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Abstract 27 

The response of the climate system to astronomical parameters is an important scientific issue, 28 

but the internal processes and feedbacks need to be better understood. This study investigates 29 

the differences of the climate response to the astronomical forcing between the Northern (NH) 30 

and Southern (SH) hemispheres based on a more than 90,000-year long transient simulation 31 

using the model LOVECLIM. The astronomical parameters of the period 511-417 ka BP 32 

covering MIS-13, MIS-12 and MIS-11 are used, and Greenhouse gas (GHG) concentrations 33 

and ice sheets are fixed, in order to investigate the role of insolation alone. Our results show 34 

that the response of sea ice and sea surface temperature (SST) to precession and obliquity is 35 

different between the two hemispheres. Precession plays a dominant role on the Arctic sea ice. 36 

This is mainly due to its response to the local summer insolation and also, to a less degree, the 37 

influence of the northward oceanic heat transports. However, obliquity plays a dominant role 38 

on the Southern Ocean sea ice through its influence on local solar radiation and also on the 39 

westerly winds. As far as the SST is concerned, it shows a strong precession signal at low 40 

latitudes in both hemispheres. For the SST in the mid and high latitudes, obliquity plays a 41 

dominant role in the SH whereas precession is more important in the NH. This is largely due 42 

to the different response to insolation and feedbacks related to the different land-ocean 43 

distribution in the two hemispheres. Near the Equator, besides the precessional signal, the 44 

SST also shows strong half-precessional signal, which can be explained by the unique 45 

characteristics of the insolation variations at the Equator. Our results also show that during the 46 

period of low eccentricity, obliquity is always more important than precession and the half-47 

precessional signal vanishes due to reduced impact of precession, but precession is always 48 

more important in the NH than in the SH. 49 

50 
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 53 

1 Introduction 54 

As one of the most important drivers of the climate system, the incoming solar radiation 55 

(insolation), depends largely on the three astronomical parameters: eccentricity, obliquity and 56 

climatic precession (Berger, 1976, 1978). The total energy received by the whole Earth over 57 

one year is only a function of eccentricity, while obliquity and precession can modify the 58 

latitudinal-seasonal distribution of insolation (Berger, 1988; Loutre et al., 2004; Berger et al., 59 

2010). Astronomical theory of paleoclimate has been generally accepted and widely used in 60 

the research of paleoclimate, especially during the last 40 years (Hays et al., 1976), and the 61 

astronomical signals have been found in plenty of geological records like deep-sea sediments, 62 

continental archives and ice cores.  63 

With the richness of the geological records, much attention has been paid on the relationship 64 

between different climatic variables and the astronomical parameters. For example, the 65 

relationship between SST and the astronomical parameters have been discussed based on 66 

marine records from the Pacific (eg. de Garidel-Thoron et al., 2005), Atlantic (eg. Lawrence 67 

et al., 2009) and Indian Ocean (eg. Howard and Prell, 1992). The response of other climatic 68 

variables to astronomical forcing have also been discussed, like sea ice (eg. Cronin et al., 69 

2013), vegetation (eg. Joannin et al., 2011; Sanchez Goñi et al., 2016; Oliveira et al., 2018) 70 

and the Asian monsoon (eg. Cheng et al., 2016). Numerous climate model simulations have 71 

also been used to understand the response of the climate system to the astronomical forcing. 72 

For example, Earth system models of intermediate complexity (EMICs), such as CLIMBER 73 

(Ganopolski and Calov, 2011) and GENIE (Holden et al., 2011), have been used to perform 74 
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long transient simulations to study the climate response to varied astronomical parameters, 75 

GHG and NH ice sheets over many glacial-interglacial cycles. More complex atmosphere-76 

ocean general circulations models, such as HadCM3 (Singarayer et al., 2011), have been used 77 

to perform snapshot experiments to study the response of one or more components of the 78 

climate system to changes in insolation. Both proxy and modelling studies show that the 79 

climate response to the astronomical forcing depends strongly on regions and on different 80 

climatic variables. 81 

On hemisphere scales, evidence from both paleoclimate records and simulations shows that 82 

the two hemispheres seem to respond differently to obliquity and precession. As far as sea ice 83 

is concerned, Lo et al. (2018) found that the autumn sea ice extent was governed by 84 

precession-dominated insolation when the atmospheric CO2 concentrations ranging from 190 85 

to 260 ppmv during the last 130 ka in the central Okhotsk Sea. Cronin et al. (2013) 86 

reconstructed the sea ice extent during the last 600 ka in western Arctic Ocean and found that 87 

the sea ice varied mainly at precessional and obliquity frequencies with precession playing a 88 

more important role. In the Southern Ocean, Wolff et al. (2006) reconstructed winter sea ice 89 

extent using the ssNa flux over the past eight glacial cycles, and found that its variation was 90 

dominated by periodicities on time scales of 80-120 ka although the obliquity and 91 

precessional components can also be found. For SST, the reconstructed results also show an 92 

obvious difference between the NH and SH. Besides the 100 ka periodicity, the SST 93 

reconstructions show a clear obliquity signal in both hemispheres, but the precessional signal 94 

is much stronger in the NH than in the SH (Martrat et al., 2007; Bard and Rickaby, 2009). 95 

