
Cover letter 
Six years ago, our research group began studying the impact of planetary orbital 

variations on Earth's temperature changes. Three years ago, we submitted our research 
findings ("Evaluation and prediction of the Effects of Planetary Orbital Variations to 
Earth’s Temperature Changes") to Nature/Science, but it did not receive sufficient 
attention from the editors. Subsequently, we submitted the paper to other professional 
journals, and over 50 experts from around the world were invited by the editors to 
review the paper. However, only two experts from different journals accepted the 
review and provided highly positive feedback. The majority of the experts did not 
give any feedback due to unfamiliarity with the field. Due to the lack of sufficient 
review comments, we ultimately submitted the paper to the International Journal of 
Digital Earth last year. Despite struggling to find suitable reviewers for six months 
after submission, our research group had an in-depth discussion with the journal's 
editors, thoroughly explaining the theoretical innovations and technical approach of 
our study, and received strong affirmation from the editors. After multiple rounds of 
inviting international experts to review the paper, and receiving highly positive 
feedback, the paper was finally accepted in March 2025 and published in the 
electronic version in April. The paper is attached for your guidance. 
 

We hope this research (Cao M., Mao K., Sayed M. Bateni, Chen J.M., Heggy E., 
Jong-Seong Kug, Shen X.Y., Evaluation and prediction of the effects of planetary 
orbital variations to earth’s temperature changes, International Journal of Digital Earth, 
2025, 18,1, 2487058, DOI: https://doi.org/10.1080/17538947.2025.2487058) will 
catch your attention, as it has significant implications for advancing climate change 
research by considering the impact of planetary orbital variations. In the meantime, 
we have also conducted in-depth research on how planetary orbital variations affect 
atmospheric water vapor changes, and we have completed relevant work (Xu L., Mao 
K., Sayed M., Cao M, Dube T., Guo Z., Abiodun B., Yuan Z., Maaza M., Influence 
and Prediction of Planetary Orbital Changes on Earth's Atmospheric Water Vapor 
Variations, EarthArXiv, 2025, 1,1-49. DOI: https://doi.org/10.31223/X5CM69 .). This 
research is crucial for a deeper understanding of atmospheric water vapor variation 
patterns, revealing and quantifying the impact of planetary orbital variations on 
atmospheric water vapor changes, and advancing climate change research. 
 
Mengmeng Cao, Kebiao Mao, Sayed M. Bateni, Jing M. Chen, Essam Heggy, 
Jong-Seong Kug, Xinyi Shen, Evaluation and prediction of the effects of 
planetary orbital variations to earth’s temperature changes, International 
Journal of Digital Earth, 2025, 18(1), 1-24. 
DOI: 10.1080/17538947.2025.2487058 

https://doi.org/10.31223/X5CM69


International Journal of Digital Earth

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tjde20

Evaluation and prediction of the effects of planetary
orbital variations to earth’s temperature changes

Mengmeng Cao, Kebiao Mao, Sayed M. Bateni, Jing M. Chen, Essam Heggy,
Jong-Seong Kug & Xinyi Shen

To cite this article: Mengmeng Cao, Kebiao Mao, Sayed M. Bateni, Jing M. Chen, Essam Heggy,
Jong-Seong Kug & Xinyi Shen (2025) Evaluation and prediction of the effects of planetary
orbital variations to earth’s temperature changes, International Journal of Digital Earth, 18:1,
2487058, DOI: 10.1080/17538947.2025.2487058

To link to this article:  https://doi.org/10.1080/17538947.2025.2487058

© 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 06 Apr 2025.

Submit your article to this journal 

View related articles 

View Crossmark data

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tjde20

https://www.tandfonline.com/journals/tjde20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17538947.2025.2487058
https://doi.org/10.1080/17538947.2025.2487058
https://www.tandfonline.com/doi/suppl/10.1080/17538947.2025.2487058
https://www.tandfonline.com/doi/suppl/10.1080/17538947.2025.2487058
https://www.tandfonline.com/action/authorSubmission?journalCode=tjde20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tjde20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17538947.2025.2487058?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/17538947.2025.2487058?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/17538947.2025.2487058&domain=pdf&date_stamp=06%20Apr%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/17538947.2025.2487058&domain=pdf&date_stamp=06%20Apr%202025
https://www.tandfonline.com/action/journalInformation?journalCode=tjde20


Evaluation and prediction of the effects of planetary orbital 
variations to earth’s temperature changes
Mengmeng Caoa*, Kebiao Maoa*, Sayed M. Batenib, Jing M. Chenc,d, Essam Heggye,f, 
Jong-Seong Kugg and Xinyi Shenh

aState Key Laboratory of Efficient Utilization of Arid and Semi-arid Arable Land in Northern China, Institute of 
Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing, People’s Republic 
of China; bDepartment of Civil and Environmental Engineering and Water Resources Research Center, University of 
Hawaii at Manoa, Honolulu, HI, USA; cSchool of Geographical Sciences, Fujian Normal University, Fuzhou, People’s 
Republic of China; dDepartment of Geography and Planning, University of Toronto, Toronto, Canada; eViterbi 
School of Engineering, University of Southern California, Los Angeles, CA, USA; fJet Propulsion Laboratory, 
California Institute of Technology, Pasadena, CA, USA; gDivision of Environmental Science & Engineering, Pohang 
University of Science and Technology, Korea; hSchool of Freshwater sciences, University of Wisconsin Milwaukee, 
Milwaukee, WI, USA

ABSTRACT  
The influence of planetary orbital changes on Earth’s temperature has 
been poorly quantified and subject to speculation. Here, we delineated 
the effects of greenhouse gases and planetary orbital changes on 
Earth’s temperature and forecasted the latter. Our results indicate that 
Earth’s revolution around the Sun and its rotation explain ∼75.36% and 
15.91% of Earth’s temperature variations in one year, while the Moon’s 
revolution around the Earth and other planet motions account for 
8.26% and 0.26%, respectively. Orbital forcings contributed ∼11.5% 
global warming since 1837 and will continue to warm the Earth by 
∼0.13 °C from 2020 to 2027. However, orbital forcings may contribute 
to ∼0.25 °C cooling of Earth from 2027 to 2050, but this effect remains 
insufficient to offset the warming caused by CO₂
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1. Introduction

