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Two annual cycles of the Pacific cold tongue 
under orbital precession

John C. H. Chiang1,2 ✉, Alyssa R. Atwood3, Daniel J. Vimont4, Paul A. Nicknish5, 
William H. G. Roberts6, Clay R. Tabor7 & Anthony J. Broccoli8

The Pacific cold tongue annual cycle in sea surface temperature is presumed to be 
driven by Earth’s axial tilt1–5 (tilt effect), and thus its phasing should be fixed relative to 
the calendar. However, its phase and amplitude change dramatically and consistently 
under various configurations of orbital precession in several Earth System models. 
Here, we show that the cold tongue possesses another annual cycle driven by the 
variation in Earth–Sun distance (distance effect) from orbital eccentricity. As the two 
cycles possess slightly different periodicities6, their interference results in a complex 
evolution of the net seasonality over a precession cycle. The amplitude from the 
distance effect increases linearly with eccentricity and is comparable to the amplitude 
from the tilt effect for the largest eccentricity values over the last million years (e value 
approximately 0.05)7. Mechanistically, the distance effect on the cold tongue arises 
through a seasonal longitudinal shift in the Walker circulation and subsequent annual 
wind forcing on the tropical Pacific dynamic ocean–atmosphere system. The finding 
calls for reassessment of current understanding of the Pacific cold tongue annual 
cycle and re-evaluation of tropical Pacific palaeoclimate records for annual cycle 
phase changes.

The Pacific cold tongue is an integral part of the tropical Pacific coupled 
ocean–atmosphere system and possesses a dominant annual cycle 
in sea surface temperature (SST) (Extended Data Fig. 1), even though 
insolation at the equator peaks twice a year1(Extended Data Fig. 2a). 
Prevailing theory developed in the 1990s1–5 explained the annual cycle 
through the following sequence: an annual mean equatorial cold tongue 
arises through easterly trade winds which shallow the thermocline to 
the east, allowing upwelling to bring cold water from below the thermo-
cline into the mixed layer8. Because of the northward bias of the Pacific 
Intertropical Convergence Zone9 southeasterly trade winds cross the 
equator throughout the year. Their strength changes over the course 
of a year, controlled by the differential heating between hemispheres 
resulting from the tilt effect, with a delay due to the thermal inertia of 
the ocean. The southeasterly trade winds are strongest in boreal autumn 
(Extended Data Fig. 1b) and cause surface waters to cool at the eastern 
boundary through coastal upwelling that propagates westwards along 
the equator, facilitated by zonal ocean–atmosphere feedback10,11; the 
same winds also drive increased surface heat fluxes and vertical mix-
ing at the equator, further cooling the equatorial surface ocean3,10.  
Conversely, when the southeasterly trade winds weaken in boreal 
spring, the cold tongue is warmer (Extended Data Fig. 1c). Because 
the cold tongue annual cycle is controlled by the tilt effect, its phase 
relative to the calendar year should be relatively immutable as both 
are timed to the equinoxes.

This prevailing view was recently challenged by an Earth system 
model12 (Geophysical Fluid Dynamics Laboratory (GFDL) CM 2.1; 
Methods) simulating a remarkable change in the phase of the cold 
tongue annual cycle with the longitude of perihelion (the position 
of perihelion relative to the moving vernal equinox as shown in 
Fig. 1; hereafter LOP). The eccentricity was set to 0.0493, being the 
maximum attained over the last 600,000 years7 and about three 
times as large as the modern-day value (Extended Data Fig. 2b). 
When the LOP was altered from 90° (perihelion at winter solstice) 
to 180° (perihelion at vernal equinox), the coldest month changed 
from August to October; then to January for LOP at 270° (perihelion 
at summer solstice) and then to May for LOP at 0° (perihelion at 
autumnal  equinox) (Fig. 2, top row). The amplitude of the annual 
cycle also changed dramatically, being largest for LOP at 90° and 
180° and smallest with LOP at 0°, despite obliquity being fixed. No 
straightforward relationship is discernible when the cold tongue 
annual cycle behaviour is compared with its corresponding sea-
sonal cycle of insolation at the equator (Extended Data Fig. 2c–f). 
Similar cold tongue behaviour is found in identical sets of simula-
tions performed with two other Earth System models (iCESM 1.2 
and HadCM3) (Fig. 2, second and third rows, respectively) and with 
a fourth model (EC Earth; Extended Data Fig. 3) performed with 
slightly different orbital parameters (Methods section on 'Earth 
System Model simulations').
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Cold tongue response to eccentricity
When eccentricity is set to zero and annual cycle forcing arises solely from 
the tilt effect, the simulated Pacific cold tongue seasonality behaves in 
a way that is consistent with prevailing theory, with the cold peak timed 
to boreal autumn and warm peak to boreal spring (Fig. 2, last column). 
We show that as orbital eccentricity is introduced, another cold tongue 
annual cycle emerges. Simulations with an Earth system model (Commu-
nity Earth System Model (CESM) 1.2; Methods section on 'Earth System 
Model simulations) spanning the range of LOP are undertaken at three 
eccentricities (e)—0.01, 0.02 and 0.04—covering the typical range over 
the last million years7 (hereafter the CESM LOP simulations; Methods  
section on 'Earth System Model simulations). All other boundary condi-
tions are set to pre-industrial levels (1850 ad), including obliquity.

