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Abstract: Existing climate studies mainly assessed the effect of greenhouse gases and aerosols, 
among other forcings on Earth’s temperature. None of them has not evaluated the effect of the 
planetary orbital changes on Earth’s temperature. Here, we deconvolved the effects of greenhouse 
gases and planetary orbital changes on Earth’s temperature and to forecast the latter at different 
time scales. Our results suggest that Earth’s revolution and rotation prompted ~75.4% and 15.9% 
of the observed Earth’s intra-annual temperature changes, while Moon’s revolution and other 
planet motions accounted for 8.3% and 0.3%, respectively. Planetary orbits contributed to ~11.5% 
of global warming since 1837 and will continue to warm the Earth by ~0.13 °C from 2020 to 2027. 
However, planetary orbits may trigger ~0.25 °C of Earth’s cooling from 2027 to 2050, which is 
still far below the impact of CO2 and will not be enough to reverse the warming trend.  
Main Text: Changes in Earth’s temperature (i.e., the average global temperature) govern the 
evolution of its climatic, biological and hydrologic conditions, which in turn define the planet 
habitability for both humans and organisms 1-4. Earth’s temperature has risen by approximately 
1.37 °C and 0.86 °C since 1836 and 1979, respectively, mostly attributed to the increase in 
greenhouse gases 5-8. Six separate assessment reports from the United Nations (UN) 
Intergovernmental Panel on Climate Change (IPCC) during the last decades concluded that global 
warming is mainly driven by greenhouse gas emissions due to human activities 9-14. Only the fifth 
and sixth IPCC reports quantified the human-induced contribution to the observed temperature 
change using long-term observational datasets and improved climate models. 
The concentration of greenhouse gases in the atmosphere has risen monotonically since 1836, 
while Earth’s temperature records show significant oscillations over the same period. Additionally, 
the rise in Earth’s temperature appears to be part of a long-term warming that began before the 
industrial era in the 17th century 15,16. Moreover, paleoclimate data from various sources (e.g., ice 
cores, deep-sea sediments, tree rings, pollen, corals and glaciers) demonstrate preindustrial 
temperature oscillations 17-22. Taken together, these observations imply that the drivers of global 
warming are complex and that other factors can modulate the greenhouse gas effect. 
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Planetary orbital changes have been important drivers of temperature variation throughout Earth’s 
evolution as they impact heat transfer from the sun to the upper atmosphere 23-26. While these 
orbital changes are minor and account for a few centimeters per year 23,24,26-28, their integrated 
effect over the last 185 years on the changes in global temperature can be examined if we 
successfully deconvolve the augmentation caused by greenhouse gases. Unlike the steady increase 
in greenhouse gas concentrations in the atmosphere over the past 185 years that has continuously 
increased Earth’s temperature, the effect of planetary orbits on Earth’s temperature is complex. 
The external gravitational forces acting on the Earth during its revolution vary due to planetary 
geometry, ultimately perturbing the orbital geometry of Earth 26-28. Some basic parameters of 
Earth’s orbit, such as eccentricity, axial tilt, and the precession of equinoxes, vary cyclically, 
resulting in complex interactions among various components of the Earth’s system and therefore 
periodically changes Earth’s temperature 27,29-31. For example, Earth’s temperature has different 
cycles of approximately 100000, 40000, 20000, 2100−2500, 1200−1800, 200, and 50−70 years, 
which are in phase with the cycles of gravitational perturbations induced by planets of the solar 
system, primarily Jupiter, Moon, Uranus, Neptune and Saturn 28,31-36. Therefore, their positive 
contribution can exacerbate anthropogenic warming of Earth. In contrast, a negative contribution 
of planetary orbits to Earth’s temperature can attenuate human-induced warming for a short time-
scale, causing oscillations in Earth’s temperature. While existing studies have highlighted that the 
Earth’s climate system is modulated by a number of astrodynamical phenomena 37-39, they did not 
quantify the effect of the changes in planetary orbits on the Earth’s temperature changes. 
To address this deficiency in comprehensive assessment of Earth’s temperature variation, we 
developed a conceptual framework to investigate the effect of different planetary orbits on Earth’s 
temperature change from 1836 to 2020 for different time scales. For this purpose, we first 
eliminated the influence of greenhouse gases on the Earth’s temperature and built several 
mathematical models that quantify the contribution of different planetary orbital variations to 
Earth’s intra-annual temperature changes. A conceptual diagram showing the effect of different 
orbits on the Earth’s intra-annual temperature is shown in Fig. 1. The Earth’s rotation and the 
Moon’s revolution around the Earth affect the temperature on the daily and lunar sidereal periods, 
respectively. Their influence on the Earth’s intra-annual temperature is represented by the 
sinusoidal-like function 𝑓𝑓1  and the irregularly changing function  𝑓𝑓2 , respectively (see Fig. 1). 
Considering only the Earth-Sun system, the influence of the Earth’s revolution around the Sun on 
the Earth’s intra-annual temperature can be represented by the function 𝑓𝑓3 in Fig. 1. The curves 𝑓𝑓1, 
𝑓𝑓2, and 𝑓𝑓3 are superimposed to find the simultaneous effects of Earth’s rotation, Moon’s revolution 
around Earth, and Earth’s revolution around the Sun on Earth’s temperature during each year. 
The motions of the other seven major planets in the solar system (namely, Mercury, Mars, Jupitar, 
Saturn, Neptune, Venus and Uranus) have a subtle impact on the Earth’s temperature on intra-
annual and interannual time scales, as shown by the functions Z1−Z7 in Fig. 1. Mathematically 
speaking, their influence on the Earth’s temperature can be taken into account by superimposing 
the functions Z1−Z7 on the curves 𝑓𝑓1 − 𝑓𝑓3. Furthermore, we quantified the respective impacts of 
planetary orbital changes and CO2 concentrations (the dominant greenhouse gas) on Earth’s 
temperature changes on an interannual time scale by developing a robust mathematical model. In 
addition, a hybrid model was developed based on the long short-term memory (LSTM) and 
spectral domain approaches to forecast the effect of planetary orbits on Earth’s temperature. This 
study advances our understanding of the influence of planetary orbits and CO2 concentrations on 
Earth’s temperature over a wide range of time scales from hours to years. This understanding is of 
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great importance for analyzing future climate change and assessing climate change mitigation 
policies and sustainable development practices. 

 

Fig. 1. A simplified diagram showing the effects of different planetary orbits on the Earth’s 
temperature (T), which consists of two parts: (A) Physical based on our knowledge of the 
separation between the sun and the earth (B) the proposed mathematical method to quantify the 
effect of different planetary orbits on (A) and hence on the Earth’s temperature. 
Results 
The physical response of Earth’s temperature to different orbits 
Our analyses reveal that the Earth’s temperature variation over different time scales is related to 
the Earth’s motion state (its revolution and rotation) and, to a lesser extent, the other planets’ orbital 
motions. Since the variation of the solar-induced temperature is negligible during each Earth’s 
rotation 40, the quasi-sinusoidal diurnal variation in Earth’s temperature (Supplementary Fig. S1) 
is mainly due to the uneven distribution of land and sea on the Earth’s surface causing a difference 
in surface albedo. The change in the Earth’s temperature in two successive hours is due to the 
variations in the land temperature (see Section 1.1 in the Supplementary Materials for further 
details). By analyzing the temporal variations in daily lunar declination (δ), Earth-Moon distance, 
Earth’s temperature and Earth’s rotation data from 1979 to 2020 (Supplementary Fig. S4), it is 
found that lunar declination and Moon-Earth distance can indirectly influence Earth’s temperature 
by affecting the speed of Earth’s rotation (see Section 1.2 in the Supplementary Materials for more 
information). Additionally, the slow periodic changes in the solar declination and, to a much lesser 
extent, the Sun-Earth distance mainly cause seasonal and latitudinal variations in insolation, 
leading to changes in the Earth’s temperature during a year (see Section 1.3 in the Supplementary 
Materials). In addition, the up and down swing of the Sun’s position relative to the equatorial plane 
(caused by the revolution of the Earth) triggers the seasonal variation of the Earth’s rotation in 
each year (weak deceleration (72 days), strong acceleration (110 days), strong deceleration (109 
days), and weak acceleration (66 days)), which also contributes to oscillations of the temperature 
difference between two successive days (Supplementary Fig. S4C). The Fourier transform analysis 
(Supplementary Table S1) of the annual mean Earth’s temperature from 1836 to 2020 also shows 



 