Changes in Earth’s temperature (i.e. global mean surface air temperature) play a vital role in the 
survival and development of human beings and other organisms (Blöschl et al. 2017; Carleton 
and Solomon 2016; Kump 2018; Laufkötter, Zscheischler, and Thomas 2020). Earth’s temperature 
has risen by approximately 1.37 and 0.86 °C since 1836 and 1979, respectively, mostly attributed to 
the increase in greenhouse gases (Fletcher, Mikaloff, and Schaefer 2019; Lacis et al. 2010; Lashof and 
Ahuja 1990; Levitus et al. 2001). Six separate assessment reports from the United Nations Intergo-
vernmental Panel on Climate Change (IPCC) during the last decades concluded that global 
warming is mainly driven by greenhouse gas emissions due to human activities (IPCC Cambridge 
University Press, 2001; IPCC Cambridge University Press, 1990; IPCC Cambridge University Press, 
1996; IPCC Cambridge University Press, 2007; IPCC Cambridge University Press, 2013; IPCC 

© 2025 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons. 
org/licenses/by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work 
is properly cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or 
with their consent. 

CONTACT  Kebiao Mao maokebiao@caas.cn
*These authors contributed equally to this work and should be considered co-first authors.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/17538947.2025.2487058.

INTERNATIONAL JOURNAL OF DIGITAL EARTH 
2025, VOL. 18, NO. 1, 2487058 
https://doi.org/10.1080/17538947.2025.2487058

http://crossmark.crossref.org/dialog/?doi=10.1080/17538947.2025.2487058&domain=pdf&date_stamp=2025-04-04
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
mailto:maokebiao@caas.cn
https://doi.org/10.1080/17538947.2025.2487058
http://www.digitalearth-isde.org/
http://english.aircas.ac.cn/
http://www.tandfonline.com


Cambridge University Press, 2021). The annual mean concentrations of greenhouse gases in the 
atmosphere have risen monotonically since 1836, while Earth’s temperature records show signifi-
cant fluctuations over the same period. Additionally, the rise in Earth’s temperature over the 
past years appears to be part of a long-term warming that began before the industrial era in the 
seventeenth century (Bradley and Jonest 1993). Paleoclimate data from various sources (e.g. ice 
cores, deep-sea sediments, tree rings, pollen, corals, and glaciers) demonstrate preindustrial temp-
erature oscillations (Briffa et al. 1990; Guiot et al. 1989; Marsicek et al. 2018; Raymo et al. 1998). 
Taken together, these observations imply that the cause of warming is more complex than the influ-
ence of increasing greenhouse gases alone.

Orbital forcings have been important drivers of temperature variation throughout Earth’s evol-
ution as they impact heat transfer from the sun to the Earth (Cionco, Kudryavtsev, and Soon 2021; 
Cionco and Compagnucci 2012; Gribbin 1973; Milankovictch 1969). While these orbital changes 
are minor and account for a few centimeters per year (Lainey et al. 2020; Maeder and Gueorguiev 
2021; Williams 2000), their effect over the last 185 years on the changes in global temperature can be 
examined if we successfully eliminate the residual anthropogenic signal. 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 may be complex 
(Li 2005; Lin and Qian 2019; Yasuda 2018). The external gravitational forces acting on the Earth 
during its revolution around the Sun vary due to planetary geometry, ultimately perturbing the 
orbital geometry of Earth (Hinnov 2013; Scafetta 2010). Some basic parameters related to Earth’s 
motion, such as eccentricity, axial tilt and the precession of equinoxes, vary with time, resulting 
in considerable impact on the spatial and temporal distribution of solar irradiation at the Earth’s 
surface and therefore changing its temperature (Condon and Schmidt 1975; Hays, Imbrie, and 
Shackleton 1976; Mitchell et al. 2021). For example, Earth’s temperature has different cycles of 
approximately 100,000, 40,000, 20,000, 2100−2500, 1200−1800, 200, and 50−70 years, which are 
in phase with the cycles of gravitational perturbations induced by celestial bodies in the solar sys-
tem, primarily Jupiter, Earth’s Moon, Uranus, Neptune and Saturn (Friis-Christensen and Lassen 
1991; Hays, Imbrie, and Shackleton 1976; Lassen and Friis-Christensen 1995; Scafetta 2010; Scafetta 
2016; Scafetta et al. 2016; Wang et al. 2012). Therefore, if orbital forcing has positively contributed 
to Earth’s warming over the past 185 years, it would have exacerbated Earth’s warming. Conversely, 
if the contribution has been negative, it would have partially masked anthropogenic warming, 
affecting the overall patterns of temperature changes. While existing studies have highlighted 
that the Earth’s climate system is modulated by a number of astrodynamical phenomena (Berger, 
Loutre, and Laskar 1992; Zhang et al. 2015; 2021), they have not quantified the effects of the changes 
in planetary orbits on the Earth’s temperature changes.