The cold tongue annual cycle shows two distinct features as the 
longitude of perihelion is varied (Fig. 3a; for e = 0.04): a change in the 
timing of peaks and troughs and a marked reduction in amplitude near 
LOP = 0°. We fit the results of Fig. 3a with the sum of two cosines, one 
whose phase is fixed to the calendar representing the tilt effect and 
the other whose phase changes linearly with the LOP representing the 
distance effect. We also include a semi-annual cycle with its phase fixed 
to the calendar, to account for insolation peaking at the equator twice 
a year during the equinoxes (Extended Data Fig. 2a).
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in which CTfit is the modelled cold tongue sea surface temperature 
(with annual cycle removed), AT and pT are the amplitude and phase of 
the annual cycle for the tilt effect, AD and pD for the distance effect and  
AS and pS for the semi-annual cycle. Parameter m is the numerical 
months of the year from 0 to 12 (with 0.5 corresponding to mid-January) 
and LOP is in degrees.

The best-fit surface to the data (Fig. 3b;  Methods section  on ‘Surface 
fitting’) captures its salient features, including the change in phase 
and reduction in amplitude near LOP = 0°. The tilt and distance annual 
cycles are comparable in amplitude (Fig. 3d,e) but the semi-annual con-
tribution is relatively small (Fig. 3f). The same fitting exercise but with 
e = 0.01 and 0.02 (Extended Data Fig. 4) shows an essentially unchanged 
annual cycle contribution from the tilt effect and semi-annual cycle 
(Table 1) but the amplitude of the distance effect annual cycle decreases 
linearly with decreasing eccentricity (Fig. 3c). A similar outcome occurs 
when fitting equation (1) to a simulation with e = 0 (the tilt-only run), 
assuming AD = 0 (Table 1). The consistency in the fitted parameters 
lends confidence to the validity of our model.

The above results are consistent with cold tongue seasonality arising 
from the sum of the tilt and distance effect annual cycles. As the dura-
tion of the distance effect annual cycle is slightly longer than that of 
the tilt effect (at present by about 25 min)6, the two interfere resulting 
in a complex evolution of the net cold tongue annual cycle with orbital 
precession. The amplitude from the distance effect increases linearly 
at around 0.23 K per 0.01 eccentricity units (Fig. 3c), meaning that 
even at today’s low eccentricity the amplitude from the distance effect 
is about one-third of that from the tilt effect. For the largest orbital 
eccentricities over the last million years (e > 0.05) (ref. 7), the distance 
effect amplitude is as large or even larger than the tilt effect amplitude.

We confirm this interpretation through a simulation that removes 
the tilt effect by setting obliquity to 0° (the distance-only run); we use 
e = 0.05 (and LOP = 0°) such that the distance effect amplitude approx-
imately matches the tilt effect amplitude. In contrast to the annual 
cycle in the tilt-only run (Extended Data Fig. 5c), the distance-only run 
shows an annual cycle with a cold peak in early May and warm peak in 
mid-late October (Extended Data Fig. 5b). When the two annual cycles 
are summed, they produce a cold tongue seasonality which resembles 
the simulation with both distance and tilt effects present (Extended 
Data Fig. 5a,d). With both eccentricity and obliquity set to zero  
(the zero annual forcing run), the cold tongue annual cycle essentially 
disappears (Extended Data Fig. 5e).

Equatorial wind and thermocline changes
Previous model studies using mid-Holocene orbital conditions (corres
ponding to LOP of about 0°)12–14 have suggested that the cold tongue 
annual cycle changes are dynamically induced through equatorial 
thermocline changes. Ref. 12 shows in a LOP = 0° simulation that, 
in boreal spring, weakening trade winds in the western equatorial 
Pacific coincide with a deeper equatorial thermocline, the last of which 
propagates eastwards to warm the eastern equatorial SST by boreal 
autumn. Thermodynamic SST changes by direct insolation forcing 
also contribute to the autumn warming. The opposite occurs for the 
other half of the year. We note that the prevailing theory for the cold 
tongue annual cycle does not prescribe a role to seasonal variations 
in the thermocline2.

We similarly examine equatorial wind stress and thermocline changes 
in the CESM LOP simulations. Using the e = 0.04 case, we find a clear 
eastward propagation of the thermocline anomaly originating from 
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Fig. 1 | Schematic of the Earth’s orbital configuration. The Earth’s orbit 
around the Sun (marked S) is elliptical with the Sun at one focal point and with 
the closest approach at perihelion (at a distance rp) and furthest at aphelion (ra). 
The direction of the orbit is counterclockwise. The eccentricity e, defined in 
the figure, measures how elliptical the orbit is: e = 0.0493 is used for the 
simulations reported in Fig. 2, about three times larger than the modern-day 
value. The equinox and solstice points are named following Northern 
hemisphere seasons. The LOP relative to the moving vernal equinox is defined 
(following Fig. 8 of ref. 38) as the angular distance from vernal equinox to 
perihelion following Earth’s orbit (ω͠ , in degrees), subtracted by 180°. Thus, LOP 
is 90° and 180° if perihelion occurs during winter solstice and vernal equinox, 
respectively. Perihelion, as drawn in the schematic, is positioned for modern 
day, with an LOP of about 103° and date of around 3 January. Because the 
distance effect annual cycle (from perihelion to perihelion, otherwise called 
the anomalistic year, 365.259636 d (ref. 6)) is slightly longer than the tilt effect 
annual cycle (from equinox to equinox, otherwise known as the tropical year, 
365.242189 d (ref. 6)), the LOP increases over time. A complete revolution of the 
LOP is the precession cycle, about 22,000 yr (ref. 38). Note that the Gregorian 
calendar is referenced to the vernal equinox, with its rule for leap days designed 
to resynchronize the calendar year with the tropical year.
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the western Pacific for all LOP cases, provided that the tilt effect con-
tribution is removed beforehand (Extended Data Fig. 6, contours). 
Zonal wind stress changes in the western equatorial Pacific precede 
thermocline anomalies for all LOP cases, with anomalous westerlies 
corresponding to a deeper thermocline and vice versa (Extended 
Data Fig. 6, shaded). Thus, the distance effect annual cycle seems to 
involve the same coupled ocean–atmosphere dynamics and equato-
rial thermocline propagation that gives rise to the El Nino/Southern 
Oscillation (ENSO)15.

