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Abstract 26 

The seasonality of Earth’s climate is driven by two factors: the tilt of the Earth’s rotation axis 27 

relative to the plane of its orbit (hereafter the tilt effect), and the variation in the Earth-Sun 28 

distance due to the Earth’s elliptical orbit around the Sun (hereafter the distance effect).  The 29 

seasonal insolation change between aphelion and perihelion is only ~7% of the annual mean 30 

and it is thus assumed that the distance effect is not relevant for the seasons.  A recent 31 

modeling study by the authors and collaborators demonstrated however that the distance effect 32 

is not small for the Pacific cold tongue: it drives an annual cycle there that is dynamically distinct 33 

and ~⅓ of the amplitude from the known annual cycle arising from the tilt effect.  The 34 

simulations also suggest that the influence of distance effect is significant and pervasive across 35 

several other regional climates, in both the tropics and extratropics.  Preliminary work suggests 36 

that the distance effect works its influence through the thermal contrast between the mostly-37 

ocean hemisphere centered on the Pacific Ocean (the ‘Marine hemisphere’) and the 38 

hemisphere opposite to it centered over Africa (the ‘Continental hemisphere’), analogous to how 39 

the tilt effect drives a contrast between the northern and southern hemispheres.  We argue that 40 

the distance effect should be fully considered as an annual cycle forcing in its own right in 41 

studies of Earth’s modern seasonal cycle. Separately considering the tilt and distance effects on 42 

the Earth’s seasonal cycle provides new insights into the workings of our climate system, and of 43 

direct relevance to paleoclimate where there are outstanding questions for long-term climate 44 

changes that are related to eccentricity variations.   45 

 46 

Keywords: Seasons, Orbital Eccentricity, Tropical ocean-atmosphere interactions 47 

  48 



 

 3 

1. Introduction  49 

Earth’s climatic seasonal cycle is driven by two features of the Earth’s orbit around the Sun: the 50 

tilt (obliquity) of the Earth’s rotation axis relative to the plane of the orbit (hereafter referred to as 51 

the tilt effect), and the variation in the Earth-Sun distance (distance effect).  They introduce an 52 

seasonal variation in the insolation received by the Earth at any one point: the tilt through 53 

changing the angle of the sun’s ray incident on the surface, and distance through changing the 54 

solar flux incident on the Earth, as the Earth progresses through its orbit.  The Earth’s orbit 55 

around the Sun (figure 1) is elliptical with the Sun at one focal point and with the closest 56 

approach at perihelion and furthest at aphelion; this provides the basis for the distance effect.  57 

The orbital eccentricity e (see figure 1 for a definition) is currently small at ~0.0167, which 58 

means that the Earth-Sun distance at aphelion is ~1.67% longer than the mean Earth-Sun 59 

distance.  Earth’s rotation axis is tilted (currently at an angle of 23.5) relative to the normal of 60 

the plane of the ecliptic (the path of Earth’s orbit around the Sun).  As the intensity of sunlight 61 

received by a given area depends on the angle of incidence that it makes with the Sun’s 62 

incoming rays, this forms the basis of the tilt effect: at (northern hemisphere) winter solstice, the 63 

southern hemisphere surface is more face-on to the Sun’s rays and thus receives more sunlight 64 

per unit area of surface, whereas it is the opposite for the northern hemisphere.  During the 65 

summer solstice, the situation is reversed. 66 

In practice, we are taught that our seasons are driven by the tilt effect, with the distance 67 

effect assumed to be negligible because seasonal insolation change between aphelion and 68 

perihelion is only ~7% given the small orbital eccentricity.  A well-known college-level 69 

climatology textbook (Hildore et al. 2010) writes: “The amount of solar radiation intercepted by 70 

Earth at perihelion is about seven percent higher than at aphelion. This difference, however, is 71 

not the major process in producing the seasons.”  They go on to say that the “primary factor 72 

responsible for the hot and cold seasons as well as the wet and dry seasons is the revolution of 73 

the earth about the sun and the inclination of the earth's axis to its orbital plane.”  Other texts tell 74 
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a similar story.  The entry on “Seasons” in the Encyclopedia of Climate and Weather (2nd 75 

Edition; Schneider et al. 2011) states that “Because the Sun’s output remains relatively fixed 76 

from day to day, the Earth receives about 3 percent more energy than the annual daily average 77 

from the Sun on the perihelion and about 3 percent less on the aphelion, not enough to explain 78 

the large seasonal temperature differences. That is why ellipticity in the orbit cannot be the 79 

fundamental cause of the seasons in the Northern Hemisphere.  The actual cause of the 80 

observed seasons is the relative tilt of the Earth’s axis.”  81 

The neglect of the distance effect in the seasons extends to the research literature on 82 

modern-day climate.  There are relatively few studies that examine the seasonal cycle to begin 83 

with, with a greater emphasis placed on climate variations on shorter (e.g. Madden-Julian 84 

Oscillation) and longer timescales (e.g. El Niño-Southern Oscillation, Atlantic Multidecadal 85 

