadGEM2-ES CO2 ramp-up/ramp-down values are shown for

4 9 CO2, 3 9 CO2, 2 9 CO2 and 1.5 9 CO2 experiments, together

with the HadCM3 4 9 CO2 experiment. Thick black solid lines
indicate the mean values of all HadGEM2-ES ramp-up/ramp-down

experiments. Thick black dashed lines indicate mean value of simple

climate model ramp-up/ramp-down simulations
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HadGEM2-ES ensemble mean near-equatorial signal

(compare solid and dashed black lines in Fig. 13). In the

case of the simple climate model, unlike HadGEM2-ES,

the magnitude of precipitation does increase with the

magnitude of peak CO2 (not shown). This effect may also

be present for the GCM, but masked by greater internal

variability. In general the precipitation anomalies are larger

in HadGEM2-ES than in the simple climate model, sug-

gesting that non-linear effects (perhaps connected with the

coupled Pacific ocean-atmosphere feedbacks) may enhance

the linear precipitation signal. Alternatively this could

simply be the result of internal variability within the GCM.

The ability of the simple climate model to accurately

recreate the GCM response to CO2 ramp-up/ramp-down

suggests that the patterns observed can indeed be explained

largely by a linear framework, because of different time-

scales of response in different parts of the climate system.

In particular, the lagged response between equatorial

mixed-layer and sub-thermocline responses to CO2 forcing

that was identified as the mechanism behind the asym-

metric equatorial Pacific rainfall and SST patterns is

something that the simple model would be expected to

capture. The differences between the 2 9 CO2 ramp-up/

ramp-down anomaly patterns and the other experiments

seen in HadGEM2-ES is not observed for the simple cli-

mate model, adding weight to the argument that non-linear

processes such as sea-ice feedbacks are responsible for the

behaviour of the 2 9 CO2 experiment. Again though, the

behaviour of the equatorial Pacific in that experiment could

also be a consequence of GCM internal variability.

4 Discussion and conclusions

The CO2 ramp-up/ramp-down experiments described here

are highly idealised, and are designed as much to provide

insights into the basic mechanisms of the climate system as

they are to simulate possible future emissions scenarios.

Some relatively simple (and therefore possibly robust

across models) rainfall mechanisms associated with a rapid

change in the gradient of atmospheric CO2 emissions are

apparent.

A continued increase in global mean rainfall after the

start of CO2 ramp-down can be explained by asymmetry in

the speed of reduction of CO2 and global mean temperature

(Wu et al. 2010; Cao et al. 2011). However the asymmetry

in rainfall pattern over the tropical Pacific between CO2

ramp-up and ramp-down is not seen in the Hansen exper-

iment and is therefore unlikely to be due to the direct

radiative effect of CO2. Instead, slowly evolving heat

transfer between the surface and deep ocean appear to be

responsible for an east Pacific equatorial SST warming
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Fig. 14 Transient changes in mean Niño3 thermocline vertical

temperature gradient (K/m) for HadGEM2-ES, as well as the mean

temperature of the two model levels above the thermocline and the

two model levels below it. a shows the 3 9 CO2 experiment,

b 2 9 CO2 and c 1.5 9 CO2. Dashed vertical lines show boundaries

of CO2 ramp-up/ramp-down periods

Fig. 15 Difference (ramp-down minus ramp-up) between two simple

climate model simulations of HadGEM2-ES 40 year time periods,

one during ramp-down and one during ramp-up, with the same

climatological global mean 1.5 m temperature for three different CO2

ramp-up/ramp-down runs. a, b are for 4 9 CO2, c, d for 3 9 CO2, e,

f for 2 9 CO2 and g, h for 1.5 9 CO2. a, c, e, g Precipitation (mm/

day), b, d, f, h surface temperature (K)

c
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which continues during CO2 ramp-down and causes an

eastward shift of precipitation.

The magnitude of CO2-induced SST warming in the east

Pacific is largely determined by the balance between ver-

tical and horizontal heat transport DiNezio et al. (2009).

The magnitude of cooling from below is determined by

both the strength of upwelling (determined by surface wind

stress and associated with the strength of the Pacific

Walker cell) and the temperature gradient between the

mixed-layer and sub-thermocline waters. Two competing

mechanisms are at work here. The first is a reduction in

tropical convective mass flux with warming (Held and

Soden 2006), which acts to weaken the Walker circulation

and reduce upwelling, warming the east Pacific. The sec-

ond is the ocean thermostat mechanism of Clement et al.