We confirm this interpretation using a set of simplified model simu-
lations (Methods section on ‘Simulations with an ICM of the tropical 
Pacific’). First, we obtain the distance effect wind response by impos-
ing the appropriate orbital conditions (and LOP = 0°) in CESM 1.2 with 
the ocean component replaced by a ‘slab’ ocean that incorporates 

thermodynamic ocean–atmosphere interactions from surface fluxes 
but not the dynamical thermocline evolution. They generate a seasonal 
cycle of zonal wind anomalies in the equatorial western Pacific that is 
independent of the dynamic ocean–atmosphere coupling, with peak 
anomalous westerlies occurring at the end of April (Extended Data 
Fig. 7a). These winds are then imposed as an annually repeating forcing 
on an intermediate coupled model16 (ICM) which contains the essential 
dynamics to simulate the ENSO. The ICM responds by producing a cold 
tongue annual cycle with the peak warm phase occurring 3–4 months 
after the peak anomalous westerlies in the western Pacific (Extended 
Data Fig. 7a). As in the CESM LOP simulations, eastward-propagating 
thermocline variations link the zonal wind annual cycle in the western 
Pacific to the annual cycle of the cold tongue in the ICM (Extended 
Data Fig. 7b). We conclude that the coupled dynamics that generate 
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Fig. 2 | Annual cycles of equatorial Pacific SSTs for three different Earth 
System models show a remarkable and consistent seasonal variation  
with the LOP. Plotted is the climatological monthly mean SST averaged over 
6° S–6° N, for GFDL CM 2.1 (ref. 12) (top row), iCESM 1.2 (ref. 40) (second row) and 
HadCM3 (third row). The numbers on the top row denote the LOP (for which 90° 
is perihelion at winter solstice, 180° at vernal equinox, 270° at summer solstice 

and 0° at autumnal equinox). The last column (e = 0) denotes simulations with 
eccentricity set to zero. To facilitate comparison, an offset is added to each 
panel so that the annual mean SST averaged over 145° E–85° W is the same as for 
the observational data, as shown in Extended Data Fig. 1a, 27.44 °C. Note that 
the time ( y) axis here and in other figures is such that 0 is the start of the year 
and 12 is the end; mid-January is thus 0.5.
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ENSO are also integral to the distance effect cold tongue annual cycle. 
These coupled dynamics arise as a forced response to the annual cycle 
in zonal wind stress changes in the western Pacific which arise from a 
thermodynamic response to the distance effect.

The peak warm phase of the cold tongue in the distance-only run 
occurs 4–5 months after the peak anomalous westerlies (Extended 
Data Fig. 5b), a longer lag time than in the ICM (Extended Data Fig. 7a). 
We attribute this difference to the direct thermodynamic response of 
the distance effect insolation on SST, which has its peak warm phase 

about 7 months after the peak westerlies (Extended Data Fig. 7c); this 
would act to delay the timing of the warm peak in the cold tongue.

Zonal shift in the Walker circulation
The western Pacific wind changes result from a seasonal cycle in the 
longitudinal position of the Walker circulation driven by the distance 
effect. In the distance-only run, the equatorial easterlies in the western 
Pacific exhibit an annual cycle and essentially vanish between March 
and June (Fig. 4a, black contours). This feature contrasts with the zero 
annual forcing run in which the equatorial Pacific zonal winds are always 
easterly. The cold tongue is at its coldest (Fig. 4a, shaded) when the 
easterlies vanish, indicating that the winds are not being driven by the 
cold tongue SST. Rather, the vanishing easterlies result from an east-
ward shift of the main uplift region of the Walker circulation (Extended 
Data Fig. 8c), accompanied by an increase in the precipitation over the 
equatorial western Pacific and decrease over the Maritime Continent 
(Extended Data Fig. 8a). The opposite occurs during September–
December (Extended Data Fig. 8b,d).

We use an atmospheric energy flux analysis17 to confirm the Walker 
circulation shift and diagnose its causes (Methods section on 'Atmos-
pheric energy flux analysis'). This analysis links the longitude of its main 
uplift region to the position of zero and diverging zonal energy flux, 
otherwise known as the energy flux prime meridian (EFPM). For the 
zero annual forcing run, the EFPM over the equatorial western Pacific 
stays at about 150° E throughout the year (Fig. 4a, green dashed line). 
With eccentricity increased to 0.05, a distance effect annual cycle in 
the EFPM emerges with an eastward shift between March and June fol-
lowing aphelion and a westward shift between September and Decem-
ber following perihelion (Fig. 4a, green solid line); note that it aligns 

Cold tongue SST

0

2

4

6

8

10

12

M
on

th

Fit

0

2

4

6

8

10

12

Tilt contribution

LOP

0

2

4

6

8

10

12
Distance contribution

0

2

4

6

8

10

12
Semi-annual contribution

0

2

4

6

8

10

12

–2.0 –1.5 –1.0 –0.5 0 0.5 1.0 1.5 2.0
Temperature (ºC)