Oscillation).  Within this existing literature, there are virtually no studies that critically examine 86 

the relative roles of tilt and distance in generating Earth’s seasons.  A literature search by the 87 

authors managed to uncover only two studies that explicitly differentiate the role played by 88 

distance from that of tilt in the modern climate: Reid and Gage (1981) argued that the annual 89 

cycle of the tropical tropopause height is driven by orbital eccentricity, and Roach et al. (2023) 90 

argued that that the observed hemispheric difference in the length of cooling and warming 91 

seasons results from orbital eccentricity.  While there are likely to be others, the point we make 92 

is that such studies are rare.  93 

The lack of consideration of the distance effect on Earth is in stark contrast to the study 94 

of seasonal climate of other planets, where both distance and tilt effects are given due 95 

consideration (e.g. Guendelman and Kaspi 2020).  Studies of the Martian seasonal cycle 96 

provide a contrast.  Several seasonal features on Mars are attributed to the distance effect (with 97 

aphelion occurring in late northern Spring) including a much stronger southern summer Hadley 98 

circulation, larger northern ice cap compared to the south, and an order of magnitude more dust 99 

devils in the southern hemisphere (Mischna 2018).  We are led to an interesting situation where 100 
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we likely know more about the role of eccentricity in the seasonal climate of Mars than that of 101 

the Earth!  While it is true that Mars’ eccentricity is larger than that of Earth (at e ~ 0.09 around 102 

5x larger), the difference does not seem so great as to justify full consideration of the distance 103 

effect in Mars’ seasonality but virtually none for that of the modern Earth.   104 

The role of eccentricity on Earth’s seasons might be more prominent were the southern 105 

hemisphere to have continental area like in the northern hemisphere: since perihelion occurs 106 

near northern hemisphere winter solstice and aphelion during northern hemisphere summer 107 

solstice, seasonal contrasts in the southern hemisphere would have been more pronounced 108 

than in the northern hemisphere.  However, because of the differences in continental land area 109 

between hemispheres, it is difficult to compare northern hemisphere seasons with those in the 110 

southern hemisphere.  111 

The standard argument given in textbooks for neglecting the distance effect points to the 112 

relatively small 7% variation in seasonal insolation between aphelion and perihelion.  However, 113 

whether this is small relative to the tilt effect depends on the latitude.  Away from the deep 114 

tropics, the annual variation in insolation is indeed dominated by tilt (figure 2a).  Near the 115 

equator however, the distance effect dominates the annual cycle of insolation, even though the 116 

larger variation is a semiannual cycle contributed by the tilt effect (figure 2b).  Also, comparing 117 

insolation at a given latitude Earth assumes that it is the local insolation that determines the 118 

seasonal cycle.  This might be true of surface temperature at many locations, but not 119 

necessarily so for other fields such as wind or precipitation, where the large-scale response of 120 

the climate system to the insolation change may be more important.  If we take the globally 121 

averaged insolation to be relevant to earth’s seasonality, then its seasonal cycle is entirely 122 

contributed by the distance effect (figure 2c).  123 

The neglect of the distance effect in modern climate research is also in stark contrast to 124 

the robust literature on the climate effects of explosive volcanism, the latter being a climate 125 

forcing of a similar nature (global reduction of solar radiation) and timescale (months). The peak 126 
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monthly mean radiative forcing for the Mount Pinatubo eruption is about -3.2 W/m2 (Schmidt et 127 

al. 2015), much smaller in magnitude compared to the decrease in the area-averaged insolation 128 

at aphelion (relative to the annual mean) of ~8 W/m2.   129 

A notable exception in the climate literature on the role of the distance effect on Earth’s 130 

seasons is a provocative claim by Thomson (1995) that Earth’s seasons have a periodicity that 131 

follows the anomalistic year rather than the tropical year.  The anomalistic year is based on the 132 

period between successive perihelia, currently 365.259636 days (United States Nautical 133 

Almanac Office, 2019).  The tropical year is based on the period between successive equinoxes 134 

(365.242189 days) and is also the year that the Gregorian calendar is based on: the system of 135 

leap years brings the average calendar year to be very close to the tropical year, 365.2425 days 136 

(Thomson 1995).  Thomson based his claim on a statistical analysis of the annual cycle phase 137 

in long-term weather station instrumental records: he showed that the longest station 138 

temperature record in existence - the Central England temperature record which started in 1619 139 

- changes its phase with respect to the Gregorian calendar in accordance with what would be 140 

expected if the period of the annual cycle followed the anomalistic year.   He also found that 141 

northern hemisphere records prior to 1940 changed phase on aggregate consistent with his 142 

hypothesis, though with large variation between stations.  While Thomson (1995) received a lot 143 

of attention when it was first published, it also received immediate pushback (Karl et al. 1996) 144 

and the idea did not gain traction.  Thomson’s claim lacked a plausible mechanism: he invoked 145 

the ‘FM capture’ analogy whereby an FM receiver receiving two signals at similar frequency 146 

chose the one signal over the other but did not offer a reason as to why Earth’s seasonality 147 

should behave in a similar way.  The natural variability of phase changes in Earth’s seasonality 148 

is also not well known but is needed to assess the significance of the phase changes found in 149 

Thomson’s analysis.  Regardless, we highlight Thomson (1995) as a rare example of a study 150 

that critically questioned the neglect of orbital eccentricity in the modern-day seasons.  151 

 152 
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2. Two annual cycles of the Pacific cold tongue 153 

A recent study by the authors and collaborators (Chiang et al. 2022) on the seasonality of the 154 

Pacific cold tongue led the authors to reconsider the role of orbital eccentricity on Earth’s 155 

seasons.  We summarize this study as a motivation for our argument.    156 

The Pacific cold tongue is a region of relatively cold sea surface temperatures (SST) in 157 

the eastern equatorial Pacific otherwise surrounded by warmer waters (figure 3).  The region is 158 

best known as the epicenter of the El Niño-Southern Oscillation (ENSO) - during a El Niño 159 

event, the SST in the cold tongue region warms up, thus reducing the contrast with the 160 

surrounding tropical ocean and in particular the gradient in SST between the western and 161 

eastern equatorial Pacific.  The reason for the existence of the cold tongue is well understood 162 