Based on snapshot and 10-times accelerated transient simulations, Yin and Berger (2012, 96 

2015) found that in general the NH climate responds more to precession whereas the SH 97 

responds more to obliquity, but in-depth analysis on internal processes and feedbacks are still 98 

needed. In addition, Timmermann et al. (2014) investigated the response of the SH climate to 99 
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obliquity and CO2 using a series of snapshot simulations and a 5-times accelerated transient 100 

simulation. They found that the SH westerlies were mainly controlled by the obliquity cycle 101 

and the temperature changes in Antarctica were determined by the combined effect of 102 

shortwave obliquity forcing, GHG forcing, and meridional heat transport.  103 

In spite of many existing studies, the different response of the climate system to obliquity and 104 

precession between the two hemispheres is still not very clear. This is mainly due to: (1) in 105 

the geological records, it is not straightforward to distinguish the impact of the astronomical 106 

parameters from the other forcings, like GHG and ice sheets, because they can contain the 107 

same periodicities; and (2) the numerical simulations, which focus on understanding the 108 

response of the climate system to obliquity and precession and especially the differences 109 

between the two hemispheres, are still scarce. Thus, there is a need to investigate the response 110 

of the different climatic variables to obliquity and precession using long and continuous 111 

transient simulations. 112 

Here we focus on understanding the relative importance of precession and obliquity on two 113 

important components in the climate system, sea ice and sea surface temperature, in both 114 

hemispheres as well as the internal processes and feedbacks involved to explain the 115 

differences between the two hemispheres. Our study is based on a transient simulation using 116 

the model LOVECLIM (see section 2 for model description). Although LOVECLIM is 117 

classified as an Earth system model of intermediate complexity, its complexity is on the top of 118 

this kind of models and thus it can not be used easily to run a transient simulation spanning 119 

several glacial cycles. Therefore, in our study, we choose the time interval between 511 and 120 

417 ka BP which covers the interglacial peak of MIS-13, the glacial MIS-12 and the 121 

beginning of MIS-11. There are three reasons to choose this period. First, this period includes 122 

relatively high and low values of eccentricity which leads to both large and small amplitude of 123 

variations in precession and therefore in daily insolation. In particular, it covers MIS-11 with 124 
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near-zero eccentricity that has been considered as an astronomical analogue of our present-125 

day interglacial (Loutre and Berger, 2003). Second, this period includes both situations where 126 

precession minima and obliquity maxima are in-phase and are anti-phase (Fig. 1) (the phase 127 

relationship between precession and obliquity could be critical for the climate system (Yin 128 

and Berger, 2010, 2015)). Third, this period covers the Mid-Brunhes Transition or Event 129 

(MBT or MBE) that is characterized by relatively warmer interglacials after about 430 ka BP 130 

than before (eg. Jansen et al.,1986; Jouzel et al., 2007). The causes proposed to explain the 131 

MBE includes for example astronomical forcing (Pisias and Rea, 1988; Yin, 2013) and a 132 

major ice-sheet expansion during MIS-12 (Bard and Rickaby, 2009). In this study, we don’t 133 

intend to investigate the MBE, but our results and simulation might be useful for other studies 134 

working on this topic.  135 

 136 

2 Model and experiment design 137 

LOVECLIM is a three dimension Earth system Model of Intermediate Complexity (Goosse et 138 

al., 2010). In our study, the atmosphere (ECBilt), the terrestrial biosphere (VECODE), and the 139 

ocean and sea ice (CLIO) are interactively coupled. ECBilt is a spectral atmospheric model 140 

with truncature T21, which corresponds approximately to a horizontal resolution of 141 

5.625°×5.625°. It has three vertical layers and its dynamics are governed by the quasi-142 

geostrophic potential vorticity. VECODE is a two-dimensional dynamical terrestrial 143 

vegetation model including two plant functional types: tree and grass, and its resolution is the 144 

same as ECBilt. CLIO is a global free-surface ocean general circulation model coupled to a 145 

thermodynamic-dynamic sea ice model. The horizontal resolution of CLIO is 3° in longitude 146 

and latitude, and there are 20 unevenly spaced levels along vertical in the ocean. LOVECLIM 147 

and its previous versions have been used in many paleoclimate studies ranging from polar 148 

climate dynamics to tropical monsoon (see references in Goosse et al., 2010). It is shown that 149 
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LOVECLIM reproduces the major characteristics of climate changes for both present-day and 150 

some important past periods (Goosse et al., 2010). Its performance over polar regions is 151 

particularly demonstrated. For example, it has been shown that LOVECLIM simulates 152 

reasonably well the present-day sea ice extent in both hemispheres when compared with the 153 

observations, and its results are similar to those of many sophisticated general circulation 154 

models in simulating the sea ice changes during the Holocene, the last Glacial Maximum and 155 

the last millennium (Goosse et al., 2013). The transient simulations over the last 9000 years 156 

using ECBilt-CLIO-VECODE show a good agreement between the simulated long-term sea 157 

ice evolution and proxy records in both hemispheres (Renssen et al. 2005a, 2005b).   158 