0 0.01 0.02 0.03 0.04 0.05
Eccentricity

0

0.2

0.4

0.6

0.8

1.0

1.2

A
m

p
lit

ud
e 

(K
)

Distance and tilt amplitudes

AD
AT
ADPI

M
on

th

M
on

th
M

on
th

M
on

th

LOP LOP

–180° –90º 0º 180°
LOP

90º

–180° –90º 0º 180°90º –180° –90º 0º 180°90º –180° –90º 0º 180°90º

–180° –90º 0º 180°90º
LOP

a b c

d e f

Fig. 3 | Variation of the cold tongue annual cycle to LOP arises from the sum 
of the tilt and distance effect contributions. a, Cold tongue SST (averaged 
over 6° S–6° N, 140–90° W) annual cycle for e = 0.04 with varying longitude  
of perihelion. The annual mean is removed from each annual cycle before 
plotting. b, Least-square surface fit of the data in a, using equation (1). c, Fitted 
coefficients of the distance effect amplitude (AD, black symbols) and the 
least-square linear fit to the data forced through the intercept (dashed line). 

The bars indicate the 95% confidence bounds for each AD fit. For comparison, 
the fitted coefficients of the tilt effect amplitude (AT) are shown in red.  
The green dot indicates the distance effect amplitude for eccentricity at 
pre-industrial (PI) level (e = 0.0167). d–f, Contributions of the fit in b from tilt 
effect (d), distance effect (e) and semi-annual cycle (f) . The same colour scale is 
used for a, b, d, e and f.

Table 1 | Fitted coefficients for equation (1) to the cold 
tongue SST annual cycle variation with LOP in the CESM LOP 
simulations, for various eccentricity values

Eccentricity 
(e)

AT  
(K)

pT 
(month)

AD  
(K)

pD 
(month)

AS  
(K)

pS 
(month)

0.00 1.07 
(0.95, 
1.19)

4.02 
(3.80, 
4.25)

0 - 0.33 
(0.21, 
0.46)

5.07 
(4.71, 
5.42)

0.01 1.14 
(1.11, 
1.16)

4.03 
(3.99, 
4.08)

0.24 
(0.22, 
0.27)

10.13 
(9.92, 
10.33)

0.31 
(0.29, 
0.34)

5.00 
(4.92, 
5.08)

0.02 1.13 
(1.10, 
1.16)

4.01 
(3.96, 
4.06)

0.48 
(0.45, 
0.51)

10.08 
(9.97, 
10.20)

0.32 
(0.29, 
0.35)

4.98 
(4.90, 
5.07)

0.04 1.12 
(1.09, 
1.16)

3.94 
(3.88, 
4.00)

0.93 
(0.89, 
0.96)

10.02 
(9.95, 
10.10)

0.32 
(0.29, 
0.36)

4.90 
(4.79, 
5.00)

The cold tongue SST is averaged over 140–90° W, 6° S–6° N. For zero eccentricity, AD is 
assumed to be zero. The values in brackets indicate the 95% confidence bounds. Note the 
consistency in the coefficients for AT, AS, pT, pS and pD across various eccentricities.
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well with the zonal wind stress changes over the western equatorial 
Pacific. The EFPM change is caused by a zonal dipole in the energy flux 
potential (Fig. 4b,c, shading) between the hemisphere extending from 
the Maritime Continent through the Pacific (the marine hemisphere, 
being mostly ocean), with the hemisphere extending from South 
America through to the Indian Ocean (the continental hemisphere, 
having relatively more land). For March–June following aphelion, there 
is increased zonal atmospheric energy transport from the marine to 
the continental hemisphere (Fig. 4b, vectors) and the EFPM (and hence 
the Walker uplift region) shifts eastwards. The opposite occurs in Sep-
tember–December following perihelion (Fig. 4c). Other diagnostics of 
the large-scale atmospheric circulation—upper tropospheric velocity 
potential and surface pressure—confirm the seasonal zonal shift in the 

Walker circulation and the global east–west hemispheric nature of its 
origins (Extended Data Fig. 8e–h).

The zonal energy transport arises from the differing thermal 
response of the two hemispheres to the distance effect. For Septem-
ber–December following perihelion, the surface of the marine hemi-
sphere absorbs relatively more of the increased sunlight than that of 
the continental hemisphere, implying that the marine hemisphere 
fluxes less energy into the overlying atmosphere than the continental 
hemisphere. Because tropical atmospheric dynamics act to rapidly 
homogenize tropospheric temperature differences18, there is increased 
zonal atmospheric energy transport from the continental to the marine 
hemisphere and the Walker circulation shifts to the west. The opposite 
occurs in March–June following aphelion. This behaviour is analogous 
to the latitudinal migration of the Intertropical Convergence Zone 
in response to atmospheric energy transport changes between the 
northern and southern hemispheres from the tilt effect19,20.

Implications
Our findings call for a re-evaluation of mechanisms underpinning the 
Pacific cold tongue annual cycle, in particular thermocline changes. 
The distance effect may have escaped attention as the current annual 
cycle resembles that from the tilt effect alone and thus does not pose 
a challenge to the prevailing theory. It also begs the question: to what 
extent does the distance effect contribute to the seasonal cycle of 
other regional climates? This question is rarely asked21 but this study 
demonstrates how new insights about the Earth’s seasonal cycle are 
made possible if the tilt and distance effects are considered separately.