(Bjerknes 1969): easterly trades impinging on the equator push equatorial ocean surface waters 163 

to the west, shoaling the thermocline (the separation between the warm surface waters and the 164 

colder waters below) to the east.  Equatorial upwelling over the eastern Pacific thus brings up 165 

relatively cold water, cooling the SST in the region, forming the cold tongue.  The resulting east-166 

west contrast in SST creates an atmospheric pressure gradient that enhances the initial easterly 167 

trades, thus resulting in a coupled ocean-atmosphere (Bjerknes) feedback that maintains the 168 

east-west asymmetry. 169 

If the cold tongue were driven by a thermodynamic response to insolation it would 170 

possess a dominant semiannual cycle in SST since the Sun is directly overhead at the equator 171 

twice a year; but instead, the cold tongue seasonality is dominated by an annual cycle (Mitchell 172 

and Wallace 1992) (figure 3a).  The prevailing understanding of the cold tongue annual cycle - 173 

developed in the 1990’s (Mitchell and Wallace 1992, Xie 1994, Chang 1996) - points to the 174 

strength of the southeasterly trades crossing the equator as the key causal factor.  The 175 

Intertropical Convergence Zone (ITCZ) is located north of the equator throughout the year 176 

(Philander et al. 1996), and so the southeasterly trades cross the equator from south to north.  177 

Stronger trades lead to colder SST through coastal upwelling propagated into the interior (Xie 178 
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1996, Nigam and Chao 1996) and increased turbulent mixing and surface fluxes (Chang 1996, 179 

Xie 1996).  The strength of the southeasterly trades is driven by the seasonal variation in the 180 

interhemispheric temperature gradient - it is strongest in boreal Fall when the northern 181 

hemisphere SST peaks and southern hemisphere SST is at a minimum, and vice versa (figure 182 

3b, c) - and hence the cold tongue SST is coldest in September-October and warmest in March-183 

April.  Thus, it is ultimately the tilt effect that creates the annual cycle of the Pacific cold tongue 184 

SST. 185 

An Earth System model study of Pacific cold tongue seasonal cycle response to 186 

precession by Erb et al. (2015) produced remarkable results that challenged this prevailing 187 

understanding.  They set the eccentricity in their simulations to a relatively large value (e = 188 

0.0493, the maximum that Earth’s eccentricity attained over the last 600,000 years) and vary the 189 

longitude of perihelion (LOP; see figure 1 for a definition); they also set the obliquity to 190 

preindustrial (23.439).  When perihelion was specified to occur during the winter solstice (90 - 191 

close to where it is today), the model simulated a cold tongue annual cycle that is like today’s - 192 

cold during September and warm in April (figure 4a).  However, as the longitude of perihelion 193 

increases, the phasing of the cold tongue changes dramatically such that the timing of the warm 194 

and cold periods migrates across the calendar year (figure 4b-d).  The amplitude of the 195 

seasonal cycle also noticeably changes, with a more muted amplitude for perihelion at autumnal 196 

equinox (figure 4d).  This contrasts with prevailing theory that would have predicted that the cold 197 

tongue seasonal cycle remains the same in all simulations, since obliquity was fixed.  Curiously, 198 

a further simulation in Erb et al. (2015) setting eccentricity to zero yielded a cold tongue 199 

seasonal cycle with phasing like present-day (figure 4e).  Chiang et al. (2022) reproduced this 200 

result for several other model simulations, indicating that the change in the cold tongue is 201 

robust. 202 

Chiang et al. (2022) solved this problem by undertaking a set of simulations with an 203 

Earth System model (see section 6 for details) spanning the space of eccentricity (from 0 to 204 
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0.04) and longitude of perihelion (LOP in steps of 30), to map out the behavior of the cold 205 

tongue seasonal cycle under precession.  The obliquity was fixed to the preindustrial value of 206 

23.439.  They fitted the simulated monthly mean cold tongue SST seasonal cycle with the 207 

longitude of perihelion with a sum of three cosines, one representing the annual cycle from the 208 

tilt effect, another the annual cycle from the distance effect, and third being the semiannual 209 

cycle arising from the tilt effect: 210 

𝐶𝑇𝑓𝑖𝑡  =  𝐴𝑇𝑐𝑜𝑠 ((
2𝜋

12
) (𝑚 − 𝑝𝑇)) + 𝐴𝐷𝑐𝑜𝑠 ((

2𝜋

12
) (𝑚 − 𝑝𝐷) − (

𝐿𝑂𝑃𝜋

180
)) + 𝐴𝑆𝑐𝑜𝑠 ((

2𝜋

6
) (𝑚 − 𝑝𝑆))   [1] 211 

where AT and pT are the amplitude and phase of the annual cycle for the Tilt effect; likewise, AD 212 

and pD for the Distance effect, and AS and pS for the Semiannual cycle from the tilt effect.  m is 213 

the numerical months of the year from 0 to 12 (with 0.5 corresponding to mid-January), and 214 

LOP is the longitude of perihelion, in degrees (see section 6 for details of this calculation).  They 215 

found that this model fits the data well, and the resulting decomposition showed that cold tongue 216 

seasonal cycle had significant contributions from both the tilt and distance effect annual cycles 217 

(figure 5); by comparison, the tilt effect semiannual cycle was small.  The tilt effect annual cycle 218 

had an amplitude of around 1.1K and with the warm period around April-May and the cold 219 

period in September-October, consistent with the prevailing theory of the cold tongue seasonal 220 

cycle.  The distance effect annual cycle possessed an amplitude that increasing linearly with 221 

eccentricity at a rate of around ~0.23 K per 0.01 eccentricity units, and a phasing that changed 222 

linearly with the longitude of perihelion.  This meant that the cold tongue possesses not one 223 

but two annual cycles: one driven by tilt and in accordance with the prevailing theory, and the 224 

other being a heretofore undiscovered annual cycle driven by the distance effect.  The 225 

amplitude of the distance effect annual cycle is comparable with that of tilt for the largest 226 

eccentricities experienced by Earth (e ~ 0.05); even at today’s relatively small eccentricity (e ~ 227 