4 
 

that planetary motion may have indirectly impacted the interannual Earth’s temperature by 
affecting Earth’s orbit and velocity (Supplementary Section 1.4). 
Contribution of planetary orbits to changes in Earth’s temperature during the year 
The developed mathematical model (see Section 1 in Methods) is merged with historical 
temperature data to determine the contribution of planetary orbits to Earth’s intra-annual 
temperature changes. Fig. 2A shows that the orbital forcings (i.e., Earth’s revolution around the 
Sun, Earth’s rotation, Moon’s revolution around the Earth and other planet motions) cause ~ 99.79% 
of the temperature change during the year (1979−2020), while the contribution attributable to other 
factors (e.g., changes in greenhouse gas concentrations, other human drivers due to aerosols, ozone 
and land-use change) is only approximately 0.21%. Earth’s revolution, Earth’s rotation, the 
Moon’s revolution, and other planet motions contribute ~ 75.36%, 15.91%, 8.26% and 0.26% to 
the intra-annual Earth’s temperature change during 1979−2020, respectively (Fig. 2A). Fig. 2B 
shows the annual Earth’s temperature variations due to different orbital forcings and other factors 
from 1979 to 2020. In this figure, temperature changes are color coded based on their kernel 
density. The observed maximum annual temperature change (i.e., the difference in the maximum 
and minimum hourly temperatures in that year) from 1979 to 2020 is approximately 4.73–5.46 °C, 
with a mean of 5.06 °C. The ranges of temperature variations induced by the Earth’s revolution, 
Earth’s rotation, the Moon’s revolution, and the motion of the planets are 3.56–4.15, 0.78–0.82, 
0.36–0.47, and -0.25–0.23 °C, respectively, with means of 3.81, 0.81, 0.41 and 0.01 °C (Fig. 2B). 
The total temperature changes due to other factors (e.g., changes in greenhouse gas concentrations, 
other human-related drivers including aerosols, ozone and land-use change) are ~ 0.01 °C (Fig. 
2B). 
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Fig. 2. (A) Boxplot of the contributions of various planetary orbits and other factors (e.g., changes 
in greenhouse gas concentrations, other human-related drivers including aerosols, ozone and land-
use change) to the Earth’s intra-annual temperature changes during 1979−2020 (boxplot: middle 
line, median; box, interquartile range (IQR); whiskers, 1.5xIQR). (B) The magnitude of the annual 
Earth’s temperature variations in response to (II) Earth’s revolution, (III) Earth’s rotation, (IV) 
Moon’s revolution, (V) other planets, and (VI) other factors from 1979 to 2020, and (I) is the 
observed maximum Earth’s annual temperature change over the period 1979−2020. The Earth’s 
temperature changes in each plot are color coded based on their kernel density. The dashed blue, 
black, and green colors represent the minimum, mean, and maximum of Earth’s temperature 
changes. 
Based on our developed mathematical model, every 26.8° of the Earth’s orbit around the Sun (i.e., 
approximately one sidereal month), 15° of the Earth’s rotation (i.e., approximately one hour), and 
13.2° of the lunar revolution around the Earth (i.e., approximately one day) cause the Earth’s 
temperature to vary over the ranges of -1.295–1.163, -0.404–0.3, and -0.192–0.221℃ with means 
of 0.634, 0.069, and 0.041℃, respectively. 
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Contribution of planetary orbits to changes in Earth’s temperature on an interannual scale 
We quantified the contribution of planetary orbits and CO2 concentrations to Earth’s temperature 
changes from 1837 to 2020 using the year 1836 as the benchmark (Fig. 3A). The contribution of 
planetary orbits to the interannual variations in Earth’s temperature was dominant (more than 50%) 
before 1920, with the highest value of 97.6% in 1837. On the other hand, interannual changes in 
the Earth’s temperature were mainly controlled by the increase in CO2 concentration after 1920, 
especially in the last two decades. Notably, the contribution of CO2 to Earth’s warming from 2000–
2020 was approximately 86% (see Section 2 in Methods). 
Figure 3B compares the influence of planetary orbits on the Earth’s temperature with that of the 
CO2 concentration from 1837 to 2020. We developed a hybrid forecast model based on LSTM and 
a spectral domain approach to forecast the effect of planetary orbits on Earth’s temperature over 
2021-2050 using historical values over 1837-2020 (Fig. 3B; see Section 3 in Methods). Five 
conclusions can be drawn from this figure: (1) the influence of planetary orbits on the Earth’s 
temperature during 1837−2020 can be characterized by sinusoidal-like cycles of ~60 years, with a 
peak-to-trough amplitude of approximately 0.25–0.3 °C; (2) These cycles show a general declining 
trend from 1837 to 2050, implying that planetary orbits have a cooling effect on the Earth over 
more than two centuries; (3) Planetary orbits generally warmed up the Earth during 1840–1870, 
1903–1945, and 1980–present by ~ 0.27, 0.19, and 0.14 °C, respectively. On the other hand, they 
had an overall cooling effect during 1870−1903 and 1945−1980 of approximately 0.33 and 0.29 °C, 
respectively; (4) Planetary orbits will generally cause the global temperature to increase by 
~0.13 °C from 2020 to 2027 and decrease by ~0.25 °C from 2027 to 2050; and (5) The warming 
effect of CO2 was gradual (almost linear) before ~1950, but it became rapid (almost exponential) 
after ~1950. 

 

Fig. 3. (A) The contribution of planetary orbits and CO2 concentrations to Earth’s temperature 
changes from 1837 to 2020 using 1836 as the benchmark. (B) Earth’s temperature changes due to 
changes in planetary orbits and CO2 concentrations from 1837 to 2020 and values of Earth’s 
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temperature change from 2020 to 2050 obtained using the forecast model developed based on the 
LSTM and spectral domain methods. 
It should be noted that in the process of quantifying the effects of different planetary orbits (i.e., 
Earth’s rotation, lunar revolution, Earth’s revolution and the common motion of the seven major 
planets) on changes in Earth’s temperature, our model assumes that the effect of total solar 
radiative output on Earth’s temperature remains constant for two consecutive hours, two 
consecutive days, two consecutive sidereal months and two consecutive years, which can help us 
remove the effect of solar forcing change on Earth’s temperature change. Although the lack of 
successive accurate measurements of solar radiation in the early days will inevitably lead to partial 
inclusion of solar-induced temperature changes in our estimates, variation of solar radiation is at 
most 0.5% and ~0.1% in a few days and a few years, respectively, so their effects on successive 
changes in Earth’s temperature are very small 40. Therefore, this has little effect on our model, and 
we take the average of these consecutive estimates as the final estimate, which further reduces the 
error of the model estimate.  
Furthermore, according to the CO2-induced temperature change trend in Fig. 3B, if human beings 
do not take appropriate measures, the Earth’s temperature will rise by approximately 0.43 ℃ 
(based on the impact of CO2 on the Earth’s temperature from 1837 to 2020) or even by 1.2 ℃ 
(based on the impact of CO2 on the Earth’s temperature from 1950 to 2020) over the next 30 years. 
In addition, temperature projections by the end of the 21st century under four RCPs (i.e., RCP2.6, 
RCP4.5, RCP6.0 and RCP8.5) and five illustrative scenarios (i.e., SSP1-1.9, SSP1-2.6, SSP2-4.5, 
SSP3-7.0 and SSP5-8.5) show that global surface temperature will continue to increase until at 
least mid-century 12,13. Among them, the warming rate is the largest under the highest emission 
scenario (i.e., RCP8.5 and SSP5-8.5), which is projected to warm at a rate greater than 0.3 °C per 
decade in 2020-2100 12,13,41. Even under the very low emissions scenario considered (RCP2.6 and 
SSP1-1.9), a further warming of about 0.15 °C per decade would be expected over the next three 
decades (2020-2050) 12,13,42. While our results suggest that the planet’s orbit will trigger a 
maximum cooling of the Earth by approximately 0.32 °C over the next 30 years, it will not be 
enough to reverse the warming trend. This research and analysis can help us more systematically 
understand Earth’s temperature change and develop carbon reduction measures, thereby helping 
humanity effectively control temperature change to below 2 °C or even 1.5 °C in the 21st century. 
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Methods: 
1) Quantifying the intra-annual contribution of planetary orbits to changes in Earth’s 
temperature 
1.1) Model specification 
The temporal variations in Earth’s temperature are mainly driven by the Earth’s revolution and 5 
rotation. The temporal variations in Earth’s temperature also differ from cycle to cycle (including 
diurnal and annual cycles) due to the changes in the position of the Moon and other planets relative 
to the Earth. To quantify the contribution of different planetary orbits to the Earth’s temperature, 
we developed a function describing the influence of different orbits on the Earth’s temperature 
over time. We performed a Fourier series analysis of the hourly temperature records, which showed 10 
that 1) the amplitude to range ratio (A/R) of the first few harmonic terms is nearly constant over 
the entire annual range, and 2) the sum of A/R for the 24’-h and 365’-d terms exceeds 0.87. 
It is evident that the variations in the Earth’s temperature during a year are mainly dependent on 
the rotation and revolution of the Earth. The departure from 0.87 is indicative of the influence of 
other factors on the variation in Earth’s temperature. This suggests that (1) a unit curve, 𝑋𝑋(𝑡𝑡), can 15 
be used to derive the annual variation in temperature, whose duration depends on the temporal 
variability of the Earth’s revolution, and (2) the annual cycle unit curve (𝑋𝑋(𝑡𝑡)) can consist of a 
series of functions describing the effect of different orbits on the Earth’s temperature perturbations. 

𝑋𝑋(𝑡𝑡) = 𝑓𝑓1(𝑡𝑡) + 𝑓𝑓2(𝑡𝑡) + 𝑓𝑓3(𝑡𝑡) + 𝑍𝑍(𝑡𝑡)                                                                                           (1) 

where 𝑋𝑋(𝑡𝑡) represents the transformed influence of all planetary orbits on the change in Earth’s 20 
temperature at time t. The transformed influence is the influence value divided by the range, and 
the ranges in the section refer to the difference of the maximum and minimum hourly temperatures 
in a year, 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚, unless otherwise indicated. 𝑋𝑋(𝑡𝑡) was then determined by the summation 
of four functions, i.e., 𝑓𝑓1, 𝑓𝑓2, 𝑓𝑓3, and 𝑍𝑍. 𝑓𝑓1(𝑡𝑡),𝑓𝑓2(𝑡𝑡) and 𝑓𝑓3(𝑡𝑡) represent the transformed influence 
of Earth’s rotation, lunar revolution and Earth’s revolution on Earth’s temperature changes at time 25 
t, respectively.  𝑍𝑍(𝑡𝑡) denotes the transformed effect of the orbits of the other seven planets (namely, 
Mercury, Mars, Jupitar, Saturn, Neptune, Venus and Uranus) in the solar system on the change in 
the Earth’s temperature at time t. 