We also argue for a re-examination of tropical Pacific palaeocli-
mate records for changes to the annual cycle. Palaeoclimate studies 
examining tropical Pacific records on orbital timescales have largely 
framed cold tongue changes in terms of ENSO22–27, although attempts 
have been made to separate amplitude changes into ENSO and annual 
cycle contributions25,28–30. Determining the phasing of palaeoproxy 
signals relative to the calendar year is more challenging and we are not 
aware of any attempts in this regard. It requires records that resolve 
the annual cycle and a marker to affix the calendar. The semi-annual 
cycle can potentially serve as a marker, as it is timed to equinoxes. We 
also note that a change in the cold tongue annual cycle may itself cause 
changes to ENSO because feedbacks that govern the latter depend on 
the seasonal cycle31,32.

Finally, we speculate on the implications to the global palaeoclimate. 
The tropical Pacific is thought to play a defining role in palaeoclimate 
on orbital timescales33,34, given its responsiveness to forcing and global 
reach through teleconnections. The phase of precession has been linked 
to many regional palaeoclimate changes around the globe, prominent 
examples being peak monsoon intensity35,36 and the timing of the Ice 
Ages37–39. The implicit assumption is that the precession influence works 
through direct insolation changes at the latitude of the regional cli-
mate. However, our results indicate that the tropical Pacific may also 
be capable of remotely orchestrating precession changes around the 
globe, through altering the cold tongue annual cycle.
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Methods

Earth System Model simulations
GFDL CM 2.1. The simulations are as reported in ref. 12. The GFDL CM 2.1 
(ref. 43) is used at 2° × 2.5° in the atmosphere and 1° × 1° in the ocean but 
progressively to one-third degree resolution in the meridional direction 
at the equator. Boundary conditions are set to pre-industrial levels,  
except for eccentricity which is set to e = 0.0493 and LOP to 0°, 90°, 180° 
and 270°, respectively (labelled AE, WS, VE and SS in ref. 12). Obliquity 
is set to 23.439°. A simulation with zero eccentricity is also done. Each 
simulation is 600 years long and the average of the last 100 years used 
for the monthly climatology. The calendar was converted to fixed angle 
from the standard monthly mean output using the method of ref. 44.

iCESM 1.2. The simulations are as reported in ref. 40. This model uses 
CESM 1.2 but with the inclusion of a water isotope tracer45. The water 
isotope tracers do not affect the physical climate, so the simulated 
physical climate is comparable to the CESM 1.2 which has been shown to 
well-simulate historical and present-day climate46. The atmosphere and 
land are on a 1.9° × 2.5° finite-volume grid and ocean and sea ice on a nomi-
nal 1° rotated pole grid (gx1v6). Orbital configurations are as in the AE, 
WS, VE and SS cases in ref. 12, with eccentricity set to 0.0493 and obliquity 
to 23.44107°. Other boundary conditions are set to pre-industrial levels. 
A fifth simulation is performed with eccentricity set to zero. Simulations 
were run for a total of 1,050 years. The first 500 years were run using 
CESM 1.2 without water isotope tracers followed by a further 550 years 
using water isotope tracers. All simulations are near equilibrium with 
top-of-atmosphere radiation imbalances less than 0.15 W m−2. For this 
study, all five simulations were extended for 50 years and those data 
were used to calculate the climatology. The calendar was converted to 
fixed angle using daily data, following the calendar conversions of ref. 44.

HadCM3. The simulations use the version HadCM3B_M2.1N (ref. 47). 
This is a version of the original HadCM3 model48,49. The atmospheric 
component HadAM3B has a Cartesian grid with a horizontal resolu-
tion of 96 × 73 grid points (3.75° longitude × 2.5° latitude) and the 
ocean component has a resolution of 288 × 144 grid points (1.25° lon-
gitude × 1.25° latitude). Boundary conditions are set to pre-industrial 
levels, except for eccentricity which is set to e = 0.0493 and the longi-
tude of perihelion set to 0°, 90°, 180° and 270°, respectively. Obliquity is 
set to pre-industrial level at 23.439°. A simulation with zero eccentricity 
is also done. Each simulation is 500 years long and the average of the 
last 100 years is used to form the monthly climatology.

EC Earth. We use the Pmin, Pmax and Tmin simulations of EC Earth as 
performed in ref. 50. EC Earth 2.2 is a fully coupled model with an atmos-
pheric horizontal resolution of T159 (roughly 1.125° × 1.125°) and 62 
vertical levels and ocean model at 1° resolution and 42 vertical levels. The 
Pmin simulation sets obliquity at 22.08°, eccentricity at 0.056 and LOP 
at 264.04°; the Pmax simulation has the same obliquity, eccentricity at 
0.058 and LOP at 86.5°. The eccentricity is thus slightly larger than the 
simulations shown in Fig. 2 and the LOP is not exactly at 270° and 90° 
but sufficiently close for our purposes for a qualitative comparison. The 
Tmin simulation is a zero eccentricity simulation with obliquity set to 
22.08°, to be compared to the e = 0 simulations in Fig. 2. Each simula-
tion is 100 years and the last 50 years is used to form the climatology.