Our transient simulation is more than 90,000-years long and uses time-dependent 159 

astronomical parameters of the period between 511 and 417 ka BP, a time interval 160 

corresponding to MIS-13, MIS-12 and the beginning of MIS-11. Covering four precessional 161 

cycles and two obliquity ones, it allows to investigate the impact of a large range of 162 

precession and obliquity. In order to investigate the impact of insolation alone, only 163 

astronomical parameters (Berger, 1978) vary in time. Constant GHG concentrations 164 

(CO2=236 ppmv, CH4=530 ppbv, N2O=265 ppbv) are used and the ice sheets are fixed to 165 

present-day. In order to avoid any possible influence of the acceleration technique, no 166 

acceleration is used in our study. The initial condition of our transient simulation is the 167 

equilibrium climate state of a 2000-year snapshot simulation performed with the astronomical 168 

parameters at 511 ka BP and the GHG concentrations same as the transient experiment.  169 

It is worth noting that the experiment we carried out is a sensitivity experiment and the GHG 170 

concentrations and ice sheets conditions used do not correspond to the real conditions during 171 

MIS-13, MIS-12 and MIS-11. The GHG concentrations used here are the average values over 172 

20,000 years between 511 to 491 ka BP, and are intermediate between a typical interglacial 173 

level (eg. 280 ppmv) and a glacial level (e.g. 180 ppmv). In order to test the sensitivity of our 174 
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results to the choice of CO2 concentration, we performed another two supplementary 175 

simulations covering a shorter period between 538 and 471 ka BP. The CO2 concentration is 176 

kept constant to a value of 280 ppmv in one simulation and it varies with time between about 177 

245 and 190 ppmv in another. These simulations show that our conclusion remains the same 178 

for a range of CO2 concentration between 280 and 190 ppmv  (see supplementary Fig. S1). 179 

 180 

3 Results and discussion 181 

(1) Sea ice 182 

Fig. 1 shows clearly that the responses of the Arctic and Southern Ocean sea ice to the 183 

astronomical forcing are different. In the Arctic, the variation of the annual mean sea ice is 184 

highly correlated with precession, while in the Southern Ocean, it is highly correlated with 185 

obliquity. In order to quantify the relative weight of each astronomical parameter on the sea 186 

ice variations, multiple linear regression analyses (using the standardized values of the 187 

variables) are performed. The results (Table 1) show that precession plays a dominant role on 188 

the Arctic sea ice and the importance of obliquity is also obvious, but obliquity is more 189 

important for the Southern Ocean sea ice. Our results on the Arctic sea ice is in line with the 190 

finding of Lo et al. (2018) where both proxy records and numerical simulations show that the 191 

sea ice in the central Okhotsk sea during the last 130,000 years is mainly governed by 192 

precession-dominated insolation changes when the atmospheric CO2 concentrations ranging 193 

from 190 to 260 ppmv. Cronin et al. (2013) also indicate that the sea ice in western Arctic 194 

Ocean during the last 600 ka varied primarily at precessional and obliquity frequencies, and 195 

precession plays a dominant role. As CO2 and ice sheets are fixed in our simulation, it is 196 

impossible for us to discuss about the 100 ka cycle that might be strongly related to these 197 

forcings (Clark et al., 1999). However, the Southern Ocean sea ice reconstruction of Wolff et 198 
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al. (2006) shows a dominant 80-120 ka cycle. This indicates that other forcings than 199 

insolation, such as GHG and ice sheets, must have a major influence on the Southern Ocean 200 

sea ice. Indeed, Yin and Berger (2012) show that GHG plays a dominant role in the SH 201 

whereas insolation is more important in the NH. 202 

 203 

Fig. 1. Comparison of the simulated annual mean Arctic and Southern Ocean sea ice fraction 204 

with obliquity and precession. A 1000-year running mean is performed on the curves of the 205 

Arctic and Southern Ocean sea ice fraction to reduce the high-frequency fluctuations.  206 

 207 

Table 1 Regression coefficients of a linear multiple regression between the insolation-induced 208 

climatic variables (the predictand) and E (eccentricity), O (obliquity) and P (precession) (the 209 

predictors). The calculation is based on the data of the whole simulation period between 511 210 

and 417 ka BP. The variables are annual mean sea ice fraction and sea surface temperature. 211 

All the values have been standardized to have the regression coefficients representing 212 

comparable weights of the predictors on the predictand. 213 
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 214 

Our simulation period contains a period of high amplitude variation of precession (511-460 ka 215 

BP) and a period of low amplitude variation of precession (460-417 ka BP). We might expect 216 

a dominant role of obliquity when the variation of precession is small, as shown in Yin and 217 