(1996), whereby heating of the mixed layer from above

increases the cross-thermocline temperature gradient and

the efficiency of upwelling-related cooling, thus cooling

the East Pacific relative to the rest of the tropics. This

thermocline mechanism is controlled by the lag between

heating of the surface equatorial waters and the transport of

subtropical waters which are heated at the surface, sub-

ducted, and upwell in the east Pacific several decades later.

During ramp-up the weakening of the tropical circula-

tion dominates over local stratification changes in the east

Pacific in HadGEM2-ES and HadCM3, but the opposite

occurs during ramp-down where a local decrease in strat-

ification leads to a continued weakening of the Walker

circulation despite both the mean tropical circulation and

the Hadley circulation starting to recover. This phenome-

non of asymmetric changes in ocean temperature depend-

ing on the sign of forcing is also seen in Stouffer (2004)

and Yang and Zhu (2011).

Repeating the HadGEM2-ES CO2 ramp-up/ramp-down

experiment with various different maximum levels of CO2

produced similar results to the 4 9 CO2 experiment for 2

out of 3 runs. However the 2 9 CO2 experiment exhibited

a very different relative pattern of surface temperature

change between ramp-up and ramp-down, tentatively

attributed here to difference in the speed of sea-ice

recovery between the two hemispheres. Nevertheless the

thermocline lag mechanism appeared to be present in all

experiments, and the pattern of tropical precipitation was

similar between all but the 2 9 CO2 experiment.

A reconstruction of the HadGEM2-ES ramp-up/ramp-

down CO2 scenarios with a simple linear climate model

was able to reproduce the asymmetric patterns of Pacific

SST and rainfall with considerable accuracy. This supports

the argument that it is different timescales of response in

different parts of the climate system (such as between

mixed layer and sub-thermocline equatorial waters) that are

responsible for the asymmetric pattern responses between

CO2 ramp-up and ramp-down.

Although different GCMs produce a variety of mean

equatorial Pacific states under global warming (DiNezio

et al. 2009), with some having El-Niño-like SST patterns

and others La-Niña-like SST patterns, the mechanism of an

ocean-circulation-related lag between heating of the

equatorial ocean mixed layer and the sub-thermocline

water is a relatively simple one and likely to be present

across models. This means that whatever the mean state of

the equatorial Pacific in a model during CO2 ramp-up, the

zonal temperature gradient is likely to be weaker at the

start of the ramp-down phase of a CO2 ramp-up/ramp-

down experiment than during the ramp-up phase. Held

et al. (2010) examined an experiment with the GFDL 2.1

coupled GCM where CO2 was increased, then instanta-

neously reduced to pre-industrial levels. They found a

residual east Pacific warming after CO2 reduction, and it

seems likely that this is associated with an ocean stratifi-

cation lag similar to the ones in HadGEM2-ES and Had-

CM3. In their terminology, this mechanism would be

associated with the ‘recalcitrant’ component of warming.

Cao et al. (2011) explain the hysteresis of global mean

precipitation during CO2 ramp-up/ramp-down by the direct

dependence of the atmospheric radiation budget on CO2. In

addition to this another possible mechanism, and one that

would merit further investigation, is that the asymmetric

patterns of temperature change between ramp-up and

ramp-down could alter the atmospheric radiative balance

and produce the observed asymmetry in global mean pre-

cipitation. For example the land-ocean contrast in heating

and cooling could affect the global mean Bowen ratio and

distribution of water vapour, and the evolution of SST

patterns could produce significant cloud changes. Barsugli

et al. (2006) used the NCAR CCM GCM to show that the

change in global mean precipitation is sensitive to the

pattern of SST warming, not just the tropical mean

warming, providing some support for this hypothesis.

The implication of this study is that removing CO2 from

the atmosphere would not return the climate to its pre-

industrial state along the same path as during CO2 increase.

Ocean heat content built up during ramp-up would start to

be released during ramp-down, and is likely to lead to a

warmer mean state in the east Pacific than during ramp-up.

This is associated with regional precipitation changes

which are likely to have greater human impacts than the lag

in global mean P. It should therefore not be assumed by

policy-makers that a future removal of CO2 from the

atmosphere would stop the climate from changing any

further in unexplored ways. As for other forms of geoen-

gineering, global mean temperature alone is a poor metric

of the state of the climate system as multiple rainfall cli-

mates are possible for the same mean temperature. In

particular, pattern-scaling with global mean temperature

would be inappropriate for scenarios such as the one here.
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There are also implications for a less extreme scenario

where CO2 levels increase and then stabilise. The ther-

mocline lag mechanism would also theoretically occur in

this case, though with a smaller magnitude than for CO2

ramp-down, and this means that observations of transient

warming in the equatorial Pacific would show less relative

warming in the east Pacific than the final stabilised state.
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