0.0167) the distance effect annual cycle amplitude is ~⅓ of the tilt effect - in other words, it is 228 



 

 10 

not negligible!  As we will discuss in section 3, the distance-effect annual cycle of the cold 229 

tongue is not simply a thermodynamic response to insolation, but a dynamical one.   230 

Since the distance-effect annual cycle has the period of the Anomalistic year, which is 231 

about ~25 minutes longer than the period of the tilt effect annual cycle (which follows the 232 

Tropical year), over time the phase of the distance-effect annual cycle shifts relative to the tilt 233 

effect annual cycle.   Thus, the Pacific cold tongue behavior seen by Erb et al. (2015) is readily 234 

explained as the result of the superposition of two annual cycles of comparable amplitudes but 235 

with slightly different periods - as perihelion shifts from vernal equinox to autumnal equinox, the 236 

two annual cycles go from being in phase and reinforcing, to being out of phase and canceling 237 

(compare figure 5d with 5e).  As such, the cold tongue annual cycle amplitude is large for 238 

perihelion at the vernal equinox and small during the autumnal equinox (figure 4). 239 

It could be argued that the Pacific cold tongue is a special case for being influenced by 240 

eccentricity, as it is located at the equator where the seasonal insolation from the distance effect 241 

is relatively strong (figure 2b).  However, an examination of the simulations in Chiang et al. 242 

(2022) but for other climate fields shows that other regional climates possess a strong imprint of 243 

the distance effect in their annual cycle.  We show this by calculating - for each gridpoint in the 244 

model space - the ratio of the distance effect amplitude to the tilt effect amplitude, derived from 245 

a fit to equation 1.  This calculation was done using the CESM LOP simulations of Chiang et al. 246 

(2022) with e = 0.02, an eccentricity only slightly higher than today’s levels (see section 6 for 247 

details).   248 

Figure 6a shows this calculation for surface temperature, and we highlight areas with 249 

ratios 20% and larger (in other words, the distance effect amplitude is at least ⅕ that of the tilt 250 

effect).  The ratio is below 20% for all the extratropics, indicating the dominance of the tilt effect.  251 

However, the ratio is above 20% for most of the tropical continents, which suggests a direct 252 

insolation influence of the distance effect on the surface temperature annual cycle.  This ratio is 253 

also above 20% over much of the tropical oceans and there is a structure to it suggesting a 254 
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dynamical influence: apart from the Pacific cold tongue region which we are already familiar 255 

with, the ratio is large over the Indian ocean to the north and south of the equator, and over the 256 

equatorial Atlantic north of the equator.  The same calculation but for 500mb geopotential height 257 

shows that the influence of distance is pervasive over the tropical troposphere (figure 6b), 258 

consistent with the observation by Reid and Gage (1981) that the seasonal cycle of tropical 259 

tropopause height is driven by eccentricity.  The distance effect for surface temperature is 260 

relatively large over regions of deep convection: Central Africa, the Maritime Continent, and 261 

tropical South America (figure 6a), which would explain the strong distance effect contribution 262 

for 500mb geopotential height given that tropical tropospheric temperature variations are 263 

controlled by the surface temperature of deep convective regions (Sobel and Bretherton 2000). 264 

The distance effect contributes significantly to the annual cycle in the extratropics for 265 

some fields.  For rainfall (figure 6c), the distance contribution is significant over tropical Africa 266 

and the Maritime Continent. However, there are extratropical locations where the distance effect 267 

amplitude is significant, including North Africa, Hawaii, and the region around New Zealand.  268 

Examination of the same ratio but for zonal wind stress (figure 6d) shows changes over Central 269 

Africa and neighboring the Maritime continent.  However, the most noticeable contribution is 270 

over the South Pacific midlatitude westerlies, where the distance effect amplitude is comparably 271 

as large as that for the tilt effect.  Thus, the distance effect has a pervasive influence on 272 

seasonality, not just in the tropics but also the extratropics.  273 

 274 

3. The distance-effect annual cycle of the Earth 275 

The lesson we learn from Chiang et al. (2022) is that the distance effect should be treated 276 

as an annual cycle forcing in its own right.  What we mean by this statement is that one 277 

should account for both annual cycles in seasonal cycle studies, separate their respective roles, 278 

and give the annual cycle from distance the same due consideration as for tilt.  For example, the 279 

characteristic seasonal response from the tilt effect is generally conceptualized as the migration 280 
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of the ITCZ in response to the contrasting temperature evolution between the northern and 281 

southern hemispheres, with the associated Hadley cells and westerlies migrating in unison.  282 

What is the equivalent picture for the distance-effect annual cycle?   283 

As discussed in Chiang et al. (2022), we propose that the distance effect also appears to 284 

act through contrasting hemispheres, but in this case between the hemisphere centered over 285 

the Pacific (the ‘Marine hemisphere’ because of the prevalence of ocean) with the hemisphere 286 

opposite it (the ‘Continental hemisphere’ because of the prevalence of land) (figure 7).  This 287 

response is expressed as an east-west hemispheric pattern in surface pressure as well as the 288 

upper tropospheric velocity potential (figure 8), and it leads to a seasonal zonal shift of the 289 

Walker uplift region.  We call this the ‘zonal monsoon’ as it causes a seasonal zonal wind 290 

reversal over the Maritime continent, with stronger easterlies during equatorial summer and 291 

weak westerlies during equatorial winter. 292 

The hemispheric response comes about because of the differential thermal response 293 

between the Marine and Continental hemispheres (Chiang et al. 2022).  An energy contrast is 294 

generated between the two hemispheres such that in the months leading up to and following 295 

perihelion, the surface of the Marine hemisphere absorbs more energy than that of the 296 