Berger (2015) for MIS-11. Therefore, we also performed separately linear multiple regression 218 

analyses for 511-460 ka BP and for 460-417 ka BP. The results of 511-460 ka BP are very 219 

similar to those obtained from the whole time period (see supplementary Table S1), but the 220 

results of 460-417 ka BP (Table S2) show that obliquity is more important than precession in 221 

both the Arctic and Southern Ocean sea ice, which is quite expected from the low amplitude 222 

variation of precession. However, obliquity still plays more important role in the SH than in 223 

the NH and precession is more important in the NH than SH even in the latter case. 224 

 225 

To better understand the different response of the Arctic and Southern Ocean sea ice to 226 

precession and obliquity, and related internal processes and feedbacks, the seasonal variations 227 

of the Arctic and Southern Ocean sea ice are also analyzed (Fig. 2). In the Arctic, the 228 

amplitude of the sea ice variation is much larger in summer than in other seasons (Fig. 2a), 229 

this is in line with the results of snapshot simulations of the last nine interglacials (Yin and 230 

Berger, 2012) and the observation records over the last 30 years (Titchner and Rayner, 2014). 231 

This can also be observed by comparing the seasonal geographical distributions of sea ice 232 

fraction between a precession maximum (e.g. 496 ka BP) and a precession minimum (e.g. 486 233 

ka BP) (Fig. S2 and Fig. S3). The variation of the annual mean sea ice is therefore dominated 234 

  sea ice fraction              sea surface temperature (SST) 

  
Arctic Southern Ocean 

  

60°S- 

90°S 

30°S- 

60°S 

10°S- 

30°S 

10°S- 

10°N 

10°N- 

30°N 

30°N- 

60°N 

60°N- 

90°N 

R2 0.77 0.67 

 

0.86 0.90 0.40 0.12 0.32 0.68 0.74 

E -0.15 -0.14 

 

0.10 0.11 0.15 0.06 0.05 -0.07 -0.04 

O -0.45 -0.72 

 

0.91 0.93 0.38 -0.16 0.20 0.75 0.65 

P 0.78 -0.24   -0.02 -0.19 -0.51 -0.29 -0.55 -0.50 -0.68 
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by the variation of the summer sea ice, which is mainly controlled by local summer insolation 235 

that in turn is mainly a function of precession. When climatic precession is low (NH summer 236 

at perihelion), the local summer insolation is high, leading to low sea ice fraction (Fig. 3, left). 237 

In addition, the Arctic sea ice is also influenced, but to a lesser degree, by the northward 238 

oceanic heat transports across 60°N (Goosse and Renssen, 2001) which is also dominated by 239 

precession (not shown). However, the local summer insolation also contains obvious obliquity 240 

signal, a smaller obliquity directly leading to lower summer insolation and finally to a cooling 241 

and more sea ice formation, which could explain why obliquity is also present in the Arctic 242 

sea ice (Table 1). In the Southern Ocean, the difference in the magnitude of sea ice variations 243 

between the four seasons is smaller than in the Arctic, but the amplitude is still the largest in 244 

local summer (Fig. 2, Fig. S2 and Fig. S3). The annual mean sea ice variation is more equally 245 

influenced by the variations of the sea ice of the four seasons when compared to Arctic. 246 

Different from the summer sea ice variation in the Arctic, the variation of the summer sea ice 247 

in the Southern Ocean shows a very strong obliquity signal. These explain why obliquity is 248 

more important for the sea ice in the Southern Ocean than in the Arctic. A smaller obliquity 249 

directly leads to lower insolation at high latitudes and finally to a cooling and more sea ice 250 

formation (Fig. 3, right), and vice versa. In addition, obliquity could also influence the 251 

Southern Ocean sea ice through its influence on the westerlies. Our results (Fig. 3, right) show 252 

that a smaller obliquity leads to larger latitudinal temperature and pressure gradients, and 253 

finally to stronger westerly winds. In line with Timmermann et al. (2014), in our simulation 254 

the SH westerlies are mainly influenced by obliquity. According to some sensitivity 255 

experiments performed by other studies, stronger westerlies could cool the ocean surface and 256 

lead to more sea ice formation (Purich et al., 2016; Saunders et al, 2018). Therefore, a smaller 257 

obliquity could lead to more sea ice formation in the Southern Ocean through decreasing local 258 

solar radiation and intensifying the westerlies. The formation of the Southern Ocean sea ice 259 
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may also be influenced by the southward oceanic heat transports across 60°S that is 260 

dominated by precession (not shown). This might partly explain why there is a weak 261 

precessional signal in the annual mean Southern Ocean sea ice (Table 1). This agrees with the 262 

geological evidence that the Southern Ocean sea ice variation also contains precession 263 

periodicity (Wolff et al., 2006).  264 

  265 

Fig. 2. The seasonal variations of the sea ice fraction in the (a) Arctic and (b) Southern Ocean. 266 

A 1000-year running mean is performed on the curves to reduce the high-frequency 267 

fluctuations. 268 

 269 

 270 

Fig. 3. The forcing mechanisms for the annual mean Arctic (left) and Southern Ocean sea ice 271 