In this study, we developed a conceptual framework to investigate the effects of different plane-
tary orbits on Earth’s temperature changes from 1836 to 2020 across different time scales. For this 
purpose, we first estimated the influence of greenhouse gases and solar radiation on Earth’s temp-
erature and built several mathematical models (see Section 2.3) that quantify the contribution of 
different planetary orbital variations to Earth’s intra-annual temperature changes. A conceptual dia-
gram showing the effects of different orbits on Earth’s intra-annual temperature is shown in 
Figure 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 Earth’s intra-annual temp-
erature is represented by the sinusoidal-like function f1 and the irregularly changing function f2, 
respectively (see Figure 1). Considering only the Earth-Sun system, the influence of Earth’s revolu-
tion around the Sun on Earth’s intra-annual temperature can be represented by the function f3 in 
Figure 1. The curves f1, f2, and f3 are superimposed to find the simultaneous effects of Earth’s 
rotation, the 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, Jupiter, 
Saturn, Neptune, Venus, and Uranus) have a subtle impact on the Earth’s temperature on intra- 
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annual, interannual and longer time scales, as shown by the functions Z1 … Z7 in Figure 1. Math-
ematically speaking, their influence on Earth’s temperature can be taken into account by superim-
posing the functions Z1 … Z7 on the curves f1 . . . f3. Furthermore, we quantified the respective 
impacts of planetary orbital changes and CO2 concentrations (the dominant greenhouse gas) on 
Earth’s temperature changes on interannual and longer time scales by developing a robust math-
ematical model (see Section 2.4). In addition, a hybrid model (see Section 2.5) was developed 
based on the long short-term memory (LSTM) and spectral domain approaches to forecast the 
effects 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 great importance for analyzing future cli-
mate change and assessing climate change mitigation policies and sustainable development practices.

2. Materials and methods

2.1. Materials

In this study, hourly near-surface air temperature data (0.25° × 0.25°) from 1979 to 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 (Graham, Hudson, 
and Maturilli 2019). The utilized global temperature data are generated by combining simulated and 
observed temperature data all over the world (Hersbach et al. 2020). 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 data-
set assimilates only conventional near-surface observations (due to the lack of early satellite obser-
vations) to estimate temperature (Slivinski et al. 2019). To keep the two datasets consistent, the 
ERA5 data were treated as a reference benchmark, and a linear regression matching technique was 

Figure 1. A simplified diagram showing the effects of different planetary orbits on Earth’s temperature T (i.e. global mean surface 
temperature), which consists of two parts: (A) Physical part, based on our knowledge of the separation between the Sun and the 
Earth and (B) the part deriving from the proposed mathematical method to quantify the effect of different planetary orbits on (A) 
and hence on Earth’s temperature.
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used to adjust the 20CR Version 3 data (Cao et al. 2021). The hourly, daily and sidereal monthly temp-
erature 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 to 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 NASA Jet Propulsion Laboratory (JPL) ephemeris during 1979−2020 
and 1836−2020, respectively (https://ssd.jpl.nasa.gov/horizons/app.html). The NASA JPL ephe-
meris 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 declina-
tion. The 1979–2020 daily lunar phase information was obtained from the Fourmilab Switzerland 
website (http://www.fourmilab.ch/earthview/pacalc.html). The daily LOD (daily length of day) 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).

2.2. The physical response of Earth’s temperature to different astronomical forcings

2.2.1. The impact of the Earth’s rotation on its temperature
Since the amplitude of the solar-induced temperature signal is negligible during Earth’s rotation 
(Eddy, Gilliland, and Hoyt 1982), the quasi-sinusoidal diurnal variation (Supplementary Figure 
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 irradiation and outgoing longwave 
radiation changes during the day are mainly due to 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 (UTC time). We found large variations in global temperature from 4 am 
to 5 am, 7 am to 8 am, 4 pm to 5 pm and 9 pm to 10 pm Figure 2 shows the global distribution of the 
temperature difference between 4 am and 5 am, 7 am and 8 am, 4 pm and 5 pm, and 9 pm and 
10 pm The Earth’s rotation highly affects the land surface temperature, while the near-surface 
ocean temperature barely changes in the two consecutive hours. In Figure 2, the warming (red 
color) of the land surface occurs from 5 am to 2 pm, while cooling (blue color) occurs from 2 
pm to 5 am of the next day. Figure 3 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 am – 5 am, 7 am – 8 am, 4 pm – 5 pm, and 9 pm – 10 pm 
The globally averaged temperature change reaches its peak positive value between 7 am and 8 am 
(Figure 3) because a large area (i.e. the entire African continent and the central and western parts of 
Eurasia) experiences warming (Figure 2(B)). On the other hand, the globally averaged temperature 
change reaches its peak negative value between 9 pm and 10 pm (Figure 3) because most of the land 
on Earth undergoes cooling, except for northeastern Eurasia, southern Australia and northwestern 
North America (Figure 2(D)).

2.2.2. The impact of the Moon on Earth’s temperature
Figure 4(A) shows the change in the global daily temperature from 1979 to 2020. Earth’s tempera-
ture in each year generally rises until it reaches its maximum around the middle of the year and then 
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falls, which is mainly caused by the Earth’s revolution around the Sun. This regular rising and fall-
ing pattern in temperature is accompanied by slight irregular fluctuations. We believe that these 
slight irregular fluctuations are mainly due to changes in lunar forcing exerted on Earth.

Lunar tides and their cycles are well known and clearly observed in ocean records (McKinnell 
and Crawford 2007). The lunar tidal cycles (generated by the gravitational effect of the Moon on 
Earth) may partially regulate ocean currents, thereby altering Earth’s temperature (Keeling and 
Timothy 1997). 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 dis-
asters and affects temperature changes locally and even globally (Mauk and Johnston 1973; Mauk 
and Kienle 1973; Stroup et al. 2007). Additionally, the periodic change in lunar gravitational forcing 

Figure 2. 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 to 2020.
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on Earth’s atmosphere triggers the 27.3-day and 13.6-day atmospheric oscillatory systems and 
affects weather changes (Li 2005). Moreover, Earth’s temperature is affected by reflection and infra-
red emission from the Moon (Balling and Cerveny 1995; Gee 1999). All 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.

By analyzing variations in daily lunar declination (d), the distance between the Moon and the 
Earth, and the Earth’s rotation from 1979 to 2020, we found further evidence of the Moon’s effect 

Figure 3. The spatially averaged mean temperature difference over the period 1979−2020 between two adjacent UTC times.