Continental hemisphere.  Because the tropical atmosphere cannot maintain large temperature 297 

gradients (Sobel et al. 2001), energy is fluxed by the atmosphere from the Continental to the 298 

Marine hemisphere through the zonal overturning circulation, resulting in a shift in the Walker 299 

uplift region westward towards the Continental Hemisphere.  In the months leading up to and 300 

following aphelion, the opposite occurs. Thus, the characteristic tropical circulation response to 301 

the distance effect is a seasonal east-west shift of the Walker circulation.   302 

This Walker shift also leads to the generation of the distance-effect cold tongue annual 303 

cycle found in Chiang et al. (2022).  The seasonal shift in the Walker uplift region causes an 304 

annual cycle in the strengthening and weakening of the easterly trades in the western equatorial 305 

Pacific, that in turn forces a coupled ocean-atmosphere response like what is seen for ENSO, 306 
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except that it is periodically forced (Chiang et al. 2022).  Hence, the same dynamics that 307 

generates the El Niño-Southern Oscillation also produces the distance-effect annual cycle of the 308 

cold tongue.   309 

We note an interesting symmetry in the seasonal tropical circulation response between 310 

the distance and tilt effects, in that both are the consequence of interhemispheric contrasts.  For 311 

the tilt effect, the thermal contrast between the northern and southern hemispheres drives a 312 

global monsoon, and the latitudinal position of the ITCZ shifts to accommodate the meridional 313 

atmospheric energy transport between hemispheres (Chiang and Friedman 2012) (figure 7b). 314 

For the distance effect, the thermal contrast between the Continental and Marine hemispheres 315 

drives a zonal monsoon, and the longitudinal position of the Walker uplift shifts to accommodate 316 

the zonal atmospheric energy transport between hemispheres (Chiang et al. 2022).   317 

Finally, we showed in figure 6 that the seasonal variation in some regional extratropical 318 

climates have a disproportionate contribution from the distance effect, despite the dominance of 319 

the tilt effect in the seasonal insolation received in those regions. We speculate that the 320 

seasonal Walker shift is likely to give rise to stationary Rossby waves in both hemispheres, akin 321 

to the global teleconnections from an El Niño event: this provides a mechanism by which the 322 

distance effect felt in the deep tropics can contribute to the annual cycle of extratropical 323 

climates.  How the distance effect annual cycle is phased relative to the tilt effect (i.e., the 324 

longitude of perihelion) will strongly influence this teleconnection, since stationary waves are 325 

more readily generated in the winter hemisphere (Trenberth et al. 1998).  In general, the net 326 

seasonally that combines the tilt and distance effects will also crucially depend on the longitude 327 

of perihelion.   328 

 329 

4. Implications for Paleoclimate 330 

Chiang et al. (2022) illustrates how separately considering the distance and tilt effects on the 331 

annual cycle in regional climates leads to new insights into Earth’s seasonal cycle and 332 
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underlying mechanisms.  The cold tongue annual cycle driven by the distance effect is, 333 

however, a model prediction and thus requires testing.  This is where seasonally resolved 334 

proxies such as oxygen isotopic records from corals or molluscs become essential.  For regions 335 

where there is a substantial distance effect annual cycle (such as the cold tongue), the net 336 

annual cycle will vary both in amplitude and phase over a precessional cycle as the tilt and 337 

distance-effect annual cycles combine and interfere.  338 

For the cold tongue, the mid-Holocene period is a good target as the perihelion was 339 

close to the autumnal equinox (LOP ~ 0) around 6000 ybp, and the two annual cycles were out 340 

of phase and canceling (cf figure 5a); indeed, a markedly reduced cold tongue annual cycle has 341 

been observed in past modeling studies of the mid-Holocene (Luan et al. 2012, Karamperidou 342 

et al. 2015).  In terms of proxy observations, a study by Koutavas and Joanides (2012) sampling 343 

oxygen isotopic ratios (a proxy of sea surface temperature) from individual foraminifera data in 344 

the heart of the cold tongue showed an intriguing dip in its variance during the mid-Holocene, in 345 

apparent support of the model prediction.  However, it is not straightforward to separate the 346 

ENSO and seasonal cycle contributions to this signal: Koutavas and Joanides (2012) interpret 347 

the data to reflect a reduction to ENSO amplitude, but Thirumalai et al. (2013) instead argues on 348 

statistical grounds that the data more likely reflects a reduction to the seasonal cycle amplitude.  349 

Proxy annual cycle observations from seasonally resolved oxygen isotopic reconstructions from 350 

corals and molluscs have however been equivocal: a synthesis study by Emile-Geay et al. 351 

(2015) report that those data exhibit little coherence through the Holocene. For the eastern 352 

Pacific, proxies generally show a slightly reduced annual cycle amplitude throughout the past 353 

10kyr compared to today, whereas the central Pacific shows either similar or increased annual 354 

cycle amplitude to today in the mid-Holocene but with large variation.   355 

The more interesting paleoclimate test for the cold tongue would be on the calendar 356 

phase of its annual cycle: during which months is the cold tongue at its warmest or coldest?  357 