(right). (a) 65°N summer solstice insolation, (b) standardized annual mean Arctic sea ice 272 
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fraction, (c) obliquity, (d) standardized SH westerlies of 500hPa, (e) standardized annual 273 

mean Southern Ocean sea ice fraction. A 1000-year running mean is performed on the curves 274 

of (b), (d), and (e) to reduce the high-frequency fluctuations. 275 

 276 

The key internal processes responsible for the response of sea ice to precession and obliquity 277 

lie in the relationships between the surface energy budget (surface solar radiation – surface 278 

thermal radiation + surface sensible heat flux + surface latent heat flux), SST and sea ice. Fig. 279 

4 shows that the surface energy budget (40°N-90°N and 40°S-90°S) is directly related to the 280 

SST (40°N-90°N and 40°S-90°S) which in turn influence the sea ice: when the surface energy 281 

budget is high, SST is high, leading finally to less sea ice, for a relationship which happens in 282 

both hemispheres (but the sea ice could also influence the SST, a feedback which will be 283 

discussed below). The surface energy budget is directly and strongly influenced by precession 284 

and obliquity: linear multiple regression analyses (Table 2) show that obliquity plays a 285 

dominant role in the SH surface energy budget whereas precession is more important in the 286 

NH, explaining the different response of the NH and SH sea ice to precession and obliquity. 287 

The different response of the annual mean sea ice between the Arctic and Southern Oceans to 288 

obliquity and precession is related to their different geographic locations. The Arctic is 289 

located in the northern highest polar latitudes, while the Southern Ocean is located between 290 

about 60°S and 75°S; so the amplitude of the local summer insolation variation is much larger 291 

in the Arctic than in the Southern Ocean. In addition, the large area of the SH ocean makes it 292 

reacting more slowly than lands surrounding the Arctic Ocean and therefor more sensitive to 293 

the total energy integrated over time that is only a function of obliquity (Berger and Pestiaux, 294 

1984; Berger et al., 2010). If the two periods 511-460 ka BP and 460-417 ka BP are 295 

considered separately, the results of the surface energy budget are in line with those of sea ice, 296 
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the importance of obliquity being enhanced during 460-417 ka BP due to the low amplitude 297 

variation of precession (Table S3 and Table S4). 298 

 299 

Fig. 4. Comparison of the standardized annual mean sea ice fraction with the standardized 300 

annual mean SST and surface energy budget. (a) surface energy budget in the NH (40°N-301 

90°N), (b) SST in the NH (40°N-90°N), (c) Arctic sea ice fraction, (d) surface energy budget 302 

in the SH (40°S-90°S), (e) SST in the SH (40°S-90°S), (f) Southern Ocean sea ice fraction. A 303 

1000-year running mean is performed on the curves to reduce the high-frequency fluctuations. 304 

 305 

Table 2 Regression coefficients of a linear multiple regression between the surface energy 306 

budget (the predictand) and E (eccentricity), O (obliquity) and P (precession) (the predictors). 307 

The calculation is based on the data of the whole simulation period between 511 and 417 ka 308 

BP. The surface energy budget has been standardized to have the regression coefficients 309 

representing comparable weights of the predictors on the predictand. 310 

  surface energy budget 

  40°N-90°N 40°S-90°S   60°N-90°N 60°S-90°S 

R2 0.91 0.84 
 

0.87 0.83 

E 0.04 0.18 
 

0.01 0.10 

O 0.70 0.86 
 

0.69 0.90 

P -0.75 -0.28   -0.74 -0.18 
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(2) SST at different latitudinal bands 311 

The SST variations at the low latitudes of both NH and SH show strong precessional signals 312 

(Fig. 5), which can be partly explained by the very strong precessional signal in the daily 313 

insolation at low latitudes (Berger, 1978). In addition, the oceanic heat transports have a great 314 

contribution to the variations of the SST at low latitudes of both hemispheres, as shown from 315 

modern reanalysis data (Trenberth and Caron, 2001). Our simulated oceanic heat transports at 316 

low latitudes show very strong precessional signals (not shown), which could also explain the 317 

strong precessional signal in our simulated SST at low latitudes.  318 

 319 

Fig. 5. Comparison of the simulated standardized annual mean SST in the NH (left) and SH 320 

(right) with obliquity and precession. A 1000-year running mean is performed on the curves 321 

of the SST to reduce the high-frequency fluctuations. 322 

 323 

At mid and high latitudes, there are obvious differences between the NH and SH in the SST 324 

response. In the SH, the SST variations are highly correlated with obliquity, while they are 325 

highly correlated with both obliquity and precession in the NH (Fig. 5 and Table 1). In terms 326 

of proxy data, almost all SST records show strong periodicity around 100 ka after the mid-327 

Pleistocene transitions. This is not shown in our simulated SST, most probably because only 328 

insolation is used in our experiment as forcing, GHG and ice sheets being kept constant. 329 
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Besides the 100 ka cycle signals, in geological record, the SST of both hemispheres shows 330 

strong obliquity signal, but the precessional signal is much stronger in the NH than in the SH 331 

(Martrat et al., 2007; Bard and Rickaby, 2009). This is consistent with our simulated results. 332 