𝑓𝑓1(𝑡𝑡) and 𝑓𝑓3(𝑡𝑡) can be obtained by dividing the influence of Earth’s rotation and revolution on 
Earth’s temperature on shorter time scales within the annual temperature cycle by the range. The 30 
motion of the Earth (i.e., rotation and revolution) and its impact on the Earth’s temperature are all 
periodic. The Fourier series analysis of hourly temperature data revealed that the amplitudes of the 
harmonic terms corresponding to the rotation and revolution period times are nearly constant. Thus, 
functions composed of harmonic terms can be used to describe the effects of Earth’s rotation and 
Earth’s revolution on changes in Earth’s temperature during a year. 35 

𝑓𝑓1(𝑡𝑡) = 𝐸𝐸𝑚𝑚𝑛𝑛

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛
cos �2𝜋𝜋

𝜔𝜔1
(𝑡𝑡𝑙𝑙 − ℎ𝑚𝑚𝑚𝑚 )� + 𝑟𝑟𝑚𝑚𝑛𝑛

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛
                                                                          (2) 

𝑓𝑓3(𝑡𝑡) = 𝐴𝐴3
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛

cos �2𝜋𝜋
𝜔𝜔3

(𝑡𝑡 − 𝑐𝑐)� + 𝑞𝑞
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛

                                                                               (3) 

where 𝑡𝑡𝑙𝑙 represents the 𝑡𝑡𝑙𝑙-th hour of the mth day of the nth sidereal month, and t is the hour of the 
year. 𝐸𝐸𝑚𝑚𝑚𝑚  and 𝐴𝐴3 are the harmonic amplitudes (which can be obtained by a Fourier series analysis), 
𝑟𝑟𝑚𝑚𝑚𝑚 and 𝑞𝑞 are the exponential terms, and ℎ𝑚𝑚𝑚𝑚  and 𝑐𝑐 are the optional phase shifts for 𝑓𝑓1(𝑡𝑡) and 𝑓𝑓3(𝑡𝑡), 40 
respectively. To improve the convergence of 𝑓𝑓1(𝑡𝑡) and 𝑓𝑓3(𝑡𝑡), a priori knowledge about the hours 
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of their motion is needed. The widths 𝜔𝜔1 and 𝜔𝜔3 in the cosine terms are determined by the hours 
in which they complete their periodic motions. 
Given the physical continuity of Earth’s temperature, the influence functions of Earth’s rotation 
and revolution on the temperature (i.e., 𝑓𝑓1(𝑡𝑡) and  𝑓𝑓3(𝑡𝑡) ) are presumed to be continuous in all 
instances, including the junction time between two diurnal cycles (𝑡𝑡𝑙𝑙0 ) and the junction time 5 
between two consecutive years (𝑡𝑡0). Herein, we evaluate the continuity of the influence functions 
of the Earth’s rotation (𝑓𝑓1(𝑡𝑡)) and Earth’s revolution (𝑓𝑓3(𝑡𝑡)). 𝑓𝑓1(𝑡𝑡) for Days m and m+1 can be 
expressed as: 
𝑓𝑓1
𝑚𝑚(𝑡𝑡) = 𝐸𝐸𝑚𝑚𝑛𝑛

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛
cos �2𝜋𝜋

𝜔𝜔1
(𝑡𝑡𝑙𝑙 − ℎ𝑚𝑚𝑚𝑚 )� + 𝑟𝑟𝑚𝑚𝑛𝑛

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛
                                                                           (4) 

𝑓𝑓1
𝑚𝑚+1(𝑡𝑡) = 𝐸𝐸𝑚𝑚+1

𝑛𝑛

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛
cos �2𝜋𝜋

𝜔𝜔1
(𝑡𝑡𝑙𝑙 − ℎ𝑚𝑚+1

𝑚𝑚 )� + 𝑟𝑟𝑚𝑚+1
𝑛𝑛

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛
                                                                    (5) 10 

For 𝑓𝑓1(𝑡𝑡) to be continuous at the junction time between two diurnal cycles (𝑡𝑡𝑙𝑙0), the following two 
constraints should be fulfilled: 
𝑓𝑓1
𝑚𝑚(𝑡𝑡)|𝑡𝑡=𝑡𝑡𝑙𝑙0 = 𝑓𝑓1

𝑚𝑚+1(𝑡𝑡)|𝑡𝑡=𝑡𝑡𝑙𝑙0                                                                                                                       (6) 

�𝜕𝜕𝑓𝑓1
𝑚𝑚(𝑡𝑡)
𝜕𝜕𝑡𝑡

� |𝑡𝑡=𝑡𝑡𝑙𝑙0 = �𝜕𝜕𝑓𝑓1
𝑚𝑚+1(𝑡𝑡)
𝜕𝜕𝑡𝑡

� |𝑡𝑡=𝑡𝑡𝑙𝑙0                                                                                                             (7) 

Substituting Equations (4) and (5) into (6) and their derivatives into (7) leads to: 15 

𝐸𝐸𝑚𝑚+1
𝑚𝑚 =

𝐸𝐸𝑚𝑚𝑛𝑛 sin�2𝜋𝜋𝜔𝜔1
�𝑡𝑡𝑙𝑙0−ℎ𝑚𝑚

𝑛𝑛 �� 

sin�2𝜋𝜋𝜔𝜔1
�𝑡𝑡𝑙𝑙0−ℎ𝑚𝑚+1

𝑛𝑛 ��
                                                                                                                        (8) 

𝑟𝑟𝑚𝑚+1
𝑚𝑚  = 𝐸𝐸𝑚𝑚𝑚𝑚 cos �2𝜋𝜋

𝜔𝜔1
(𝑡𝑡𝑙𝑙0 − ℎ𝑚𝑚𝑚𝑚 )� + 𝑟𝑟𝑚𝑚𝑚𝑚 − 𝐸𝐸𝑚𝑚+1

𝑚𝑚 cos �2𝜋𝜋
𝜔𝜔1

(𝑡𝑡𝑙𝑙0 − ℎ𝑚𝑚+1
𝑚𝑚 )�                                           (9) 

Equation (8) allows us to obtain 𝐸𝐸𝑚𝑚+1
𝑚𝑚  in terms of 𝐸𝐸𝑚𝑚𝑚𝑚 . Similarly, Equation (9) relates 𝑟𝑟𝑚𝑚+1

𝑚𝑚  to 𝑟𝑟𝑚𝑚𝑚𝑚. 
A multiday continuous 𝑓𝑓1(𝑡𝑡) model can be obtained by substituting (8) and (9) into (5). The total 
number of free parameters in the function 𝑓𝑓1(𝑡𝑡) for Day m (𝑚𝑚 ≥ 2) is m+1 (i.e., 𝑟𝑟 for the first day 20 
and ℎ1𝑚𝑚  to ℎ𝑚𝑚𝑚𝑚  ), and these free parameters are estimated with the Levenberg–Marquardt 
minimization algorithm with a universal global optimization scheme 43. 𝐸𝐸  and 𝑟𝑟  for each day 
(except the first day) are calculated from (8) and (9), respectively. 

Analogously, the function 𝑓𝑓3(𝑡𝑡) must be continuous in all instances, including the junction time 
between two consecutive years (𝑡𝑡0). 𝑓𝑓3(𝑡𝑡) for years i and i+1 can be expressed as: 25 

𝑓𝑓3
𝑚𝑚(𝑡𝑡) = 𝐴𝐴3𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛
cos � 2𝜋𝜋

𝜔𝜔3𝑚𝑚
�𝑡𝑡 − 𝑐𝑐𝑚𝑚�� + 𝑞𝑞𝑚𝑚 

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛
                                                                     (10) 

𝑓𝑓3
𝑚𝑚+1(𝑡𝑡) = 𝐴𝐴3𝑚𝑚+1

𝑇𝑇𝑚𝑚+1𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚+1𝑚𝑚𝑚𝑚𝑛𝑛
cos � 2𝜋𝜋

𝜔𝜔3𝑚𝑚+1
�𝑡𝑡 − 𝑐𝑐𝑚𝑚+1�� + 𝑞𝑞𝑚𝑚+1

𝑇𝑇𝑚𝑚+1𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚+1𝑚𝑚𝑚𝑚𝑛𝑛
                                              (11) 

For 𝑓𝑓3(𝑡𝑡) to be continuous at the junction time between two annual cycles (𝑡𝑡0), the following two 
constraints should be fulfilled: 
𝑓𝑓3
𝑚𝑚(𝑡𝑡)|𝑡𝑡=𝑡𝑡0 = 𝑓𝑓3

𝑚𝑚+1(𝑡𝑡)|𝑡𝑡=𝑡𝑡0                                                                                                                    (12) 30 

�𝜕𝜕𝑓𝑓3
𝑚𝑚(𝑡𝑡)
𝜕𝜕𝑡𝑡

� |𝑡𝑡=𝑡𝑡0 = �𝜕𝜕𝑓𝑓3
𝑚𝑚+1(𝑡𝑡)
𝜕𝜕𝑡𝑡

� |𝑡𝑡=𝑡𝑡0                                                                                                            (13) 

Substituting Equations (10) and (11) into (12) and their derivatives into (13) leads to: 