However, this requires the difficult task of affixing the calendar to the paleorecord - in other 358 
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words, the position of the equinoxes and solstices.   The authors are not aware of any proxy that 359 

does this, and we hope that the results of Chiang et al. (2022) will motivate the development of 360 

such paleoproxy methods.  One potential way forward for cold tongue proxies is through 361 

resolving the semiannual cycle, as those are tied to the equinoxes.  In general, our call to focus 362 

on seasonality is in line with increased emphasis on reconstructing seasonality in paleoclimate 363 

records (Carre and Cheddadi 2017).  We note that tropical Pacific paleoclimate studies are 364 

typically geared towards addressing ENSO, but the modeling results of Chiang et al. (2022) 365 

suggest that more emphasis should be placed on the seasonal cycle: its variations are 366 

potentially larger, and more importantly predictable. 367 

Understanding distance effect on our seasonal climate and especially on regional scales 368 

is clearly needed to advance our knowledge of paleoclimate on orbital timescales, and 369 

especially given the fact that the annual mean insolation is only very weakly dependent on 370 

eccentricity.   Our current eccentricity (e = 0.0167) is relatively low - over the last million years, 371 

the average eccentricity has been 0.0281, with a maximum of 0.0578 (Laskar et al. 2011) - so 372 

the potential is there for eccentricity to manifest itself more strongly in the seasonal cycle.  373 

There are several outstanding paleoclimate questions that involve eccentricity, for example the 374 

classic problem of glacial-interglacial cycles where a basic tenet of the Milankovitch hypothesis 375 

is based on seasonality: that there is less ice growth during warmer summers.  There is also the 376 

intriguing case of the Last Interglacial climate, which has been shown to be distinctly warmer by 377 

~1.5C (Turney and Jones 2010, McKay et al. 2011) and with 6 - 9m higher sea level compared 378 

to modern (Hearty et al. 2007, Kopp et al. 2009) even though the Last Interglacial has similar 379 

CO2 levels as preindustrial. Interestingly, climate models do not simulate a warmer Last 380 

Interglacial despite the larger eccentricity imposed (Otto-Bliesner et al. 2013, Otto-Bliesner et al. 381 

2021).  We contrast these outstanding paleoclimate questions with the fact that the relative roles 382 

of distance and tilt in the seasonality of our modern climate is essentially unexplored.  Bringing 383 

the tools of modern climate studies to bear on understanding the relative roles of tilt and 384 
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eccentricity on Earth’s seasons will benefit paleoclimate studies, through providing a more 385 

comprehensive view of the origins of seasonality and how it changes and making the 386 

connection between climate dynamics and paleoclimate.  387 

We highlight a potential problem on how the distance effect on Earth’s seasonality is 388 

currently conceptualized in paleoclimate. The climate effect of eccentricity is commonly 389 

interpreted as a modulation of the tilt effect annual cycle: for example, the enhancement of the 390 

North African rainfall in the early-mid Holocene is explained as a response of the monsoon to 391 

increased summer insolation due to perihelion occurring near the northern hemisphere summer 392 

solstice (Kutzbach and Liu 1997).  The underlying assumption here is that distance effect on 393 

North African rainfall seasonality works through the same dynamics as for the tilt effect.  This 394 

assumption is however incorrect if applied to the Pacific cold tongue changes in Chiang et al. 395 

(2022), as the distance-effect annual cycle of the cold tongue arises from dynamics distinctly 396 

different from that of the tilt-effect annual cycle.   This example reinforces our suggestion that 397 

the distance and tilt effects be viewed as two distinct annual cycles that superpose to produce 398 

the net seasonal cycle, rather than the distance effect being a modulation of the tilt effect.   399 

 400 

5. How do we put eccentricity back into seasons?    401 

Why is there a lack of attention in the modern climate literature to the distance effect on Earth’s 402 

seasonal climate?  There is a cultural/historical aspect to this: the notion of four seasons is a 403 

perspective coming from the northern hemisphere midlatitudes and defined by the timing of 404 

solstice and equinoxes: northern hemisphere summer is from summer solstice to autumnal 405 

equinox, northern hemisphere autumn from autumnal equinox to winter solstice, and so forth.  406 

Thus, the prevailing view of the seasons is based on the tilt effect, with the timing accounting for 407 

thermal lag from the oceans that delayed the peak warming relative to peak insolation.  In the 408 

Tropics the temperature variations are much smaller, and the seasons are instead defined by 409 

wet and dry periods arising from monsoons.  The monsoons are however also a product of the 410 
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tilt effect: the interhemispheric gradient in temperature generated from tilt drives cross-411 

equatorial monsoonal flows that makes the warmer hemisphere wetter.  412 

High school and college science education may have inadvertently played a role.  There 413 

is a popular misconception that the seasons arise from the changing Earth-Sun distance, as 414 

highlighted in the well-known educational documentary ‘A Private Universe’ (Schneps and 415 

Sadler, 1989).   The documentary shows that private (and incorrect) ideas on basic scientific 416 

concepts like the seasons are hard to dispel even when taught in the classroom; and thus, 417 

countering such preconceived ideas has been a focus of science education.  We speculate that 418 

this effort may have inadvertently led to eccentricity not being given its proper due in studies of 419 

seasonality in the modern climate literature.   420 

If this is indeed the case, it suggests that we should seek ways to reintroduce 421 

eccentricity into our teaching of Earth’s seasonal cycle, but in a way that does not discount the 422 

primacy of the tilt effect.  One way to do so is to deepen our teaching of the seasons to highlight 423 

areas where the distance-effect does play a role in the modern-day seasons: an example could 424 

be the difference in the length of warming and cooling seasons between the northern and 425 

southern hemispheres, as found by Roach et al. (2023).  Another way is to remind students that 426 

Earth’s seasons ultimately originate from the seasonal variation of insolation received at the top 427 

of the atmosphere, and which has contributions from both Earth’s axial tilt and orbital 428 

eccentricity.   429 

Finally, we suggest a greater effort towards research on the dynamical origins of 430 

seasonality.  Seasonality is relatively understudied compared to interannual/decadal variability 431 

and trends, even though the seasonal variations are much larger (Jennings and Magrath 2009).  432 