Figure 4. (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 the lunar declination, lunar phase and the distance of the Moon from 
the Earth.
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on daily Earth’s temperature. In this study, the daily length of day (LOD) values were used as a 
measure of the Earth’s angular velocity, which was calculated as the difference between the astronomi-
cally determined duration of the day and 86,400 SI seconds. In astronomy, d is defined as the angle 
between the Moon’s apparent path north or south of the celestial sphere and the celestial equator. 
Figure 4(B) schematically depicts the Moon orbiting the Earth in an orbit tilted toward the celestial 
equator. Figure 4(C) shows the temporal variations in δ, the temperature difference (D2) of two con-
secutive days and the LOD for 13 sidereal months from 1979 to 2020 (42 years). The variations in D2 
and LOD show that both have the same rising and falling trends, implying that the rotation of the 
Earth affects the variation in daily Earth temperature. On the other hand, it was shown in Section 
2.2.1 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 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 (1979−2020) consists of two primary oscillations: 
27.3-day and 13.6-day oscillations, which correspond to the lunar sidereal period (Figure 4(C)). The 
maximum (green arrows) LOD occurs when the Moon is on the celestial equator (δ = 0). In con-
trast, the minimum (orange arrows) occurs when the extreme lunar declinations appear in the 
northern or southern hemisphere (δ =  δL) (Figs. 4B and 4C). Generally, changes in lunar declina-
tion are approximately one day earlier than those of LOD. Additionally, we found that the rising 
and falling of LOD happen over 5–9 days and not necessarily a quarter of a sidereal month (Figure 
4(C)). 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 peri-
gee, 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 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.

2.2.3. The impact of the Earth’s revolution on Earth’s temperature
Figure 5 evaluates the effects of the Sun-Earth distance and the declination of the Sun on Earth’s 
temperature. It is found that Earth’s temperature is positively correlated with both the Sun-Earth 
distance and the Sun’s declination, with R2 values of 0.914 and 0.786, respectively. This occurs 
because the distance-induced temperature signal is insignificant compared to that of solar declina-
tion, leading to a positive correlation between Earth’s temperature and its distance from the Sun.

As noted in Section 2.2.1, 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 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 and the whole of Earth absorb less solar radiation and exhibits relatively lower temperatures. 
That is why Earth’s temperature is highly correlated with solar declination (Figure 5).

Earth absorbs more solar radiation and has a higher temperature when it is closer to the Sun. How-
ever, due to the low eccentricity of Earth’s orbit, the Sun-Earth distance at aphelion is only 1.033 times 
larger than that at perihelion. The power of sunlight incident on Earth’s surface is inversely pro-
portional to the square of the Sun-Earth distance (Eddy, Gilliland, and Hoyt 1982; Willson 2014). 
Therefore, the solar power reaching Earth’s surface at perihelion is only 6.8% higher than at aphelion. 
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The effect of the Sun-Earth distance on Earth’s temperature is insignificant compared to that of solar 
declination, leading to an inconsistency between Earth’s temperature and the Earth-Sun distance.

2.2.4. The impact of the motion of different planets on Earth’s temperature
Planetary motion directly and/or indirectly drives Earth’s climate change on secular, millennial, and 
larger timescales (Eddy 1976; Scafetta 2010; Westerhold et al. 2020). Here, we performed a Fourier 
transform analysis of the annual mean temperature from 1836 to 2020 (185 years). The results 
showed that 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 (Supplementary Table S1). This also implies that planetary motion 
may indirectly influence interannual temperature by affecting Earth’s orbit and velocity.

2.3. Quantifying the intra-annual contribution of planetary orbits to changes in Earth’s 
temperature

2.3.1. Model specification
The temporal variations in Earth’s temperature are mainly driven by its revolution and rotation. 
These variations also differ from cycle to cycle (including diurnal and annual cycles) due to changes 
in the positions of the Moon and planets relative to Earth. To quantify the contribution of different 

Figure 5. (Top row) Comparison of daily Earth’s temperature data averaged over the period 1979−2020 with the solar declina-
tion (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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planetary orbits to Earth’s temperature, we developed a function describing the influence of differ-
ent orbits on Earth’s temperature over time. We performed a Fourier transform analysis of the 
hourly temperature records for each year, which showed 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. The range (R) in the Section 2.3 
refer to the difference of the maximum and minimum hourly temperatures in a year, 
Tmax − Tmin, unless otherwise indicated.

It is evident that the variations in 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 curve, X(t), can 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 curve (X(t)) can consist of a series of functions 
describing the effect of different orbits on Earth’s temperature perturbations:

X(t) = f1(t)+ f2(t)+ f3(t)+ Z(t), (1) 

where X(t) represents influence of all planetary orbits on the change in Earth’s temperature at time 
t. X(t) was then determined by the summation of four functions, i.e. f1, f2, f3, and Z. f1(t), f2(t) and 
f3(t) represent the influences of Earth’s rotation, lunar revolution and Earth’s revolution on Earth’s 
temperature changes at time t, respectively. Z(t) denotes the effects of the orbits of the other seven 
planets (namely, Mercury, Mars, Jupiter, Saturn, Neptune, Venus and Uranus) in the solar system 
on the change in Earth’s temperature at time t.