𝐴𝐴3𝑚𝑚+1 =
𝐴𝐴3𝑚𝑚 sin�

2𝜋𝜋
𝜔𝜔3𝑚𝑚

�𝑡𝑡0−𝑐𝑐𝑚𝑚�� 

sin� 2𝜋𝜋
𝜔𝜔3𝑚𝑚+1

�𝑡𝑡0−𝑐𝑐𝑚𝑚+1��
                                                                                                                      (14) 
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𝑞𝑞𝑚𝑚+1  = 𝐴𝐴3𝑚𝑚 cos � 2𝜋𝜋
𝜔𝜔3𝑚𝑚

�𝑡𝑡0 − 𝑐𝑐𝑚𝑚�� + 𝑞𝑞𝑚𝑚 − 𝐴𝐴3𝑚𝑚+1 cos � 2𝜋𝜋
𝜔𝜔3𝑚𝑚+1

�𝑡𝑡0 − 𝑐𝑐𝑚𝑚+1��                                          (15) 

A multiyear continuous 𝑓𝑓3(𝑡𝑡) model can be obtained by substituting (14) and (15) into (11). The 
total number of free parameters in the function 𝑓𝑓3(𝑡𝑡) for year i (𝑖𝑖 ≥ 2) is i+1 (i.e., 𝑞𝑞 for the first 
year and 𝑐𝑐1  to 𝑐𝑐𝑚𝑚 ), and these free parameters are estimated with the Levenberg–Marquardt 
minimization algorithm with a universal global optimization scheme 43.  𝐴𝐴3 and 𝑞𝑞 for each year 5 
(except the first year) are calculated from (14) and (15), respectively. 

𝑓𝑓2(𝑡𝑡) is obtained by dividing the influence of the lunar revolution on the Earth’s temperature by 
the range. In each sidereal month, the Moon affects the Earth’s temperature by different physical 
processes, namely, the magnetic force, lunar phase changes, orbital oscillations, reflections, and 
infrared emissions from the Moon’s surface. It is worth mentioning that these processes have 10 
different cycles. In addition, the Earth-Moon system moves around the Sun, while the Moon orbits 
the Earth. Such a complex system induces different feedbacks in the Earth system. Therefore, the 
influence of the Moon’s orbit on the Earth’s temperature is irregular and varies among revolution 
periods, which makes it extremely difficult to find an appropriate function to express the influence 
of the Moon on the Earth’s temperature. 15 

As explained in Supplementary Sections 1.2 and 1.3, the temperature changes in two successive 
days are mainly driven by the revolution of the Earth and Moon. Therefore, the temperature 
difference (D2) between two subsequent days can be inferred by taking the derivative of the sum 
of the functions that describe the influence of the revolution of the Earth and Moon on the Earth’s 
temperature change, i.e., 𝐷𝐷2 =  𝑑𝑑 (𝑓𝑓2+𝑓𝑓3)

𝑑𝑑𝑡𝑡
. It is evident that the influence of the Moon’s orbit on the 20 

Earth’s temperature (𝑦𝑦) can be calculated by subtracting the influence of Earth’s revolution (see 
Equation 3) from the antiderivative function (𝐹𝐹) of 𝐷𝐷2 as follows: 

𝐹𝐹(𝑡𝑡) = 𝑑𝑑
𝑑𝑑𝑡𝑡
�∫�𝑓𝑓2(𝑡𝑡) + 𝑓𝑓3(𝑡𝑡)� 𝑑𝑑𝑡𝑡� + 𝐶𝐶 = ∫𝐷𝐷2(𝑡𝑡)𝑑𝑑𝑡𝑡 + 𝐶𝐶                                                             (16) 

𝑦𝑦𝑚𝑚(𝑡𝑡𝑠𝑠) = 𝐹𝐹𝑚𝑚(𝑡𝑡𝑠𝑠)−[𝐴𝐴3cos �2𝜋𝜋
𝜔𝜔3

(𝑡𝑡 − 𝑐𝑐)� + 𝑞𝑞]                                                                                       (17) 
where C is a constant, n represents the n-th sidereal month, and 𝑡𝑡𝑠𝑠 represents the 𝑡𝑡𝑠𝑠-th hour of the 25 
n-th sidereal month. 

The function 𝑓𝑓2(𝑡𝑡)  for the n-th sidereal month of the 𝑖𝑖 -th year is calculated by dividing the 
influence of the Moon’s orbit on the Earth’s temperature (𝑦𝑦) by the range: 

𝑓𝑓2(𝑡𝑡)𝑚𝑚𝑚𝑚 = 𝑦𝑦𝑛𝑛(𝑡𝑡𝑠𝑠)
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑛𝑛

                                                                                                                             (18) 

𝑍𝑍(𝑡𝑡) can be calculated by dividing the influence of the abovementioned seven planets in the solar 30 
system on Earth’s temperature during a year by the range. The influence of the seven planets on 
Earth’s temperature can be determined by a physical function that depends on the orbits of the 
planets and their positions. However, it is difficult to build such a function because the physical 
mechanisms that relate the motion of a single planet to Earth’s temperature still need to be further 
investigated, even though the movement of each planet can be strictly calculated. In addition, the 35 
lack of sufficient data and the complexity of the physical processes linking the Earth’s temperature 
to the entire planetary system limit the determination of this function 28. 
On the other hand, the impacts of the Earth’s revolution, lunar revolution and Earth’s rotation on 
Earth’s temperature occur periodically on a subannual timescale, and their cumulative effects on 
Earth’s temperature changes are roughly similar in each cycle. The effect of solar forcing and the 40 
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change in CO2 concentration in two consecutive years on Earth’s temperature is negligible, and 
seven planetary orbits mainly affect Earth’s temperature on interannual or even longer time scales 
27,28,40. Hence, it is hypothesized that changes in the Earth’s temperature between two consecutive 
years arise from the abovementioned seven planets in the solar system. Having said that, 𝑍𝑍(𝑡𝑡) for 
year i can be calculated by normalizing the difference of Earth’s temperatures in that year and the 5 
previous year by the difference of the maximum and minimum hourly temperatures in that year as 
follows: 
𝑍𝑍(𝑡𝑡)𝑚𝑚 = MT𝑚𝑚−MT𝑚𝑚−1

�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛�
                                                                                                                          (19) 

where MT𝑚𝑚 and MT𝑚𝑚−1 are the mean temperatures of the Earth in years 𝑖𝑖 and 𝑖𝑖 − 1, respectively. 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 are the maximum and minimum hourly temperatures of year 𝑖𝑖, respectively. 10 

This study defines that the contribution of different orbits to the annual Earth’s temperature 
perturbations is equal to the annual temperature variation caused by different orbits divided by the 
maximum annual temperature variation. Therefore, the contributions of Earth’s rotation and 
revolution to the intra-annual fluctuation of Earth’s temperature are calculated by dividing the 
magnitude of intra-annual temperature variations caused by each of them by the highest annual 15 
temperature change (see Eqs. 20−21). 

𝑔𝑔1𝑚𝑚 =  
1
ℎ
∑ ∑ (𝐸𝐸𝑚𝑚𝑛𝑛 )𝑗𝑗

𝑚𝑚=1
𝑘𝑘
𝑛𝑛=1

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛
                                                                                                                         (20) 

𝑔𝑔3𝑚𝑚 =  𝐴𝐴3𝑚𝑚 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛

                                                                                                                               (21) 

where 𝑔𝑔1𝑚𝑚   and 𝑔𝑔3𝑚𝑚   are the contributions of Earth’s rotation and revolution to the annual Earth 
temperature variation in year i, respectively. k is the number of sidereal months in year i, j is the 20 
number of days in the n-th sidereal month, and h is the total number of days in year i. 
The normalized intra-annual temperature variation caused by lunar revolution is given by 

𝑔𝑔2𝑚𝑚 =  
1
𝑘𝑘  ∑ (𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚

𝑛𝑛 −𝑦𝑦𝑚𝑚𝑚𝑚𝑛𝑛
𝑛𝑛 )𝑘𝑘

𝑛𝑛=1

𝐸𝐸𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝐸𝐸𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛
                                                                                                                       (22) 

where 𝑔𝑔2𝑚𝑚  is the contribution of the lunar revolution to the annual Earth’s temperature variation in 
year i and k is the number of sidereal months in year i. 𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  and 𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  are the maximum and 25 
minimum 𝑦𝑦 (the influence of the Moon’s orbit on the Earth’s temperature) in the sidereal month 
𝑛𝑛, respectively. 

The contribution (𝑔𝑔𝑧𝑧) of the orbits of other planets in the solar system to the changes in the Earth’s 
temperature during a year is numerically equal to the transformed influence �𝑍𝑍(𝑡𝑡)�. 
𝑔𝑔𝑧𝑧𝑚𝑚 =  𝑍𝑍(𝑡𝑡)𝑚𝑚                                                                                                                                          (23) 30 

where 𝑔𝑔𝑧𝑧𝑚𝑚  is the contribution in year 𝑖𝑖 of the orbits of other planets in the solar system to the change 
in the Earth's temperature during a year. 
1.2) Combination of the model from Section 1.1 and historical temperature data 

𝑓𝑓1(𝑡𝑡) quantifies the influence of Earth’s rotation on its intra-annual temperature variation. Building 
on Section 1.1 of the Supplementary Materials, the quasi-sinusoidal diurnal variation in Earth’s 35 
temperature (Supplementary Fig. S1) is mainly due to its rotation. We calculated the temperature 
difference (D1) of two consecutive hours for each day from 1979 to 2020. A remarkable agreement 
is found between the D1 values of two consecutive days. For example, the D1 values for January 
1 and 2 from 1979-2020 are shown in Extended Data Fig. 1. These results indicate that the variation 
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in D1 is mainly determined by the rotation of the Earth. Therefore, the changes in D1 can be used 
to quantify the impact of Earth’s rotation on the global temperature in consecutive hours, which 
can be inferred by taking the derivative of the function 𝑓𝑓1(𝑡𝑡). The derivative of 𝑓𝑓1(𝑡𝑡) is fitted to 
the time series of D1 by using the Levenberg–Marquardt scheme to obtain its unknown parameters. 