The seasons are how most people experience climate, and they profoundly affect how they live 433 

(Orlove 2003).  A seasonal perspective is more easily relatable to people’s perceptions of 434 

climate change (Sparks and Menzel 2002) and presents a more effective way to communicate 435 

climate:  for example, Lukovic et al. (2021) found a significant downward trend in November 436 

https://www.learner.org/series/a-private-universe/
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averaged rainfall in California station data since the 1960’s, but this result is much easier 437 

communicated as a progressive delay in the onset of the California winter rainy season.  As 438 

exemplified by the findings in Chiang et al. (2022), there are still mysteries to be solved on the 439 

workings of the Earth’s seasonal cycle. 440 

 441 

6. Appendix 442 

The data used for the calculations in figure 5 and figure 6 are the CESM LOP simulations of 443 

Chiang et al. (2022); a brief description follows, and the reader is referred to Chiang et al. 444 

(2022) for additional details.  Simulations are done with Community Earth System Model 445 

(CESM) 1.2 (Hurrell et al. 2013) at 1.9° × 2.5° finite-volume grid and ocean and sea ice on a 446 

nominal 1° rotated pole grid (gx1v6). Each simulation is for 25 model years, and the last 20 447 

years are averaged to form a seasonal climatology. Simulations span the space of eccentricity 448 

and LOP: eccentricity is simulated for e=0, 0.01, 0.02 and 0.04; and LOP is varied at intervals of 449 

30° from 0° to 330°. All other boundary conditions are set to pre-industrial levels, including 450 

obliquity which is fixed to 23.439°. 451 

For figure 5, an index of the monthly mean climatological seasonal cycle of the cold 452 

tongue is created for each simulation case by averaging monthly climatological surface 453 

temperature over 6° S–6° N, 140–90° W; its annual mean is subsequently subtracted out.  For 454 

each eccentricity case (0, 0.01, 0.02, 0.03, 0.04), we fit the simulated seasonal cycle to equation 455 

1 (equation reproduced below for convenience): 456 

𝐶𝑇𝑓𝑖𝑡  =  𝐴𝑇𝑐𝑜𝑠 ((
2𝜋

12
) (𝑚 − 𝑝𝑇)) + 𝐴𝐷𝑐𝑜𝑠 ((

2𝜋

12
) (𝑚 − 𝑝𝐷) − (

𝐿𝑂𝑃𝜋

180
)) + 𝐴𝑆𝑐𝑜𝑠 ((

2𝜋

6
) (𝑚 − 𝑝𝑆))    457 

It is the sum of 3 cosines, the first representing the tilt effect annual cycle (T), the second the 458 

distance effect annual cycle (D), and the third the tilt effect semiannual cycle (S).  The cosine 459 

representing the distance effect has phase change that is linear with the longitude of perihelion 460 

(LOP), since the months are timed to the year defined by the tilt (Tropical year).  Time in months 461 
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is represented by ‘m’ being 0.5 for January, 1.5 for February etc.  LOP is the longitude of 462 

perihelion in degrees.   463 

There are 6 parameters to fit: three amplitudes AT, AD, and AS, and three phases pT, pD, 464 

and pS for the tilt effect annual cycle, distance effect annual cycle, and tilt effect semiannual 465 

cycle respectively. The surface fit using equation (1) is done in MATLAB R2021a using the 466 

function ‘fit’ and specifying equation (1) as the model using the function ‘fittype’, setting m and 467 

LOP as the independent variables; otherwise, default settings are used. Both functions are 468 

found in the curve fitting toolbox. The method uses a nonlinear least squares minimization 469 

algorithm (trust-region reflective method) to determine the fit.  For the e = 0 case, AD is assumed 470 

to be zero.  Figure 5b illustrates the fit to the simulation data for the e = 0.04 case shown in 471 

figure 5a, and figure 5d-f shows the tilt effect annual cycle, distance effect annual cycle, and tilt 472 

effect semiannual cycle contributions to the fit, respectively.   473 

For the ratio of amplitudes AD:AT in figure 6, a similar fit is done using equation (1) but for 474 

each gridpoint of the given climate field climatological annual cycle varying the longitude of 475 

perihelion.  Only the e = 0.02 case is used.     476 

 477 
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CESM: Community Earth System Model 479 

ENSO: El Niño-Southern Oscillation 480 

ITCZ: Intertropical Convergence Zone  481 

LOP: Longitude of Perihelion 482 

SST: Sea surface temperature 483 
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10. Figures 624 

 625 

 626 
 627 

Figure 1: A schematic of the Earth’s orbit around the Sun.  The Earth’s orbit is elliptical with 628 

the Sun (S) at one focal point and with the closest approach at perihelion (at a distance rp) and 629 

furthest at aphelion (ra). The direction of the orbit is counterclockwise. The eccentricity e, 630 

defined in the figure, measures how elliptical the orbit is; currently, e = 0.01671. The equinox 631 

and solstice points are named following Northern hemisphere seasons. The longitude of 632 

perihelion (LOP) relative to the moving vernal equinox is defined as the angular distance from 633 

vernal equinox to perihelion following Earth’s orbit (𝜔, in degrees), subtracted by 180°. 634 

Perihelion, as drawn in the schematic, is positioned for modern day, with an LOP of about 103° 635 

and date of around 3 January.  Figure and caption adapted from Chiang et al. (2022), figure 1.   636 

 637 
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 638 
 639 

Figure 2: Comparison between the tilt and distance effect on incoming solar radiation 640 