The motion of Earth (i.e. rotation and revolution) and its impact on Earth’s temperature are all 
periodic (Sections 2.2.1 and 2.2.3). The Fourier transform 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.

f1(t) = En
m cos

2p
v1

(tl − hn
m)

􏼔 􏼕

+ rn
m, (2) 

f3(t) = A3 cos
2p
v3

(t − c)
􏼔 􏼕

+ q, (3) 

where tl represents the tl-th hour of the mth day of the nth sidereal month, and t is the hour of the 
year. En

m and A3 are the harmonic amplitudes (which can be obtained by a Fourier transform analy-
sis), rn

m and q are the exponential terms, and hn
m and c are the optional phase shifts for f1(t) and f3(t), 

respectively. To improve the convergence of f1(t) and f3(t), an empirical knowledge about the hours 
of their motion is needed. The widths v1 and v3 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. f1(t) and f3(t)) are presumed to be continuous in all 
instances, including the junction time between two diurnal cycles (tl0 ) and the junction time 
between two consecutive years (t0). Herein, we evaluate the continuity of the influence functions 
of the Earth’s rotation (f1(t)) and Earth’s revolution (f3(t)). f1(t) for days m and m + 1 can be 
expressed as:

f m
1 (t) = En

m cos
2p
v1

(tl − hn
m)

􏼔 􏼕

+ rn
m, (4) 

f m+1
1 (t) = En

m+1 cos
2p
v1

(tl − hn
m+1)

􏼔 􏼕

+ rn
m+1, (5) 
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For f1(t) to be continuous at the junction time between two diurnal cycles (tl0 ), the following two 
constraints should be fulfilled:

f m
1 (t)|t=tl0

= f m+1
1 (t)|t=tl0

, (6) 

∂f m
1 (t)
∂t

􏼒 􏼓

|t=tl0
=

∂f m+1
1 (t)
∂t

􏼒 􏼓

|t=tl0
, (7) 

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

En
m+1 =

En
m sin

2p
v1

(tl0 − hn
m)

􏼔 􏼕

sin
2p
v1

(tl0 − hn
m+1)

􏼔 􏼕 , (8) 

rn
m+1 = En

m cos
2p
v1

(tl0 − hn
m)

􏼔 􏼕

+ rn
m − En

m+1 cos
2p
v1

(tl0 − hn
m+1)

􏼔 􏼕

, (9) 

Equation (8) allows us to obtain En
m+1 in terms of En

m. Similarly, Equation (9) relates rn
m+1 to rn

m. A 
multiday continuous f1(t) model can be obtained by substituting (8) and (9) into (5). The total num-
ber of free parameters in the function f1(t) for Day m (m ≥ 2) is m + 1 (i.e. r for the first day and hn

1 
to hn

m), and these free parameters are estimated with the Levenberg–Marquardt minimization algor-
ithm with a universal global optimization scheme (Göttsche and Olesen 2009). E and r for each day 
(except the first day) are calculated from (8) and (9), respectively.

Analogously, the function f3(t) must be continuous in all instances, including the junction time 
between two consecutive years (t0). f3(t) for years i and i + 1 can be expressed as:

f i
3(t) = Ai

3 cos
2p
vi

3
(t − ci)

􏼔 􏼕

+ qi, (10) 

f i+1
3 (t) = Ai+1

3 cos
2p
vi+1

3
(t − ci+1)

􏼔 􏼕

+ qi+1, (11) 

For f3(t) to be continuous at the junction time between two annual cycles (t0), the following two 
constraints should be fulfilled:

f i
3(t)|t=t0 = f i+1

3 (t)|t=t0 , (12) 

∂f i
3(t)
∂t

􏼒 􏼓

|t=t0 =
∂f i+1

3 (t)
∂t

􏼒 􏼓

|t=t0 , (13) 

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

Ai+1
3 =

Ai
3 sin

2p
vi

3
(t0 − ci)

􏼔 􏼕

sin
2p
vi+1

3
(t0 − ci+1)

􏼔 􏼕 , (14) 

qi+1 = Ai
3 cos

2p
vi

3
(t0 − ci)

􏼔 􏼕

+ qi − Ai+1
3 cos

2p
vi+1

3
(t0 − ci+1)

􏼔 􏼕

, (15) 

A multiyear continuous f3(t) model can be obtained by substituting (14) and (15) into (11). The 
total number of free parameters in the function f3(t) for year i (i ≥ 2) is i + 1 (i.e. q for the first 
year and c1 to ci), and these free parameters are estimated with the Levenberg – Marquardt 
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minimization algorithm with a universal global optimization scheme (Göttsche and Olesen 2009). 
A3 and q for each year (except for the first year) are calculated from (14) and (15), respectively.

In each sidereal month, the Moon affects Earth’s temperature by different physical processes, 
namely, the gravitational force, lunar phase changes, orbital oscillations, reflections, and infrared 
emissions from the Moon’s surface. It is worth mentioning that these processes have different 
cycles. In addition, the Earth-Moon system moves around the Sun, while the Moon orbits the 
Earth. Such a complex system induces different feedback in the Earth system. Therefore, the influ-
ence of the Moon’s orbit on 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 Earth’s temperature.

As explained in Sections 2.2.2 and 2.2.3, 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 Earth’s temperature change, 

i.e. D2 =
d ( f 2+ f 3)

dt
. It is evident that the influence of the Moon’s orbit on Earth’s temperature 

( f2) can be calculated by subtracting the influence of Earth’s revolution (see Equation (3)) from the 
antiderivative function (F) of D2 as follows:

F(t) =
d
dt

􏽚

( f2(t)+ f3(t))dt
􏽨 􏽩

+ C =
􏽚

D2(t)dt + C, (16) 

f2(ts) = Fn(ts) − A3 cos
2p
v3

(t − c)
􏼔 􏼕

+ q
􏼔 􏼕

, (17) 

where C is a constant, n represents the n-th sidereal month, and ts represents the ts-th hour of the n- 
th sidereal month.

The influence (Z(t)) 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 pla-
net can be strictly calculated. In addition, the lack of sufficient data and the complexity of the phys-
ical processes linking the Earth’s temperature to the entire planetary system limit the determination 
of this function (Scafetta 2010).