Compared to low latitudes, obliquity has a larger effect on the daily insolation at mid and high 333 

latitudes (Berger, 1978). Thus, the SST variations at mid and high latitudes of both 334 

hemispheres show stronger obliquity signals. In the meantime, the different distribution of 335 

continents and oceans between the NH and SH lead to different response in the two 336 

hemispheres. Due to the relatively slow response of oceans, the SST variations in the SH, 337 

where large area of oceans appear, are more sensitive to integrated insolation which is only a 338 

function of obliquity (Berger and Pestiaux, 1984; Berger et al., 2010). In the NH, the 339 

precessional forcing can be amplified by vegetation dynamics, leading to strong precessional 340 

signal in the annual mean SST variations (Claussen et al., 2006; Ganopolski and Roche, 2010). 341 

In a previous study where LOVECLIM was used to study the last nine interglacials, it was 342 

also shown that the vegetation change in the NH mid and high latitudes is mainly controlled 343 

by precession (Yin and Berger, 2012). The same is found in our study for the time period 344 

investigated and the simulated vegetation shows strong precession signal (not shown). In 345 

addition, the variation of the Arctic sea ice shows strong precessional signal while the 346 

variation of the Southern Ocean sea ice shows strong obliquity signal, which would also 347 

influence the SST variations through sea ice-temperature feedbacks. Both vegetation and sea 348 

ice feedbacks in the NH explain the strong precessional signals in the NH SST variations. As 349 

discussed above, the key internal processes responsible for the response of SST to precession 350 

and obliquity are related to surface energy budget. Our results show that the surface energy 351 

budget and SST have a very good and positive relationship (for instance, at high latitudes of 352 

both hemispheres, Fig. 6). When the surface energy budget is high, the SST is also high, and 353 

vice versa. Obviously, the surface energy budget is highly correlated with obliquity in the SH, 354 
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while it is highly correlated with both precession and obliquity in the NH (Fig. 6 and Table 2), 355 

which could explain the different response of the NH and SH SST at mid and high latitudes to 356 

precession and obliquity. The different response of the surface energy budget to precession 357 

and obliquity between two hemispheres is also due to the different distribution of continents 358 

and oceans in the NH and SH as discussed above.  359 

If we analyze the results of 511-460 ka BP and 460-417 ka BP separately (Table S1 and Table 360 

S2), the results of 511-460 ka BP are similar to those obtained from the whole time period, 361 

but precession signal is more amplified as expected from the high amplitude variation of 362 

precession during this time period. It is also as expected from the low amplitude variation of 363 

precession during 460-417 ka BP, obliquity plays a more important role than precession in the 364 

SST in both NH and SH mid and high latitudes during this time period. Nevertheless, 365 

precession is still more important in the NH than SH, similar to the results of sea ice. The 366 

results of the multiple linear regression analyses for the surface energy budget are consistent 367 

with the SST (Table S3 and Table S4).  368 
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 369 

Fig. 6. Comparison between the standardized annual mean SST at high latitudes and the 370 

standardized annual mean surface energy budget. A 1000-year running mean is performed on 371 

the curves to reduce the high-frequency fluctuations.  372 

 373 

(3) SST near the Equator 374 

The annual mean SST near the Equator (10°S-10°N) shows very intriguing variation (Fig. 7). 375 

Like the SST at low latitudes, the SST near the Equator shows strong precessional signal, but 376 

it also contains strong half-precessional signal (Fig. 7 and Fig. 8). Obviously, the half-377 

precessional signal is the strongest between 511 ka BP and 460 ka BP, but it is less obvious 378 

between 460 ka BP and 417k aBP most probably due to the small amplitude variation of  379 

precession which dampens the half-precessional signal. 380 
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 381 

Fig. 7. The variation of the annual mean SST near the equator. A 1000-year running mean is 382 

performed on the curves of the SST to reduce the high-frequency fluctuations. 383 

 384 

To better understand the half-precessional signal in the SST near the Equator, the SST time 385 

series were pre-whitened by subtracting 20% weighted averages using Kaleidagraph software 386 

(Cleveland, 1979) (20% = windows/the total time series*100%). This removal of long-term 387 

trends helps to emphasizes the half-precessional signal from the strong precessional signal. 388 

After subtracting 20% weighted averages, the detrended SST variation (Fig. 8a, grey line) was 389 

analyzed by using the multi-taper method (MTM) spectral estimator (Thomson, 1982), and 390 

the spectra shows significant peak at ~10 kyr with the significance at above the 99% 391 

confidence level (Fig. 8b). In order to discuss the possible forcing mechanism for the half-392 

precessional cycle in the SST near the Equator, Gaussian band pass filtering was applied by 393 

using Analyseries 2.0.8 (Paillard et al., 1996) to extract the half-precessional signal (Fig. 8a, 394 

blue line), and it has a good coherence with the original data (Fig. 8a, grey line). 395 

The half-precessional signal has already been found in different geological records, like 396 

marine sediments (Luo et al., 2005; Ferretti et al., 2010, 2015), vegetation (Turney et al., 397 