𝑓𝑓2(𝑡𝑡)  quantifies the influence of the lunar revolution on the intra-annual Earth’s temperature 5 
variations. The changes in CO2 concentration for two consecutive days have almost no effect on 
the Earth’s temperature. Thus, we can determine the change in Earth’s temperature over two 
consecutive days (due the motion of the Moon) by using Equations (16) − (18). To eliminate the 
impact of large variations in CO2 concentration in two successive days on temperature, we utilized 
only D2 values for days in which the CO2 concentration was relatively stable.  10 

The changes in the Earth’s temperature during each year can be attributed to the variations in solar 
radiation absorbed by the land and the speed of the Earth’s rotation, which are induced by the 
Earth’s revolution to a certain extent (Supplementary Section 1.3). Thus, the intra-annual 
temperature change can be used to quantify the contribution of the Earth’s revolution to the 
temperature. Additionally, the results of the Supplementary Materials (Section 1.2) show that the 15 
influence of the Moon’s movement on the intra-annual temperature changes is not negligible. Since 
the Moon orbits the Earth once per sidereal month, we can reasonably assume that the Moon’s 
effect on Earth’s temperature changes is approximately similar in each month. The sidereal 
monthly Earth’s temperature averaged over the study period (1979−2020) is compared with the 
corresponding solar declination (Extended Data Fig. 2A). Extended Data Fig. 2B shows the 20 
scatterplot of the mean sidereal monthly Earth’s temperature versus the corresponding solar 
declination for each sidereal month during the study period. It was found that the solar declination 
had a stronger correlation with the mean sidereal monthly temperature (with an R2 of 0.928) than 
the daily temperature (with an R2 of 0.786 (Supplementary Fig. S5)). This further suggest that the 
variation in the mean sidereal monthly temperature is driven by Earth’s revolution. 25 

The CO2 concentration in two successive sidereal months is almost constant. Therefore, the 
temperature difference of consecutive sidereal months (D3) can be used to quantify the impact of 
the Earth’s revolution on temperature. To further exclude the influence of CO2 on temperature, we 
used only the D3 values of sidereal months with stabilized CO2 concentrations. The function 
𝑓𝑓3(𝑡𝑡)  quantifies the influence of Earth’s revolution on the intra-annual variations in Earth’s 30 
temperature, whereas D3 can be inferred by taking the derivative of the function 𝑓𝑓3(𝑡𝑡). It is evident 
that the derivative of   𝑓𝑓3(𝑡𝑡)  can be fitted to the time series of D3 by using the Levenberg–
Marquardt scheme to obtain its unknown parameters. 

𝑍𝑍(𝑡𝑡) quantifies the influence of all planets in the solar system on the intra-annual variations in 
Earth’s temperature. To eliminate the influence of CO2 changes on variations in the Earth’s 35 
temperature, we considered the temperature difference of two successive years in which the CO2 
concentration was almost unchanged. 
2) Quantifying the contribution of planetary orbits to changes in Earth’s temperature on an 
interannual scale 
In this study, the variation in Earth’s temperature at various time intervals can be defined by 40 
Equation 24: 
 
𝑇𝑇𝑚𝑚+𝑠𝑠 − 𝑇𝑇𝑚𝑚 = 𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚 + 𝑉𝑉𝑚𝑚+𝑠𝑠,𝑚𝑚                                                                                                              (24) 
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where 𝑇𝑇𝑚𝑚+𝑠𝑠 − 𝑇𝑇𝑚𝑚 is the temperature difference between years i+s and i, and 𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚 and  𝑉𝑉𝑚𝑚+𝑠𝑠,𝑚𝑚 are the 
effects of planetary orbits and greenhouse gases on changes in Earth’s temperature between years 
i+s and i, respectively. 
Ample physical evidence shows that CO2 is the most important gas for controlling Earth’s 
temperature 6. On the other hand, it is difficult to obtain the records of other greenhouse gases 5 
before 1979. Hence, we equate Earth’s temperature change caused by other greenhouses with the 
effect of CO2. Equation 24 can be rewritten as 25 based on the near-linear relationship between 
CO2 and Earth’s temperature change 13. 
 
𝑇𝑇𝑚𝑚+𝑠𝑠 − 𝑇𝑇𝑚𝑚 = 𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚 + 𝑑𝑑𝑉𝑉𝑚𝑚+𝑠𝑠,𝑚𝑚 × 𝑣𝑣                                                                                                           (25) 10 
 
where 𝑑𝑑𝑉𝑉𝑚𝑚+𝑠𝑠,𝑚𝑚 is the difference in CO2 concentration between years i+s and i. 𝑣𝑣 is the value of the 
Earth’s temperature change caused by 1 ppm CO2. 

If the effect of a unit change in CO2 concentration (𝑣𝑣) on the Earth’s temperature is obtained, we 
can accurately quantify the effect of planetary orbits on Earth’s temperature change using Equation 15 
25. The estimates from Equation 19 show that the effect of planetary orbits (Z) on the Earth’s 
temperature in different years is small and irregular, ranging from -0.3 °C to 0.26 °C (Extended 
Data Fig.3). Therefore, it is assumed that the effects of the planet’s orbit on the Earth’s temperature 
at various time intervals (𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚) can be equal to the mean (�̅�𝑍) derived from Z during the study 
period (1836−2020). 20 

�̅�𝑍 = ∑ |𝑍𝑍𝑚𝑚|𝑛𝑛
𝑚𝑚=1
𝑚𝑚

                                                                                                                                   (26) 

𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚 = �̅�𝑍                                                                                                                                      (27) 

where 𝑍𝑍𝑚𝑚 denotes the effect of planetary orbits on Earth’s temperature change between years i+1 
and i, which can be obtained from Equation 19. n is the number of 𝑍𝑍𝑚𝑚. Then, we can calculate the 
effect (𝑣𝑣𝑚𝑚+𝑠𝑠,𝑚𝑚) of 1 ppm CO2 on temperature at various time intervals by Equation 28.  25 

𝑣𝑣𝑚𝑚+𝑠𝑠,𝑚𝑚 = 𝑇𝑇𝑚𝑚+𝑠𝑠−𝑇𝑇𝑚𝑚−𝑍𝑍�

𝑑𝑑𝑑𝑑𝑚𝑚+𝑠𝑠,𝑚𝑚
      (𝑠𝑠 ∈ [2,184], 𝑖𝑖 ∈ [1836,2020 − 𝑠𝑠])                                                              (28) 

To further improve the estimation accuracy, the mean (�̅�𝑣) of 𝑣𝑣𝑚𝑚+𝑠𝑠,𝑚𝑚 is utilized to approximate the 
effect (𝑣𝑣) of a 1 ppm increase in CO2 concentration on the global temperature change. In this way, 
we obtain the effect of a unit change in CO2 concentration on the Earth’s temperature, and then 
the effect of planetary orbits on the Earth’s temperature (𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚) between years i+s and i can be 30 
obtained via 
 
𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚 = 𝑇𝑇𝑚𝑚+𝑠𝑠 − 𝑇𝑇𝑚𝑚 − 𝑑𝑑𝑉𝑉𝑚𝑚+𝑠𝑠,𝑚𝑚 × �̅�𝑣                                                                                                     (29)   

where �̅�𝑣  is the optimal approximation of the real effect of 1 ppm CO2 on global temperature 
change, which is obtained by calculating the average value of all 𝑣𝑣𝑚𝑚+𝑠𝑠,𝑚𝑚.  35 

Finally, the contribution of planetary orbitals (𝐼𝐼𝑜𝑜) and CO2 (𝐼𝐼𝑐𝑐) to Earth’s temperature change can 
be obtained by 
 
𝐼𝐼𝑜𝑜 = �𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚�

�𝑃𝑃𝑚𝑚+𝑠𝑠,𝑚𝑚�+𝑑𝑑𝑑𝑑𝑚𝑚+𝑠𝑠,𝑚𝑚×𝑣𝑣�
                                                                                                                            (30) 
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𝐼𝐼𝑐𝑐 = 1 −  𝐼𝐼𝑜𝑜                                                                                                                                          (31) 
Based on the mathematical model, we can quantify the contribution of planetary orbits to changes 
in Earth’s temperature on an inter-annual scale. Robustness tests of the model show that the 
estimates of the effect of planetary orbits on the Earth’s temperature changes from our model have 
high confidence (Supplementary Section 3).  5 

3) Forecasting the effect of planetary orbits on Earth’s temperature from 2021−2050  

To further predict the effect of planetary orbit changes (𝑃𝑃 ) on the Earth’s temperature, we 
constructed a hybrid forecast model based on long short-term memory (LSTM) 44,45 and spectral 
domain approaches (i.e., Fast Fourier transform (FFT) and multitaper (MTM) methods) 46, which 
can overcome the defect that LSTM based on the recursive strategy is very sensitive to the 10 
accumulation of errors with the forecasting horizon. The hybrid forecast model uses the P 
reconstructed by the spectral domain method as the input value of the LSTM method and 
waveform change feature of the predicted P value (2020-2050) determined by the spectral domain 
approach to improve the accuracy of LSTM model 𝑃𝑃 forecasting from 2021− 2050. 