On the other hand, the impact of Earth’s revolution, the 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 
change in CO2 concentration in two consecutive years on Earth’s temperature is negligible, and 
the seven planetary orbits mainly affect Earth’s temperature on interannual or even longer time 
scales (Eddy, Gilliland, and Hoyt 1982; Milankovictch 1969; Scafetta 2010). Hence, it is hypoth-
esized that changes in Earth’s temperature between two consecutive years arise from the abovemen-
tioned seven planets in the solar system. Having said that, Z(t) for year i can be calculated by taking 
the difference of Earth’s temperatures in that year and the previous year as follows:

Z(t)i = MTi − MTi− 1, (18) 

where MTi and MTi− 1 are the mean temperatures of the Earth in years i and i − 1, respectively.
This study assumes 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 fluctuations of Earth’s temperature in one year are calculated by dividing the magni-
tude of intra-annual temperature variations caused by each of them by the highest annual 
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temperature change (see Equations 19−20).

gi
1 =

1
h

􏽘k

n=1

􏽘j

m=1
(En

m)

Ti
max − Ti

min
, (19) 

gi
3 =

Ai
3

Ti
max − Ti

min
, (20) 

where gi
1 and gi

3 are the contributions of Earth’s rotation and revolution to annual Earth tempera-
ture variation in year i, respectively. k is the number of sidereal months in year i, j is the number of 
days in the n-th sidereal month, and h is the total number of days in year i. Ti

max and Ti
min are the 

maximum and minimum hourly temperatures of year i, respectively.
The contribution of lunar revolution to fluctuations of Earth’s temperature in one year are cal-

culated by dividing the magnitude of intra-annual temperature variations caused by lunar revolu-
tion by the highest annual temperature change.

gi
2 =

1
k

􏽘k

n=1
( f n

2max
− f n

2min
)

Ti
max − Ti

min
, (21) 

where gi
2 is the contribution of the lunar revolution to annual Earth’s temperature variation in year i 

and k is the number of sidereal months in year i. f n
2max 

and f n
2min 

are the maximum and minimum 
f2 (the influence of the Moon’s orbit on Earth’s temperature) in the sidereal month n, respectively.

The contribution (gz) of the orbits of other planets in the solar system to changes in the Earth’s 
temperature during a year is given by.

gi
z =

Z(t)i

Ti
max − Ti

min
, (22) 

where gi
z is the contribution in year i of the orbits of other planets in the solar system to the change 

in Earth’s temperature during a year.

2.3.2. Inferencing the model parameters of Section 2.3.1 utilizing historical temperature data
f1(t) quantifies the influence of Earth’s rotation on its temperature variation in a year. Building on 
Section 2.2.1 above, the quasi-sinusoidal diurnal variation in Earth’s temperature 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 to 2020 are shown in Figure 6. 
These results indicate that the variation 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 
f1(t). The derivative of f1(t) is fitted to the time series of D1 by using the Levenberg – Marquardt 

scheme to determine its unknown parameters.
f2(t) quantifies the influence of the lunar revolution on Earth’s temperature variations in a year. 

The changes in CO2 concentration for two consecutive days have almost no effect on Earth’s temp-
erature. Thus, we can determine the change in Earth’s temperature over two consecutive days (due 
to the motion of the Moon) by using Equations (16) − (18). To eliminate the impact of large vari-
ations in CO2 concentration in two successive days on temperature, we utilized only D2 values for 
days in which the CO2 concentration was relatively stable.

The changes in Earth’s temperature each year can be attributed to variations in solar radiation 
absorbed by the land and the speed of Earth’s rotation, which are induced by Earth’s revolution to a cer-
tain extent (see Section 2.2.3 above for details). Thus, intra-annual temperature changes can be used to 
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quantify the contribution of Earth’s revolution to temperature. Additionally, the results of the Section 
2.2.2 show that the influence of the Moon’s movement on intra-annual temperature changes is not neg-
ligible. Since the Moon orbits Earth once per sidereal month, we can reasonably assume that the Moon’s 
effect on Earth’s temperature changes is approximately similar each month. The sidereal monthly Earth 
temperature averaged over the study period (1979−2020) is compared with the corresponding solar 
declination (Figure 7(A)). Figure 7(B) shows the scatterplot of the mean sidereal monthly Earth temp-
erature versus the corresponding solar declination for each sidereal month during the study period. It 
was found that 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 (Figure 5)). This further suggest that 
the variation in mean sidereal monthly temperature is driven by Earth’s revolution.

The CO2 concentration in two successive sidereal months is almost constant. Therefore, the temp-
erature 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 f3(t) quantifies the 
influence of Earth’s revolution on its temperature variation in a year, whereas D3 can be inferred by 
taking the derivative of the function f3(t). It is evident that the derivative of f3(t) can be fitted to 
the time series of D3 by using the Levenberg – Marquardt scheme to obtain its unknown parameters.

Z(t) 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 Earth’s tempera-
ture, we considered the temperature difference between two successive years in which the CO2 con-
centration remained nearly unchanged.

Figure 6. The temperature difference (D1) of two consecutive hours on January 1 and 2 from 1979 to 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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2.4. Quantifying the contribution of planetary orbits to changes in Earth’s temperature 
on an interannual scale

2.4.1. Model specification
In this study, the variation in Earth’s temperature at various time intervals can be defined by.

Ti+s − Ti = Pi+s,i + Vi+s,i, (23) 

where Ti+s − Ti is the temperature difference between years i + s and i, and Pi+s,i and Vi+s,i 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 temp-
erature (Lacis et al. 2010). On the other hand, it is difficult to obtain the records of other greenhouse 
gases before 1979. Hence, we equate Earth’s temperature change caused by other greenhouse gases 
with the effect of CO2. Equation (23) can be rewritten as 24 based on the near-linear relationship 
between CO2 and Earth’s temperature change (Figure SPM.10; IPCC Cambridge University Press, 
2021).

Ti+s − Ti = Pi+s,i + dVi+s, i × v, (24) 

where dVi+s, i is the difference in CO2 concentration between years i + s and i. v is the value of the 
Earth’s temperature change caused by 1 ppm CO2.