2004), lake sediments (Chaisson et al., 2002; Trauth et al., 2003), loess (Sun and Huang, 398 
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2006), and ice cores (Delmotte et al., 2004; Guo et al., 2012). In addition, some possible 399 

forcing mechanisms have also been proposed by Berger et al. (2006) to explain it. In the inter-400 

tropics, the Sun goes ahead twice a year at each latitude. Especially, the Sun culminates at the 401 

zenith at both equinoxes at the Equator. Thus, the inter-tropical regions can receive twice 402 

maximum insolation during one year. During one precession cycle, maximum insolation at 403 

these regions can be recorded twice. Therefore, if the proxies are sensitive to maximum 404 

insolation, the half-precession cycle signal can be recorded (Berger et al., 2006; Ashkenazy 405 

and Gildor, 2008). In our study, the half-precessional signal in the SST near the Equator is 406 

particularly strong and consistent with the maximum equatorial insolation (Fig. 8c). This 407 

shows that in our simulation, the half-precessional signal is clearly a response to the 408 

maximum insolation at the Equator (Berger et al., 2006).  409 

According to some paleoclimate records, half-precession cycle occurs in climate variations 410 

not only in the tropics but also in extra-tropics. For example, Hernández-Almeida et al. (2012) 411 

suggest that the half-precession signal could be transported from the tropics to high latitudes 412 

through atmosphere and ocean circulations and could also be produced through ice sheet 413 

feedbacks. It could also be produced by the interactions between the NH and SH. As the NH 414 

and SH are 180° out of phase with respect to precession-controlled insolation, the half-415 

precession signal could be produced when the SH signal export to the NH (Rutherford and 416 

D'Hondt, 2000; Guo et al., 2012). Furthermore, a series of nonlinear processes of the climate 417 

system could also produce the half-precessional signal (Hyde and Crowley, 2002). Different 418 

from some proxy records that show half-precessional signal also in the high latitudes (eg. 419 

Delmotte et al., 2004), the half-precessional signal is not clear in extra-tropics in our 420 

simulation. This is probably due to the lack in our experiment of some internal feedbacks like 421 

those related to ice sheet dynamics and/or the simplified physics of our atmosphere model. It 422 

would be interesting to test with more sophisticated Earth system models in the future. 423 
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 424 

Fig. 8. Analysis of the annual mean SST near the equator. (a) standardized 20% detrended 425 

SST (grey line) and standardized 10-kyr filter, (b) power spectra of the 20% detrended SST, 426 

(c) comparison between the standardized 10-kyr filter of the SST and the maximum insolation 427 

at the equator. The purple line is March-April insolation (one month average), the green line 428 

is September-October insolation (one month average), the red dashed line is the maximum of 429 

them, and the blue line is the standardized 10-kyr filter of the SST. 430 

 431 

4 Conclusions 432 

In this study, the different responses of the SST and sea ice to precession and obliquity 433 

between the two hemispheres are investigated through a transient simulation with the 434 

LOVECLIM model. 435 
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Our results show that the responses are different between the two hemispheres. The Arctic sea 436 

ice is highly correlated with precession, while the Southern Ocean sea ice is highly correlated 437 

with obliquity. In the Arctic, the variation of the annual mean sea ice is dominated by the 438 

variation in local summer which, through the surface energy budget and SST, is controlled by 439 

local summer insolation that in turn is mainly a function of precession. It is also influenced by 440 

the northward oceanic heat transports across 60°N which is mainly controlled by precession. 441 

In the Southern Ocean, the sea ice variations are more equally weighted between seasons with 442 

the amplitude being slightly larger in local summer during which the sea ice variation is 443 

dominated by obliquity. The large area of the SH oceans makes it reacting more slowly and 444 

being more sensitive to total energy integrated over time that is only a function of obliquity. 445 

At low latitudes of both two hemispheres, the SST variations show strong precessional signal, 446 

due to strong precessional signal in the daily insolation at the low latitudes and also in the 447 

oceanic heat transports. Compared with low latitudes, the SST variations at mid-high latitudes 448 

show stronger obliquity signal in both two hemispheres due to the increased importance of 449 

obliquity in the daily insolation at mid-high latitudes. Due to sea ice and vegetation feedbacks 450 

and also large continental area, the SST variations in the mid-high latitudes of the NH show 451 

stronger precessional signal and weaker obliquity signal than in the SH.  452 

Near the Equator, besides the precessional signal, the SST variation in our simulation also 453 

shows strong half-precessional signal. The half-precession filter of the SST is highly 454 

correlated with the maximum insolation at the Equator, indicating that it is a response to the 455 

maximum insolation at the Equator. The lack of half-precessional signal in the SST of other 456 

latitudes in our simulation might be due to lack of some internal feedbacks (eg. ice sheet 457 

dynamics) and/or simplified atmosphere physics in our model. It would be interesting to be 458 

tested with a more complex model.  459 
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Our results also show that during the period of low eccentricity and therefore of low 460 

amplitude variation of precession, obliquity always plays the dominant role in both sea ice 461 

and SST, which is quite expected, but precession is still more important in the NH than in the 462 