Extended Data Fig. 4 shows the architecture of the proposed hybrid forecast model based on LSTM 15 
and the spectral domain approach. We chose a rolling prediction scheme for the hybrid forecast 
model. In this scheme, the spectral domain method is initially applied to reconstruct 𝑃𝑃 from 1837 
to 2020 and predict 𝑃𝑃  from 2021 to 2050 (Supplementary Section 4). Next, the LSTM model 
(Supplementary Section 5) is trained to find a pattern between the 𝑃𝑃  at time 𝑡𝑡𝑚𝑚  and the input 
sequence values of its 53 preceding moments at times 𝑡𝑡𝑚𝑚−1 , 𝑡𝑡𝑚𝑚−2 , and 𝑡𝑡𝑚𝑚−53  (also called a time 20 
window) using input sequence [𝑃𝑃,𝑃𝑃�𝐹𝐹 ,𝑃𝑃�𝑀𝑀], where 𝑃𝑃 is the historical P values during 1837−2020, 
and 𝑃𝑃�𝐹𝐹 and 𝑃𝑃�𝑀𝑀 are the P values during 1837−2020 from the FFT and MTM methods, respectively. 
The future prediction is determined based on the input sequence values in its preceding 53 
moments using the identified patterns. Then, their predictions on each horizon are combined to 
produce the final prediction. The final prediction is used as the latest element of the input sequence 25 
to update the sequence, which is further used to predict one more year ahead 𝑃𝑃. By repeating this 
process, k-year-ahead predictions can be achieved. Finally, we predicted the 𝑃𝑃 from 2021 to 2050, 
as shown in Fig. 3B. 
Methods References 
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Extended Data Fig. 1. 
The temperature difference (D1) of two consecutive hours on January 1 and 2 from 1979−2020. 
The red and blue bands represent the standard deviation of the temperature difference data of two 
consecutive hours on January 1 and January 2, respectively, during the study period
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Extended Data Fig. 2. 
(A) Comparison of sidereal monthly Earth’s temperature data averaged over the period 1979−2020 
with solar declination. The orange band represents the standard deviation of sidereal monthly 
Earth’s temperature data during the study period. (B) Scatterplot of sidereal monthly Earth 
temperature data versus solar declination during the study period.



 
 

21 
 

 

 

Extended Data Fig. 3. 
The effect of planetary orbits on changes in Earth’s temperature for two consecutive years.
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Extended Data Fig. 4. 
The architecture of the proposed hybrid forecast model based on the LSTM and spectral domain approaches for predicting P. FFT and 
MTM denote the fast Fourier transform and multitaper methods, respectively. 
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Supplementary Text 
1 The physical response of Earth’s temperature to different orbits 
1.1) The impact of the Earth’s rotation on its temperature 
Since the amplitude of the solar-induced temperature signal is negligible during the Earth’s 
rotation 1, the quasi-sinusoidal diurnal variation (Fig. S1) in Earth’s temperature (T) is mainly due 
to the uneven distribution of land and sea on the Earth’s surface. For each point on Earth, the 
incoming solar radiation and outgoing longwave radiation changes during the day are mainly due 
to the Earth’s rotation, causing the diurnal cycle of temperature. In this study, vernal equinoxes 
during the study period (1979−2020) were chosen for analyzing global hourly temperatures. We 
found large variations in the global temperature from 4 a.m. to 5 a.m., 7 a.m. to 8 a.m., 4 p.m. to 5 
p.m. and 9 p.m. to 10 p.m. Fig. S2 shows the global distribution of the temperature difference 
between 4 a.m. and 5 a.m., 7 a.m. and 8 a.m., 4 p.m. and 5 p.m., and 9 p.m. and 10 p.m. The Earth’s 
rotation highly affects the land surface temperature (LST), while the near-surface ocean 
temperature barely changes in the two consecutive hours. In Fig. S2, the warming (red color) of 
the land surface occurs from 5 a.m. to 2 p.m., while cooling (blue color) occurs from 2 p.m. to 5 
a.m. of the next day. Fig. S3 indicates the globally averaged mean temperature difference between 
two consecutive UTC times on the vernal equinoxes during 1979−2020. The average global 
temperature varies significantly during 4 a.m. – 5 a.m., 7 a.m. – 8 a.m., 4 p.m. – 5 p.m., and 9 p.m. 
– 10 p.m. The globally averaged temperature change reaches its peak positive value between 7 a.m. 
and 8 a.m. (Fig. S3) because a large area (i.e., the entire African continent and the central and 
western parts of Eurasia) experiences warming (Fig. S2B). On the other hand, the globally 
averaged temperature change finds its peak negative value between 9 p.m. and 10 p.m. (Fig. S3) 
because most of the land on Earth undergoes cooling, except for northeastern Eurasia, southern 
Australia and northwestern North America (Fig. S2D). 
1.2) The impact of the Moon on Earth’s temperature 
Fig. S4A shows the change in the global daily temperature from 1979 to 2020. The Earth’s 
temperature in each year generally rises until it reaches its maximum around the middle of the year 
and then falls, which is mainly caused by the Earth’s revolution around the Sun. This regular rising 
and falling pattern in the temperature is accompanied by slight irregular temperature fluctuations. 
We believe that these slight irregular fluctuations are mainly due to the changes in lunar forcing 
exerted on Earth. 
Lunar tides and their cycles are well known and clearly observed in ocean records 2. The lunar 
tidal cycles (which are generated by the gravitational effect of the Moon on Earth) may partially 
regulate ocean currents, thereby altering Earth’s temperature 3. The alternating asymmetric change 
in lunar gravitational forcing on the solid Earth and the ocean causes the periodic oscillation of 
crustal stress, which triggers local natural disasters and affects temperature changes locally and 
even globally 4-6. Additionally, the periodic change in the lunar gravitational forcing on the Earth’s 
atmosphere triggers the 27.3-day and 13.6-day atmospheric oscillatory systems and affects weather 
changes 7. Moreover, the Earth’s temperature is affected by reflection and infrared emission from 
the Moon 8,9. 