If the effect (v) resulting from a 1 ppm CO2 concentration change on Earth’s temperature is 
obtained, we can accurately quantify the effect of planetary orbits on Earth’s temperature change 
using Equation (24). The estimates from Equation(18) suggest that the effect of planetary orbits 
(Z) on Earth’s temperature in different years is irregular. Therefore, it is assumed that the effects 
of the planet’s orbit on Earth’s temperature at various time intervals (Pi+s,i) can be equal to the 

Figure 7. (A) Comparison of sidereal monthly Earth’s temperature data averaged over the period 1979−2020 with solar declina-
tion. 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.
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mean (Z̅) derived from Z during the study period (1836−2020).

Z̅ =
􏽐n

i=1 |Zi|

n
, (25) 

Pi+s,i = Z̅ , (26) 

where Zi denotes the effect of planetary orbits on Earth’s temperature change between years i + 1 
and i, which can be obtained from Equation (18). n is the number of Zi. Then, we can calculate 
the effect (vi+s, i) of 1 ppm CO2 on temperature at various time intervals by

vi+s, i =
Ti+s − Ti − Z̅

dVi+s, i
(s [ [2, 184], i [ [1836, 2020 − s]), (27) 

To further improve the estimation accuracy, the mean (v̅) of vi+s, i is utilized to approximate the 
effect (v) of a 1 ppm increase in CO2 concentration on global temperature change. In this way, we 
obtain the effect of a unit change in CO2 concentration on Earth’s temperature, and then the effect 
of planetary orbits on Earth’s temperature (Pi+s,i) between years i + s and i can be obtained via

Pi+s,i = Ti+s − Ti − dVi+s, i × v̅, (28) 

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 vi+s, i.

2.4.2. Model validation
Figure 8(A) shows that Earth’s temperature has increased since 1836 (red line). The upward trend in 
Earth’s temperature from 1836 to the present can be approximated by fitting a quadratic function to 
Earth’s temperature records. We can then approximately remove this upward trend using the quad-
ratic fit function, which is shown by the histogram in Figure 8(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 approxi-
mately 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 (Hansen et al. 2007). Thus, the 61-year cycle temp-
erature 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 Figure 
8(B)). A shift of 61 years was chosen to be consistent with the highest temperature period in Table 
S1. Figure 8(B) shows that the oscillations of Earth’s detrended temperature among the 1850−1910, 
1910−1970 and 1970−2020 periods (each period consisting of 60 years) are fairly similar, and the Pear-
son correlation 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 Figure 8(B) is caused by planetary orbital 
changes. Therefore, Earth’s detrended temperature in Figure 8(A) can represent the impact of the pla-
net’s orbit on Earth’s temperature change. In addition, the evident strong symmetry between the 1880– 
1920 and 1940–1980 periods indicates that the data in Figure 8(A) before 1920 and 1940−1980 are 
more representative of the impact of the planet’s orbit on Earth’s temperature change.

We converted the Earth’s detrended temperatures in Figure 8(A) to the effect of planetary orbits 
on Earth’s temperature changes in different years using 1836 as the benchmark. This can be done by 
subtracting the detrended temperatures of Earth in 1836 from Earth’s detrended temperature 
records, which is shown with the blue line in Figure 9. Then, we compared the result with that 
of our model. 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 coinci-
dence of the two curves is found from 1940 to 1980, which also corresponds to the more represen-
tative detrended temperatures. Furthermore, our results exhibit a quantitative concordance with the 
subtraction of the black line from the red line in Figure 4 of Hennessy’s study (Hennessy et al. 2004). 
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These outcomes show that the estimates of the effect of planetary orbits on Earth’s temperature 
changes from our model have high confidence.

2.5. Forecasting the effect of planetary orbits on Earth’s temperature from 2021 to 2050

To predict the effect (P) of planetary orbit changes on Earth’s temperature, we constructed a hybrid 
forecast model based on long short-term memory (LSTM) (Xiao et al. 2019; Zhong, Hu, and Zhou 

Figure 8. (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.

Figure 9. The effect of planetary orbits on global temperature changes in different years (using 1836 as the benchmark) based on 
the detrended temperature method and the method of this study.
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2019) and the spectral domain approach (Ghil et al. 2002), which can overcome the deficiency that 
LSTM based on the recursive strategy is very sensitive to the accumulation of errors with the fore-
cast 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 P fore-
casting from 2021 to 2050.

2.5.1. Reconstructing and forecasting P using the spectral domain method
Since P exhibits significant fluctuations (Figure 9), it 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 partial periodic time series (Scafetta 2021; Wang 
et al. 2020)), 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 com-
ponents 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 the P time series. It is worth mentioning that if the FFT spectral peaks were not ver-
ified 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 (Supplementary Figure S2), the associated periodic components were recon-
structed in the time domain using the harmonic approximation model. The combination of oscil-
latory signals (P̂) is written in continuous time as.

P̂t = U +
􏽘M

m=1
Am sin (2pfm(t − 1836)+ ∅m), (29) 

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.

2.5.2. Forecasting P 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 methods (Supplementary Text). This capa-
bility makes LSTM a suitable method for predicting P.

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 (Cao et al. 2023). 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 per-
formed 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. Furthermore, the number of epochs and the length of 
historical input data (timestep) affect P predictions. Through extensive experimentation, we found 
that the optimal configuration was 300 epochs and a timestep of 53 years, ensuring the highest pre-
dictive accuracy (Supplementary Figure S4).
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2.5.3. Hybrid forecast model based on LSTM and the spectral domain approach
Figure 10 shows the architecture of the proposed hybrid forecast model based on LSTM and the spec-
tral 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 P from 1837 to 2020 and pre-
dict P from 2021 to 2050. Next, the LSTM model is trained to find a pattern between P at time ti and 
the input sequence values of its 53 preceding moments at times ti− 1, ti− 2, and ti− 53 (also called a time 
window) using input sequence [P, P̂F , P̂M], where P is the historical values during 1837−2020, and 
P̂F and P̂M are the P values during 1837−2020 from the FFT and MTM methods, respectively. The 
future prediction is performed based on the input sequence values in its preceding 53 moments using 
the identified patterns. Then, their predictions on each horizon are combined through averaging to 
produce the final prediction. The final prediction is used as the latest element of the input sequence to 
update the sequence, which is further used to predict one more year ahead P. By repeating this pro-
cess, k-year predictions can be achieved. Finally, we predicted P from 2021 to 2050.