SH. Half-precessional signal vanishes during low-eccentricity period due to the reduced 463 

impact of precession.  464 
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SUPPLEMENTARY INFORMATION 672 

 673 
 674 

 675 
Fig. S1. The simulated variations of the Arctic and Southern Ocean sea ice fraction. (a) the 676 

variations of the forcings: CO2 (blue line), obliquity (black line) and precession (red line), (b) 677 

The variations of the Arctic and Southern Ocean sea ice fraction simulated with varying 678 

insolation and a constant CO2 concentration of 280 ppmv, (c) The variations of the Arctic and 679 

Southern Ocean sea ice fraction simulated with varying insolation and varying CO2 as shown 680 

in (a).  681 

 682 

 683 
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 684 
Fig. S2. The seasonal (local seasons are used) geographical distribution of the Arctic and 685 

Southern Ocean sea ice at a precession maximum (496 ka BP). 686 

 687 

 688 

 689 
Fig. S3. The seasonal (local seasons are used) geographical distribution of the Arctic and 690 

Southern Ocean sea ice at a precession minimum (486 ka BP). 691 

  692 
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Table S1 Regression coefficients of a linear multiple regression between the insolation-693 

induced climatic variables (the predictand) and E (eccentricity), O (obliquity) and P 694 

(precession) (the predictors). The calculation is based on the data of the simulation period 695 

between 511 and 460 ka BP. The variables are annual mean sea ice fraction and sea surface 696 

temperature. All the values have been standardized to have the regression coefficients 697 

representing comparable weights of the predictors on the predictand. 698 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

Table S2 Regression coefficients of a linear multiple regression between the insolation-711 

induced climatic variables (the predictand) and E (eccentricity), O (obliquity) and P 712 

(precession) (the predictors). The calculation is based on the data of the simulation period 713 

between 460 and 417 ka BP. The variables are annual mean sea ice fraction and sea surface 714 

temperature. All the values have been standardized to have the regression coefficients 715 

representing comparable weights of the predictors on the predictand. 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

Table S3 Regression coefficients of a linear multiple regression between the surface energy 727 

budget (the predictand) and E (eccentricity), O (obliquity) and P (precession) (the predictors). 728 

The calculation is based on the data of the simulation period between 511 and 460 ka BP. The 729 

surface energy budget has been standardized to have the regression coefficients representing 730 

comparable weights of the predictors on the predictand. 731 

  surface energy budget 

  40°N-90°N 40°S-90°S   60°N-90°N 60°S-90°S 

R2 0.90 0.72 
 

0.86 0.66 

E 0.07 0.19 
 

0.07 0.11 

O 0.43 0.74 
 

0.42 0.78 

P -0.86 -0.39   -0.84 -0.21 

 732 

 733 

 734 

 735 

  sea ice fraction              sea surface temperature (SST) 

  

Arctic Southern Ocean 

  

60°S- 

90°S 

30°S- 

60°S 

10°S- 

30°S 

10°S- 

10°N 

10°N- 

30°N 

30°N- 

60°N 

60°N- 

90°N 

R2 0.81 0.49 

 

0.71 0.87 0.39 0.17 0.44 0.51 0.79 

E -0.04 -0.06 

 

0.07 0.13 0.26 -0.12 0.08 0.08 0.04 

O -0.24 -0.62 

 

0.83 0.87 0.41 -0.33 0.01 0.44 0.34 

P 0.88 -0.28   -0.05 -0.33 -0.44 -0.17 -0.68 -0.57 -0.84 

  sea ice fraction              sea surface temperature (SST) 

  

Arctic Southern Ocean 

  

60°S- 

90°S 

30°S- 

60°S 

10°S- 

30°S 

10°S- 

10°N 

10°N- 

30°N 

30°N- 

60°N 

60°N- 

90°N 

R2 0.63 0.70 

 

0.93 0.94 0.24 0.28 0.13 0.72 0.65 

E -0.10 -0.30 

 

0.22 0.16 0.01 -0.71 -0.59 0.14 0.01 

O -0.61 -0.98 

 

0.79 0.88 0.53 -0.14 0.65 0.73 0.72 

P 0.33 -0.13   -0.05 -0.11 -0.14 0.24 -0.24 -0.32 -0.36 
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Table S4 Regression coefficients of a linear multiple regression between the surface energy 736 

budget (the predictand) and E (eccentricity), O (obliquity) and P (precession) (the predictors). 737 

The calculation is based on the data of the simulation period between 460 and 417 ka BP. The 738 

surface energy budget has been standardized to have the regression coefficients representing 739 

comparable weights of the predictors on the predictand. 740 

  surface energy budget 

  40°N-90°N 40°S-90°S   60°N-90°N 60°S-90°S 

R2 0.92 0.89 
 

0.87 0.92 

E -0.02 0.11 
 

-0.14 0.09 

O 0.91 0.98 
 

0.95 0.99 

P -0.36 -0.17   -0.32 -0.14 

 741 

 742 

 743 
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