By analyzing variations in daily lunar declination (𝛿𝛿), the distance between the Moon and the Earth, 
and the Earth’s rotation from 1979 to 2020, we found further evidence of the effect of the Moon 
on the daily Earth’s temperature. In this study, the daily length of day (LOD) values were used as 
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a measure of the angular velocity of the Earth, which was calculated as the difference between the 
astronomically determined duration of the day and 86400 SI seconds. In astronomy, 𝛿𝛿 is defined 
as the angle between the Moon’s apparent path north or south of the celestial sphere and the 
celestial equator. Fig. S4B schematically depicts the Moon orbiting the Earth in an orbit tilted 
toward the celestial equator. Fig. S4C shows the temporal variations in δ, the temperature 
difference (D2) of two consecutive days and the LOD for 13 sidereal months from 1979−2020 (42 
years). The variations in D2 and LOD show that they both have the same rising and falling trends, 
implying that the rotation of the Earth affects the variation in daily Earth’s temperature. On the 
other hand, it was shown in Section 1.1 that Earth’s rotation strongly affects the diurnal variation 
in Earth’s temperature. Thus, if the rate of Earth’s rotation changes regularly with the Moon’s 
motion, it can further attest that the Moon can indirectly affect the daily global temperature 
fluctuations by affecting the Earth’s rotation. 
The Moon revolves every ~27.32 days in its elliptical orbit, which is known as the sidereal month. 
The change in LOD over the study period (i.e., 1979−2020) consists of two primary oscillations, 
namely, 27.3-day and 13.6-day oscillations, which correspond to the lunar sidereal period (Fig. 
S4C). The maximum (green arrows) LOD occurs when the Moon is on the celestial equator (δ = 
0). In contrast, the minimum (orange arrows) occurs when the extreme lunar declinations appear 
in the northern or southern hemisphere (δ= δL) (Figs. S4B and 4C). Generally, changes in the lunar 
declination are approximately one day earlier than those of LOD. Additionally, we found that the 
rising and falling of LOD happen over 5 to 9 days and not necessarily a quarter of a sidereal month 
(Fig. S4C). All the short (13 days) and long (14-15 days) LOD cycles contain the Moon’s perigee 
(P) and apogee (A), respectively. Theoretically, the Moon moves slower and faster near the apogee 
and perigee, respectively, which implies that LOD cycles with the apogee are slightly longer than 
those with the perigee. These findings show that lunar declination and the variable velocity of the 
Moon around the Earth affect the Earth’s LOD. Meanwhile, all cycles with the perigee (P) have a 
higher peak than the adjacent cycles with the apogee (A), implying that the Moon’s distance from 
the Earth affects the LOD. The LOD cycle with the highest peak arises when the perigee (P) is 
located near the peak and closer in time to new or full moons. All of the above findings clearly 
indicate that the lunar revolution around Earth is an important cause of daily variations in Earth’s 
temperature. 
1.3) The impact of the Earth’s revolution on the Earth’s temperature 
Fig. S5 evaluates the effects of the Sun-Earth distance and the declination of the Sun on the Earth’s 
temperature. It is found that the Earth’s temperature is positively correlated with the Sun-Earth 
distance and the Sun’s declination, with correlation coefficients (R2) of 0.914 and 0.786, 
respectively. This happens because the distance-induced temperature signal is insignificant 
compared to that of solar declination, leading to a positive correlation between the Earth’s 
temperature and its distance from the sun. 
As noted in Section 1.1, Earth’s temperature change is largely attributed to land’s temperature 
change. The solar declination is positive from April to September, and the Sun’s rays are directly 
over the northern hemisphere where larger land areas exist, causing the land to absorb more solar 
radiation and show a higher temperature. Once the solar declination reaches its maximum value, 
the solar radiation absorbed by the land approaches its peak, and the global temperature reaches a 
high value of 16.15 °C. From October to March, the solar declination is negative, and the Sun’s 
rays shine directly on the southern hemisphere, where smaller land areas exist. Hence, the land 
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absorbs less solar radiation and exhibits a relatively lower temperature. That is why the Earth’s 
temperature is highly correlated with solar declination (Fig. S5). 
The Earth absorbs more solar radiation and has a higher temperature when it is closer to the Sun. 
However, due to the low eccentricity of the Earth’s orbit, the Sun-Earth distance at the aphelion is 
only 1.033 times larger than that at the perihelion. The power of sunlight incident on the Earth’s 
surface is inversely proportional to the square of the Sun-Earth distance 1,10. Therefore, the sunlight 
power that reaches the Earth’s surface at the perihelion is only 6.8% higher than that at the aphelion. 
The effect of the Sun-Earth distance on the Earth’s temperature is insignificant compared to that 
of solar declination, leading to an inconsistency between the Earth’s temperature and the Earth-
Sun distance. 
1.4) The impact of the motion of different planets on the Earth’s temperature 
Planetary motion directly and/or indirectly drives Earth’s climate change on secular, millennium, 
and larger timescales 11-13. Here, we performed a Fourier transform analysis of the annual mean 
temperature from 1836 to 2020 (185 years). The results showed that the global temperature has 
fluctuations in approximately 3.5, 9.1, 12.19, 18.28, 20.14, 29.92 and 61.2 years after 1836, which 
correspond to both the short-term oscillations of Earth’s rotation and astronomical cycles (Table 
S1). This also implies that planetary motion may indirectly influence the interannual Earth’s 
temperature by affecting the Earth’s orbit and velocity. 
2 Materials  
In this study, hourly near-surface air temperature data (0.25°*0.25°) from 1979−2020 over the 
globe are obtained from the ERA5 dataset generated by the European Centre for Medium-Range 
Weather Forecasts (ECMWF). ERA5 is one of the most utilized datasets for climate studies 14. The 
utilized global temperature data are generated by combining simulated and observed temperature 
data all over the world 15. The daily, sidereal monthly, and annual mean temperatures are calculated 
using hourly data. The ERA5 dataset is available from 1979 and thus does not allow us to analyze 
changes in Earth’s temperature on an interannual scale. To expand the temporal coverage of global 
temperature data, the daily mean temperature data from the NOAA-CIRES-DOE Twentieth 
Century Reanalysis version 3 (20CR V3) dataset were used for 1836–2015. Unlike the ERA5 
dataset, which assimilates upper-air and satellite data, the 20CRV3 dataset assimilates only 
conventional near-surface observations (due to the lack of early satellite observations) to estimate 
temperature 16. To keep the two datasets consistent, the ERA5 data were treated as a reference 
benchmark, and a linear regression matching technique was used to adjust the 20CR Version 3 
data. The hourly, daily and sidereal monthly temperature data (1979−2020) derived from the ERA5 
dataset were used to analyze and quantify the impact of different astronomical mechanisms on the 
Earth’s temperature during a year. The annual mean temperature data (1836−2020) derived from 
both ERA5 and 20CRV3 were used to investigate the influence of the motion of all planets in the 
solar system on the Earth’s temperature. 
Daily atmospheric CO2 concentration data from 1979 to 2020 were downloaded from the Scripps 
Institution of Oceanography archive (https://scrippsco2.ucsd.edu/data/atmospheric_co2/index.h 
tml). This dataset was generated by averaging in situ and flask CO2 measurements from sampling 
stations. The sidereal monthly CO2 concentrations (1979-2020) were derived from daily CO2 data. 
The yearly atmospheric CO2 records from 1836-2020 were also provided by the Scripps Institution 
of Oceanography. This dataset is mainly based on ice core data and the annual average of direct 
observations. The daily and yearly motions of the solar system objects were obtained from the 
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NASA Jet Propulsion Laboratory (JPL) ephemeris during 1979−2020 and 1836−2020, 
respectively (https://ssd.jpl.nasa.gov/horizons/app.html). The NASA JPL ephemeris provides the 
distance and velocity of the Earth relative to the Sun and the Moon, the distance and velocity of 
the center of mass of the Earth-Moon system relative to the Sun, and lunar declination. The 1979-
2020 daily lunar phase information was obtained from the Fourmilab Switzerland website 
(http://www.fourmilab.ch/earthview/pacalc.html). The daily LOD data were obtained from the 
Earth’s orientation parameters provided by the International Earth Rotation (IERS) Rapid 
Service/Prediction Centre at the U.S. Naval Observatory (https://www.iers.org/IERS/EN/ 
DataProducts/EarthOrientationData/eop.html). 
3 Robustness tests of methods 
Fig. S6 A shows that Earth’s temperature has increased since 1836 (red line). The upward trend in 
the Earth’s temperature from 1836 to the present can be approximated by fitting a quadratic 
function to the Earth’s temperature records. We can then approximately remove this upward trend 
using the quadratic fit function, which is shown by the histogram in Fig. S6 A. It can be seen that 
the histogram has two large and clear sinusoidal-like cycles during 1836−1964. Each of them has 
a period of approximately 61 years and a peak-to-trough amplitude of approximately 0.30-0.35 °C. 
In fact, there was a small change in greenhouse gas concentrations before the 1910s, and 
anthropogenic emissions also did not show any 61-year cycles before the 1940s 17. Thus, the 61-
year cycle temperature change should be caused by changes in the planet’s orbit. Furthermore, the 
histogram was smoothed (black line) and shifted by 61 (red line) and 2 × 61 =122 (blue line) 
years (see Fig. S6B). A shift of 61 years was chosen to be consistent with the highest temperature 
period in Table S1. Fig. S6B shows that the oscillations of Earth’s detrended temperature among 
the 1850−1910, 1910−1970 and 1970−2020 periods (each period consists of 60 years) are fairly 
similar, and the Pearson coefficient of detrended temperatures among the three periods ranges from 
0.74 to 0.86. It is evident that the 61-year cycle temperature change in Fig. S6B is caused by 
planetary orbital changes. Therefore, the Earth’s detrended temperature in Fig. S6 A can represent 
the impact of the planet’s orbit on the Earth’s temperature change. In addition, the evident strong 
symmetry between the 1880–1920 and 1940–1980 periods indicates that the data in Fig. S6A 
before 1920 and 1940−1980 are more representative of the impact of the planet’s orbit on the 
Earth’s temperature change. 
We converted the Earth’s detrended temperatures in Fig. S6A to the effect of planetary orbits on 
the Earth’s temperature changes in different years using 1836 as the benchmark. This can be done 
by subtracting the 1836 Earth’s detrended temperatures from the Earth’s detrended temperature 
records, which is shown with the blue line in Fig. S7. Then, we compared the result with that of 
our model (Fig. S7). The comparison shows that the results of both approaches are consistent 
during the study period, and they almost completely coincide before 1900. Moreover, a remarkable 
coincidence of the two curves is found from 1940−1980, which also corresponds to the more 
representative detrended temperatures in Fig. S6A. These outcomes show that the estimates of the 
effect of planetary orbits on the Earth’s temperature changes from our model have high confidence.  

4 Reconstructing and forecasting 𝑷𝑷 using the spectral domain method 
Since the effects of different planetary orbits on the Earth’s temperature change exhibit obvious 
periodicity, there are significant fluctuations in P (Fig. 3B of Main Text). Thus, P can be 
reconstructed and forecasted reliably if its phases and frequencies are accurately determined. 
Based on harmonic approximation theory (i.e., harmonic approximation models can simulate 
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partial periodic time series 18,19), we developed a harmonic approximation model for reconstructing 
and forecasting P using all statistically relevant oscillations that could be identified from its 
historical time series. The spectral domain approach can determine the periodic components 
embedded in a time series by computing the associated periods, amplitudes, and phases, and these 
individual periodic components can be combined to reconstruct and predict the future evolution of 
the time series. Thus, the relevant oscillations (i.e., periodic components) can be extracted using 
spectral analysis methods to build a harmonic approximation model. In this study, fast Fourier 
transform (FFT) and multitaper (MTM) methods were used to identify spurious spectral peaks and 
extract periodic components of P time series. It is worth mentioning that if the FFT spectral peaks 
were not verified by the MTM, they were excluded from the harmonic modeling of the P time 
series.  
Based on the identified significant peaks of the P time series and information from the FFT and 
MTM decompositions, the associated periodic components were reconstructed in the time domain 
using the harmonic approximation model. The combination of oscillatory signals (𝑃𝑃�) is written in 
continuous time as 

𝑃𝑃�𝑡𝑡 = 𝑈𝑈 + ∑ 𝐴𝐴𝑚𝑚 sin(2𝜋𝜋𝑓𝑓𝑚𝑚(𝑡𝑡 − 1836) + ∅𝑚𝑚)𝑀𝑀
𝑚𝑚=1                                                                            (1) 

where f, A, and ϕ are the frequency, amplitude, and phase of the sine wave, respectively. t is the 
year, and M is the number of extracted significant peaks. U is set to 0.0567 and 0.0713 when the 
FFT and MTM frequencies are used, respectively. 