CESM LOP and idealized simulations. Simulations are done with 
CESM 1.2 (ref. 46) at 1.9° × 2.5° finite-volume grid and ocean and sea 
ice on a nominal 1° rotated pole grid (gx1v6). Each simulation is for 
25 years and the last 20 years are averaged to form a seasonal climatol-
ogy. Simulations varying the LOP are done at intervals of 30° from 0° to 
330° and for three eccentricities: 0.01, 0.02 and 0.04. Obliquity is set to 
23.439°. All other boundary conditions are set to pre-industrial levels. 
Note that the simulated cold tongue changes here are qualitatively 

like the longer iCESM 1.2 simulations, despite the short integration 
time (Extended Data Fig. 9). There are also four idealized simulations: 
tilt and distance, for which eccentricity is set to 0.05 and obliquity  
to 23.439° (and LOP = 0°); tilt-only, for which eccentricity is set to 
zero and obliquity to 23.439°; distance-only, for which obliquity is set  
to zero and eccentricity to 0.05 (and LOP = 0°); and zero annual forcing 
for which both obliquity and eccentricity are set to zero. See Extended 
Data Table 1 for a list of simulations.

Fixed-angle calendar. A calendar adjustment was applied to the CESM 
LOP and idealized simulations to account for the shift in some dates of 
equinoxes and solstices when LOP is altered under high eccentricity51, 
by assigning each month to 30° of arc in the orbit. The method of ref. 44 
was used to alter monthly mean output from the standard calendar to 
fixed angle, using the vernal equinox as the tie point. The GFDL CM 2.1 
and iCESM 1.2 calendars were already converted to fixed angle from their 
respective original applications12,40. The conversion results in a relatively 
minor modification to the numerical timing of the months; for this reason, 
the HadCM3 and EC Earth calendars were not converted to fixed angle, 
noting that those outputs were only used for a qualitative comparison.

Surface fitting
The surface fit of Fig. 3a (and Extended Data Fig. 4a,c) using equation (1) 
is done in MATLAB R2021a using the function ‘fit’ and specifying equa-
tion (1) as the model using the function ‘fittype’, setting m and LOP as 
the independent variables; otherwise, default settings are used. Both 
functions are found in the curve fitting toolbox52. The method uses a 
nonlinear least squares minimization algorithm (trust-region reflective 
method) to determine the fit; amplitudes (AT, AD and AS) are allowed to 
range between 0 and 3 K and phase (pT, pD and pS) between 0 and 12.

Calculation of equatorial thermocline temperature
We first extract the depth of the 20 °C isotherm in the annual mean 
climatological potential temperature averaged between 6° N and 6° S. 
There is a depth value for each longitude point across the equatorial 
Pacific and we use this as the reference thermocline depth. Using 
monthly climatological potential temperature, we then extract the 
potential temperature (averaged between 6° S and 6° N) at the reference 
thermocline depth. For each longitude point, we obtain 12 potential 
temperature values representing the monthly climatological variation 
in potential temperature at mean thermocline depth.

Simulations with an ICM of the tropical Pacific
We use an ICM (ref. 16) of the tropical Pacific coupled ocean–atmos-
phere system which has been extensively used for ENSO studies. It is 
an anomaly model and the mean state is prescribed. The atmosphere 
is a Gill53 model representing the global tropical atmosphere and with 
heating parameterized to SST and to convergence feedback. The ocean 
model is a reduced-gravity 1.5-layer model with an embedded mixed 
layer and spans only across the tropical Pacific (124° E – 80° W). The 
atmosphere is coupled to the ocean through wind stress and the reverse 
through SST. The reader is referred to ref. 16 for details. External wind 
forcing on the ICM is applied similar to the method used in ref. 54, except 
that in this case the wind forcing is annually repeating.

We first generate distance effect wind forcing for the ICM by run-
ning two CESM 1.2 simulations with e = 0 and 0.04 respectively; LOP 
is set to 0°, obliquity to 23.439° and all other boundary conditions to 
pre-industrial levels. The CESM 1.2 simulations here use the thermody-
namic ‘slab’ ocean rather than the full dynamical ocean; this allows for 
the simulation of tropical Pacific climate changes to the orbital forcing in 
the absence of the ocean–atmosphere dynamics as contained in the ICM. 
Simulations are 25 years long, with the last 20 used to form the monthly 
climatology. We extract the distance effect wind forcing from the differ-
ence (e = 0.04 minus e = 0) of the lowest atmospheric level winds from 
the respective climatologies. The resulting annually repeating wind 
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forcing is then imposed as an external forcing to the ICM domain. The 
ICM is run for 100 years and results are averaged over the last 50 years 
to form the monthly climatological fields shown in Extended Data Fig. 7.

Atmospheric energy flux analysis
The atmospheric energy flux potential analysis17,55 relates zonal and 
meridional shifts in tropical rainfall to horizontal atmospheric energy 
transports, a two-dimensional generalization of the zonal mean energetic 
approaches19. An energy flux potential χ is defined such that its gradient is 
the divergent component of the horizontal atmospheric energy transport:

χ χ u v(∂ , ∂ ) = ( , ) (2)x y h h

where x and y are coordinates in the zonal and meridional directions 
respectively, and uh and vh are the zonal and meridional components of 
the divergent atmospheric energy transport, respectively. The energy 
flux potential is approximately related to the energy flux into the atmos-
pheric column as (see ref. 17 for a derivation)