(insolation). (a) Insolation at 45N; (b) Insolation at the equator, and (c) globally averaged 641 

insolation.  The black solid line is the total insolation received, and the red dashed line is the 642 

insolation with e = 0 (tilt contribution); the difference is the distance contribution, shown in the 643 

blue dashed line.  Insolation calculated using the code from Huybers and Eisenmann (2006), 644 

using preindustrial orbital parameters stated in Erb et al. (2015): e = 0.0167, obliquity = 23.439, 645 

and longitude of perihelion = 102.932.  646 

 647 

 648 

 649 
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 650 
Figure 3.  The Pacific cold tongue annual cycle.  a) SST averaged over 6°S–6°N, showing 651 

the cold tongue annual cycle with the cold peak in boreal fall and warm peak in boreal spring. 652 

Note that the time axis is such that 0 is the start of the year and 12 is the end; mid-January is 653 

thus 0.5. (b-c) SST and 10m winds for (b) October (cold peak), and (c) April (warm peak). Data 654 

is from ERA-Interim (Dee et al. 2011), averaged over 1979–2018. Figure taken from Chiang et 655 

al. (2022), Extended Data Figure 1.   656 

  657 
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 658 
 659 

Figure 4.  Change in cold tongue seasonality with the longitude of perihelion in Erb et al. 660 

(2015).  Climatological monthly mean SST averaged over 6° S – 6° N across the Pacific basin 661 

(145E – 275E) for (a) perihelion at northern hemisphere winter solstice (LOP = 90); (b) 662 

perihelion at vernal equinox (LOP = 180); (c) perihelion at northern hemisphere summer 663 

solstice (LOP = 270); and (d) perihelion at autumnal equinox (LOP = 0).  (e) shows the 664 

simulation with eccentricity set to zero (e = 0). Note that the month axis here is such that 0 is the 665 

start of the year and 12 is the end; mid-January is thus 0.5.   666 

 667 

  668 
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 669 
Figure 5.  Change in the cold tongue annual cycle with the longitude of perihelion and 670 

decomposition into contributions from the annual cycle from tilt, annual cycle from 671 

distance, and semiannual cycle from tilt as reported in Chiang et al. (2022).  (a) Cold tongue 672 

SST (averaged over 6° S–6° N, 140–90° W) seasonal cycle for e = 0.04 with varying longitude 673 

of perihelion. The annual mean is removed from each annual cycle before plotting. (b) Least-674 

square surface fit of the data in (a), using equation (1) (see section 6 for details of the 675 

calculation). (c), Fitted coefficients of the distance effect amplitude (AD, black symbols) and the 676 

least-square linear fit to the data forced through the intercept (dashed line).  The bars indicate 677 

the 95% confidence bounds for each AD fit. For comparison, the fitted coefficients of the tilt 678 

effect amplitude (AT) are shown in red.  The green dot indicates the distance effect amplitude for 679 

eccentricity at pre-industrial (PI) level (e = 0.0167). (d)–(f) Contributions of the fit in (b) from tilt 680 

effect annual cycle, distance effect annual cycle, and tilt effect semiannual cycle, respectively. 681 

Note that the month axis for used in (a), (b), (d), (e), and (f) is such that 0 is the start of the year 682 

and 12 is the end; mid-January is thus 0.5.  Reproduced from Chiang et al. (2022), Figure 3. 683 

  684 
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 685 

(a)

 

(b)

 

(c)

 

(d)

 

 686 

Figure 6.  The relative contributions of distance and tilt to the annual cycle for various 687 

fields.  The ratio of distance effect amplitude to tilt effect amplitude for (a) surface temperature, 688 

(b) 500mb geopotential height, (c) precipitation, and (d) zonal wind stress.  The amplitudes are 689 

calculated by fitting equation 1 to each gridpoint, using the CESM LOP runs of Chiang et al. 690 

(2022) with e = 0.02. We use the e = 0.02 simulation here as it is close to the present-day value 691 

of e ~ 0.017.   See section 6 for details of the calculation.   Areas with no shading have ratios 692 

less than 20%; deep blue shading indicates that the distance effect amplitude is comparable or 693 

larger than the tilt effect amplitude. 694 

 695 

 696 
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 697 
 698 

Figure 7.  (a) Earth’s continental distribution has a longitudinal asymmetry: the ‘Marine’ 699 

hemisphere centered over the Pacific is mostly ocean, whereas the opposing ‘Continental’ 700 

hemisphere centered over Africa is largely land.  Insolation variations due to the distance effect 701 

act on the thermal difference between these hemispheres to produce the zonal wavenumber 1 702 

seasonal response.  (b)  One consequence of the zonal interhemispheric seasonal response to 703 

the distance effect is an east-west seasonal migration of the Walker uplift region.  It is the 704 

distance-effect analog of the north-south ITCZ migration from the tilt effect.  The blue shading 705 

indicates the annual mean rainfall climatology (1998-2018) from the Tropical Rainfall Measuring 706 

Mission 3B43 dataset (Huffman et al. 2007).  707 
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 709 
 710 

Figure 8.  Zonal wavenumber 1 response to the distance-effect annual cycle.  The 711 

difference between the distance-only run and zero annual forcing run (former minus latter) of 712 

Chiang et al. (2022) for (a) 200mb velocity potential averaged over March–June (following 713 

aphelion), and (b) September–December (following perihelion). The velocity potential change 714 

shows a predominantly zonal wavenumber 1 pattern with the nodal point over the Maritime 715 

continent, reversing in sign between March–June and September–December. (c) and (d): same 716 

as (a) and (b) respectively, but for surface pressure. The surface pressure change exhibits a 717 

see-saw in atmospheric mass between Africa/Indian ocean and the Pacific, again with the nodal 718 

point at the Maritime continent.  Figure adapted from Chiang et al. (2022), Extended Data 719 

Figure 8.   720 