Figs. S8 A and B show reconstructed 𝑃𝑃 values from Equation 1 based on the information from the 
FFT and MTM decompositions, respectively. In addition, the periodic components obtained from 
the FFT and MTM spectral peak frequencies are shown in the same figure. It is evident that both 
approaches can reproduce the oscillations in 𝑃𝑃 well, and thus, both methods can be used to predict 
P. 

5 Forecasting 𝑷𝑷 based on the LSTM method  
LSTM is a recurrent neural network that is capable of learning long-term dependencies between 
samples in a sequence by updating states based on both the inputs for the current time step and 
network states of what was output in the prior time step. LSTM has the form of repeating modules 
of a neural network, and the repeating module is composed of four interactive parts, including a 
memory cell 𝐶𝐶, a forget gate 𝑓𝑓𝑡𝑡, an input gate 𝑖𝑖𝑡𝑡, and an output gate 𝑂𝑂𝑡𝑡 (Fig. S9). 

As illustrated in the second repeating module in Fig. S9, 𝑃𝑃𝑡𝑡 is used as the input vector of LSTM in 
which the gates 𝑓𝑓𝑡𝑡, 𝑖𝑖𝑡𝑡, and 𝑂𝑂𝑡𝑡 as well as the candidate cell state 𝐶𝐶′𝑡𝑡 are all controlled by (𝑃𝑃𝑡𝑡 , ℎ𝑡𝑡−1 ). 
𝑓𝑓𝑡𝑡  and 𝑖𝑖𝑡𝑡  are then used to update the cell state 𝐶𝐶𝑡𝑡  . 𝑂𝑂𝑡𝑡  determines how much information is 
propagated to time step 𝑡𝑡 +1. These gates are comprised of a sigmoid fully connected neural 
network layer and a pointwise multiplication operation. The working mechanism of the gates and 
information flow can be represented as follows: 

𝑓𝑓𝑡𝑡 = 𝜎𝜎(𝑊𝑊𝑓𝑓 ∙ [ℎ𝑡𝑡−1,𝑃𝑃𝑡𝑡] + 𝑏𝑏𝑓𝑓)                                                                                                            (2) 

𝑖𝑖𝑡𝑡 = 𝜎𝜎(𝑊𝑊𝑖𝑖 ∙ [ℎ𝑡𝑡−1,𝑃𝑃𝑡𝑡] + 𝑏𝑏𝑖𝑖)                                                                                                            (3) 

𝐶𝐶′𝑡𝑡 = tanh(𝑊𝑊𝑐𝑐 ∙ [ℎ𝑡𝑡−1,𝑃𝑃𝑡𝑡] + 𝑏𝑏𝑐𝑐)                                                                                                   (4) 

𝐶𝐶𝑡𝑡 = 𝑓𝑓𝑡𝑡 ⊙ 𝐶𝐶𝑡𝑡−1 + 𝑖𝑖𝑡𝑡 ⊙ 𝐶𝐶′𝑡𝑡                                                                                                            (5) 

𝑂𝑂𝑡𝑡 = 𝜎𝜎(𝑊𝑊𝑜𝑜 ∙ [ℎ𝑡𝑡−1,𝑃𝑃𝑡𝑡] + 𝑏𝑏𝑜𝑜)                                                                                                         (6) 
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ℎ𝑡𝑡 = 𝑂𝑂𝑡𝑡 ⊙ tanh(𝐶𝐶𝑡𝑡)                                                                                                                      (7) 

where the transformations 𝜎𝜎 from inputs to 𝑖𝑖, 𝑓𝑓, and 𝑂𝑂 all use sigmoid functions. 𝑊𝑊 and 𝑏𝑏 contain 
the corresponding network weights and bias parameters, respectively. ℎ is the hidden state. The 
operation ⊙  is elementwise multiplication (Hadamard product), and tanh(𝑙𝑙)  is the hyperbolic 
tangent function, which operates piecewise on each element of the vector 𝑙𝑙. 
The hyperparameters of LSTM (e.g., the number of layers and the number of neurons in each layer) 
should be tuned to improve its performance. In this study, 10% of the data from the training dataset 
are selected randomly to tune the hyperparameters of LSTM via the Bayesian optimization method. 
We tested different numbers (from 1 to 5) of LSTM layers and combined the one, two, and three 
dense layers (also called the fully connected layers). Finally, we chose 4 layers (two LSTM layers 
and two dense layers) with 64, 32, 64 and 1 neurons. Meanwhile, we performed batch 
normalization after each hidden layer of the network. The best performance was obtained for a 
mini-batch size of 32. The mean square error (MSE) was used as the loss function. The Adam, 
RMSprop, AdaGrad, Nesterovs, SGD and Adadelta schemes were tested, and finally, the Adam 
scheme was adopted as the optimizer. 
In addition to the hyperparameters of LSTM, the number of epochs and length of historical input 
data (timestep) affect P predictions. Fig. S10A shows that the magnitude of the loss function varies 
with the number of epochs in the LSTM model. It can be seen that the loss function remains almost 
constant for the epoch number of 300. Fig. S10B demonstrates the variations in the determination 
coefficient (R2), the mean absolute error (MAE) and the root mean square error (RMSE) with 
timestep. The optimal timestep is set to 53, which means that we use the previous 53 years’ input 
sequence to predict the 54th years’ 𝑃𝑃. 
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Figures 

 

Fig. S1. 
Diurnal cycle of Earth’s temperature during the vernal equinox, summer solstice, autumn equinox 
and winter solstice during the study period. The band around each curve is the standard deviation 
of the temperature time series.
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Fig. S2. 
The mean temperature difference between two consecutive UTC times ((A) 5 and 4 UTC [T (at 5 
UTC) – T (at 4 UTC)], (B) 8 and 7 UTC [T (at 8 UTC) – T (at 7 UTC)], (C) 17 and 16 UTC [T (at 
17 UTC) – T (at 16 UTC)], and (D) 22 and 21 UTC [T (at 22 UTC) – T (at 21 UTC)]) on the vernal 
equinoxes from 1979-2020.
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Fig. S3. 
The spatially averaged mean temperature difference over the period 1979−2020 between two 
adjacent UTC times.
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Fig. S4. 
(A) Changes in the global daily temperature during 1979−2020. (B) A schematic diagram of the Moon orbiting the Earth in an orbit 
tilted to the celestial equator, which also depicts that the lunar declination, lunar phase and the distance of the Moon from the Earth all 
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change periodically during the Moon’s orbit around the Earth. (C) The temporal variation of lunar declination, distance between the 
Moon and the Earth, LOD and temperature difference (D2) of two consecutive days from January 1979 to December 1979. The orange 
and green arrows represent the days on which the lunar declination (δ) is maximum and zero (i.e., the Moon is on the celestial equator), 
respectively. In astronomy, lunar declination is defined as the angle between the Moon’s apparent path (north or south of the celestial 
sphere) and the celestial equator. 
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Fig. S5. 
(Top row) Comparison of daily Earth’s temperature data averaged over the period 1979−2020 with 
the solar declination (left column) and the Earth-Sun distance (right column). Orange bands 
represent the standard deviation of the daily Earth’s temperature during the study period. (Bottom 
row) Scatterplot of the daily Earth’s temperature data from 1979 to 2020 versus the solar 
declination and Sun-Earth distance. 
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Fig. S6. 
(A) Earth’s temperature record and the detrended temperature of its quadratic fit; (B) eight-year 
moving average of the detrended temperature of its quadratic fit and plotted against itself shifted 
by 61 and 122 years.  
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Fig. S7. 
The effect of planetary orbits on global temperature changes in different years (using 1836 as the 
benchmark) based on the detrended temperatures method and the method of this study.
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Fig. S8. 
The effect of planetary orbits (𝑃𝑃) on the Earth’s temperature from 1837−2020 from the model of 
the methods section (red solid line with marker) and Equation (1) (black solid line with marker) 
using (A) the information from the FFT decomposition and (B) the information from the MTM 
decomposition. The remaining solid lines in A and B represent the periodic components obtained 
based on FFT and MTM spectral peak frequencies, respectively.
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Fig. S9. 
Structure of LSTM.
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Fig. S10. 
(A) The value of the loss function varies with the number of epochs in the LSTM for P prediction. 
(B) The relationship between the accuracy and the timestep of the LSTM.
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Table S1. 
The periods of the power spectrum of the Earth’s temperature from 1836 to 2020 based on the 
FFT arithmetic corresponding to variation cycles of the Earth’s rotation rate and astronomical 
periods. 
 

Temperature periods 
(yr) 

Earth rotation periods 
(yr) 

Astronomical periods 
(yr) 

3.5 4 Quasi-four yrs tidal cycle 

9.1 9.2 

The sunspot cycle (8.9-9.4 yrs); long-term 
lunar cycle (~9.1 yrs); the opposition-
synodic cycle of Jupiter and Saturn (~10 
yrs) 

11.33-12.19 12.15 

The sunspot cycle (9.9-13.035 yrs); the 
alignment cycle of Venus, Earth and Jupiter 
(~11 yrs); the period of Jupiter (11.86 yrs); 
the synodic period of Jupiter and Neptune 
(12.78 yrs) 

18.28-20.14 18.6 
19.855 

 The luni-solar node cycle (18.61 yrs); 
 the synodic period of Jupiter and Saturn 
(19.858 yrs); the similar synodic period of 
Mercury (19.99 yrs) 

29.92 29.783 
 The period of Saturn (29.42 yrs); the 
similar synodic period of Saturn (30.02 
yrs); the period of polar shift (29.8 yrs) 

~61 59.555 
 The sunspot cycle (~57.1 yrs); the 
repetition of the combined orbits of Jupiter 
and Saturn (~ 60 yrs) 
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