χ E H R∇ ≈ + + (3)2

in which E is the surface latent heat flux, H is the surface sensible heat 
flux and R is the column radiative heating (the sum of the top of the 
atmosphere and surface shortwave and longwave energy fluxes) for 
which the fluxes are defined as positive when directed into the atmos-
phere. The ascending branches of both meridional and zonal overturn-
ing circulations occur along an energy flux equator and EFPM, 
respectively. An energy flux equator is a latitude for which v = 0h  and 

v∂ > 0y h  and an EFPM is a longitude for which u = 0h  and u∂ > 0x h .
To calculate the energy flux potential, we first calculated the monthly 

mean net energy input into the atmospheric column using the sum 
of surface latent heat flux, surface sensible heat flux and surface and 
top-of-atmosphere longwave and shortwave radiation fluxes. The Lapla-
cian solver from the windspharm Python package56 is then used to solve 
the Laplace equation (3) on a spherical surface. We then used the pack-
age’s gradient function to calculate uh and vh for each month from the 
corresponding energy flux potential. To calculate the EFPM shown in 
Fig. 4a, uh is averaged between 10° S and 10° N, and a five-point smooth-
ing is applied twice longitudinally to the resulting field. The EPFM is 
then identified, for each month, at the longitude for which uh = 0.

Data availability
The iCESM 1.2, HadCM3, CESM 1.2 and ICM output variables used in this 
study are available at ref. 57 (https://doi.org/10.6078/D1VB0G). GFDL 
CM 2.1 model output is available at ref. 58 and EC Earth output at ref. 59.

Code availability
The CESM 1.2 code is publicly available at https://www.cesm.ucar.edu/
models/cesm1.2/. Analytical codes used in this paper are available in 
ref. 57 (https://doi.org/10.6078/D1VB0G). 
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Extended Data Fig. 1 | Modern-day observed Pacific cold tongue annual 
cycle. (a) SST averaged over 6°S–6°N, showing the cold tongue annual cycle 
with the cold peak in boreal fall and warm peak in boreal spring. Note that the 
time axis is such that 0 is the start of the year and 12 is the end; mid-January is 
thus 0.5. (b-c) SST and 10m winds for (b) October (cold peak), and (c) April 

(warm peak). Data is from ERA-Interim60, averaged over 1979–2018. The M_Map 
package41 is used to generate the maps for (b) and (c), using coastline data  
from the Global Self-consistent, Hierarchical, High-resolution Geography 
Database42.
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Extended Data Fig. 2 | The seasonal cycle of insolation at the equator for 
different orbital configurations, including those used in Fig. 2. In all cases, 
downward solar radiation at top-of-atmosphere is averaged over 6°S–6°N, and 
the blue dashed line is for the tilt-only (e = 0) case. (a) Pre-industrial case. (b) 
difference from the tilt-only case for LOP = 90°, e = 0.0493 (black line), and 

pre-industrial (green line). (c) LOP = 0°, e = 0.0493. (d) LOP = 90°, e = 0.0493.  
(e) LOP = 180°, e = 0.0493. (f) LOP = 270°, e = 0.0493. Insolation data is from the 
GFDL CM 2.1 simulations of Erb et al. (2015)12. Panel (b) shows the contrast in  
the amplitude of insolation changes between the e = 0.0493 case (~ 42W/m2) 
and the pre-industrial case (~15W/m2) where the eccentricity is ~1/3 as large.
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Extended Data Fig. 3 | Cold tongue annual cycle in EC Earth also shows 
consistent variation with changing LOP. Plotted is the climatological 
monthly mean SST averaged over 6°S–6°N (same as Fig. 2) for the  
(a) Precession maximum, minimum obliquity (Pmax), (b) Precession  
minimum, minimum obliquity (Pmin), and (c) Minimum obliquity with circular 
orbit (Tmin) runs in Bosmans et al. (2015)50. To facilitate comparison, an offset 
is added to each panel so that the annual mean SST averaged over 145–275°E is 

the same as for the observational data as shown in Extended Data Fig. 1a, 
27.44 °C. The orbital parameters are slightly different, but Pmax corresponds 
approximately to the LOP = 90° simulation, Pmin to LOP = 270° simulation,  
and Tmin to the e = 0 simulation. The column positioning of the panels 
corresponds to the equivalent LOP or e = 0 case in Fig. 2. See Methods section 
on 'Earth System Model simulations' for the orbital parameters and details of 
the simulations.
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Extended Data Fig. 4 | Variation of the cold tongue SST annual cycle to  
LOP in CESM LOP for e = 0.01 and e = 0.02, and their fits to equation 1.  
(a) Cold tongue SST (averaged over 6°S–6°N, 140–90°W) for e = 0.01 and 
varying longitude of perihelion. The annual mean is removed before plotting. 

(b) Least-square surface fit of the data in (a), using equation 1. (c) and (d):  
same as (a) and (b) respectively, except for e = 0.02. See Table 1 for the fitted 
coefficients.
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Extended Data Fig. 5 | CESM 1.2 annual cycle of equatorial Pacific SST under 
different combinations of tilt and distance effects. Plotted is climatological 
monthly mean SST averaged over 6°S–6°N across the Pacific. In all cases, 
LOP = 0°. To facilitate comparison, an offset is added to each panel so that the 
annual mean SST averaged over 145°E–85°W is the same as for the observational 

data as shown in Extended Data Fig. 1a, 27.44 °C. (a) e = 0.05, obliquity = 23.439° 
(tilt and distance run); (b) e = 0.05, obliquity = 0° (distance-only run);  
(c) e = 0.00, obliquity = 23.439° (tilt-only run); (d) sum of the annual cycles of  
(b) and (c), added to the annual mean of (a); and (e) e = 0, obliquity = 0°  
(zero annual forcing run).
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Extended Data Fig. 6 | Equatorial thermocline response in the CESM LOP 
simulations connects the western equatorial Pacific zonal wind stress 
change to cold tongue changes. LOP cases (a) 90°, (b) 180°, (c) 270°, and (d) 0° 
are shown. Contours show the 6°S–6°N averaged temperature anomaly at 
mean thermocline depth for e = 0.04, for the stated LOP. The temperature 
averaged across all LOP cases is first subtracted out, to remove the influence of 
the tilt effect from the thermocline. The contour interval is 0.5K, and dashed 
values are negative; the zero contour is not shown. For clarity, only values east 

of 170°E are plotted. The eastward propagation of thermocline anomalies is 
visually apparent. Shading represents the corresponding zonal wind stress 
anomaly averaged over 6°S–6°N; the average across all LOP cases is first 
subtracted out, to remove the influence of the tilt effect. Only values in the 
western Pacific (west of 160°W) are plotted. Positive values indicate westerlies. 
Although only four LOP cases are shown here, a deeper thermocline (as 
indicated by warmer temperature) in the western Pacific is accompanied by a 
westerly wind stress anomaly (and vice versa) for all LOP cases.
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Extended Data Fig. 7 | An intermediate coupled model (ICM) with imposed 
distance effect annually-varying wind forcing generates a cold tongue 
annual cycle. All fields as shown are averaged over 6°S–6°N. (a) Distance effect 
zonal wind anomalies from the lowest model level of the CESM 1.2 coupled to  
a slab ocean (contour interval 0.75m/s, dashed contours are negative, zero 
contour omitted) and the SST response of the ICM to the applied wind forcing 
(shaded). This shows the cold tongue annual cycle in SST generated by the 
winds. (b) Full zonal wind (CESM 1.2 slab ocean + ICM) anomalies up to 160°W 
(shaded) and ICM thermocline depth anomalies east of 170°E (contour interval 2m, 

dashed contours are negative, zero contour omitted). This shows the connection 
between the winds and the cold tongue through thermocline changes.  
(c) SST anomalies due to the distance effect orbital forcing in the CESM 1.2 
coupled to a slab ocean, showing the peak warming around December from the 
thermodynamic response to the distance effect insolation. The magnitude of 
the SST change here is not directly comparable with that of the ICM in panel (a), 
because of the lack of ocean dynamical feedback in the slab ocean that would 
alter the thermodynamic SST response. See Methods section on ‘Simulations 
with an ICM of the tropical Pacific’ for details.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Seasonal longitudinal shift in the Walker circulation 
due to the distance effect. The difference between the distance-only run and 
zero annual forcing run (former minus latter) for various climate fields 
averaged over March–June (following aphelion) in the left column, and 
September–December (following perihelion) in the right column.  
(a-b) Precipitation (shaded) and wind stress (vectors). (c-d) Zonal overturning 
circulation at the equator displayed as vectors, with the x-component being the 
divergent component of the zonal wind (in m/s) averaged 10°S-10°N and 
y-component being the pressure vertical velocity (in Pa/s) multiplied by 250, 
also averaged 10°S-10°N. The green bar in (c-d) indicates the approximate 
longitudes of the Maritime Continent. (e-f) 200mb velocity potential.  
(g-h) Surface pressure. The precipitation in panels (a-b) show a shift in the 
location of equatorial rainfall between the Maritime Continent and western 
equatorial Pacific between March–June and September–December, associated 
with changing equatorial trades over the western equatorial Pacific. The zonal 

overturning circulation in panels (c-d) show anomalous subsidence over the 
Maritime continent and anomalous uplift over the western equatorial Pacific in 
March–June, indicating an eastward shift in the main uplift region of the Walker 
circulation; the opposite occurs for September–December. The velocity 
potential change in panels (e-f) shows a predominantly zonal wavenumber 1 
pattern with the nodal point over the Maritime continent, reversing in sign 
between March–June and September–December. The surface pressure change 
in panels (g-h) show a see-saw in atmospheric mass between Africa/Indian 
ocean and the Pacific, again with the nodal point at the Maritime continent. 
Thus, all fields shown are consistent with a seasonal longitudinal shift of the 
Walker circulation towards the east in March–June and towards the west in 
September–December. The M_Map package41 is used to generate the maps, 
using coastline data from the Global Self-consistent, Hierarchical, High-
resolution Geography Database42.
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Extended Data Fig. 9 | Consistent cold tongue annual cycle changes 
between the iCESM 1.2 and CESM LOP simulations. Plotted is the 
climatological monthly mean SST averaged over 6°S–6°N, for (top row) iCESM 
1.240, and (2rd row) CESM LOP. The numbers on the top row denote the 
longitude of perihelion (where 90° = perihelion at winter solstice, 180° = at 
vernal equinox, 270° = at summer solstice, and 0° = at autumn equinox), and the 

last column from simulations setting eccentricity to zero. To facilitate 
comparison, an offset is added to each panel so that the annual mean SST 
averaged over 145°E–85°W is the same as for the observational data as shown in 
Extended Data Fig. 1a, 27.44 °C. Despite the short integration time for the CESM 
LOP, the cold tongue seasonal cycle changes are qualitatively similar with the 
longer iCESM 1.2 simulations.



Extended Data Table 1 | Summary table of CESM 1.2 simulations used in this study and their orbital configurations

All other boundary conditions are set to pre-industrial (1850 ad). All simulations are 25 years long, and the last 20 are used to calculate the climatology. Note that the simulations used for  
Fig. 2 are not listed here; details of those simulations are in the Methods section on 'CESM LOP and idealized simulations'.
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