3. Results

3.1. The physical response of Earth’s temperature to different astronomical forcings

Our analysis (see Section 2.2) reveals that Earth’s temperature variation over different time scales is 
related to changes in Earth’s motion (its revolution and rotation) and, to a lesser extent, to the other 
planetary motions. Since the amplitude of the solar-induced temperature signal is negligible during 
Earth’s rotation (Eddy, Gilliland, and Hoyt 1982), variations in Earth’s surface albedo influence the 
amount of solar radiation absorbed throughout the day, resulting in a quasi-sinusoidal diurnal 
temperature variation. The change in Earth’s temperature in two successive hours is primarily 
due to the variations in the land temperature (see Section 2.2.1 for further details). By analyzing 
the temporal variations in daily lunar declination, Earth-Moon distance, Earth’s temperature and 
Earth’s rotation data from 1979 to 2020, 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 

Figure 10. The architecture of the proposed hybrid forecast model based on the LSTM and spectral domain approaches for pre-
dicting P. FFT and MTM denote the fast Fourier transform and multitaper methods, respectively.
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2.2.2 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 Earth’s temperature during a year (see Section 2.2.3). In addition, 
the up and down swings of the Sun’s position relative to the equatorial plane (caused by the revolu-
tion of the Earth) triggers the seasonal variation of 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. The Fourier transform analysis of the annual mean Earth’s temperature from 1836 to 2020 
also shows that planetary motion may have influenced interannual variations in Earth’s tempera-
ture by affecting Earth’s orbit and velocity (see Section 2.2.4).

3.2. Contribution of planetary orbits to changes in Earth’s temperature during the year

The parameters of developed mathematical model (Section 2.3) are inferred using historical temp-
erature data to determine the contribution of planetary orbits to Earth’s intra-annual temperature 
changes. Figure 11(A) shows that the orbital forcings (i.e. Earth’s revolution around the Sun, Earth’s 
rotation, the Moon’s revolution around the Earth and other planet motions) explain ∼ 99.79% of 
the temperature variation 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 

Figure 11. (A) Boxplot of the contributions of various planetary orbits and other factors (e.g. changes in greenhouse gas con-
centrations, other human-related drivers including aerosols, ozone and land-use change) to hourly changes in Earth’s tempera-
ture during the year (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.
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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 (Figure 11(A)). Figure 11(B) 
shows annual variations in Earth’s temperature due to different orbital forcings and other factors 
from 1979 to 2020. In this figure, temperature changes are color coded based on their kernel den-
sity. 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 (Figure 11(B)). 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 (Figure 11(B)).

Based on the mathematical model developed by us, 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 to 1.163, −0.404 to 0.3, and −0.192 to 
0.221°C with means of 0.634, 0.069, and 0.041°C, respectively.

3.3. Contribution of planetary orbits to changes in Earth’s temperature on interannual 
and longer time scale

We quantified changes in Earth’s temperature induced by planetary orbits and CO2 concentrations 
from 1837 to 2020 relative to year 1836 (Figure 12; see Section 2.4). Furthermore, we developed a 
hybrid forecast model based on LSTM and a spectral domain approach to forecast the effect of pla-
netary orbits on Earth’s temperature over 2021–2050 using historical values over 1837–2020 
(Figure 12; see Section 2.5). Six conclusions can be drawn from this figure: (1) the influence of pla-
netary orbits on 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 the warming effect of planetary 
orbits on the Earth’s temperature is gradually decreasing; (3) planetary orbits warmed 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 approxi-
mately 0.33 and 0.29 °C, respectively. This suggests that several oscillations in the global tempera-
ture data since 1836 are mainly caused by planetary orbital changes; (4) planetary orbits will 
generally cause the global temperature to increase by ∼0.13 °C from 2020 to 2027 and decrease 

Figure 12. Earth’s temperature changes due to changes in planetary orbits and CO2 concentrations from 1837 to 2050 relative to 
1836.
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by ∼0.25 °C from 2027 to 2050; (5) the warming effect of CO2 was gradual before ∼1950, but it 
became rapid after ∼1950; and (6) the increasing speed of CO2 and the warming effect of Earth 
caused by it are higher than the impact of the change of the planetary orbits, and the temperature 
of the Earth will continue to rise in the future.

It should be noted that in the process of quantifying the effects of different planetary orbits (i.e. 
Earth’s rotation, the Moon’s revolution around Earth, Earth’s revolution around the Sun 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 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 (see Section 2.3). 
Early measurements of solar radiation lacked continuous high accuracy, which may have led to 
some solar-induced temperature changes being included in our estimates. However, it is crucial 
to note that the variation in solar radiation is at most 0.5% and approximately 0.1% over a few 
days and years, respectively. Consequently, the impact of these variations on consecutive changes 
in Earth’s temperature is deemed negligible (Eddy, Gilliland, and Hoyt 1982). Therefore, this has 
little effect on our results, and we take the average of these consecutive estimates as the final esti-
mate, which further reduces the error of the model estimate.

Furthermore, our analysis indicates that orbital forcings may trigger a cooling of approximately 
0.25 °C over the next 30 years. However, this cooling effect remains smaller than the projected 
warming caused by anthropogenic CO₂ emissions, which is estimated to range between 0.3 and 
1.0 °C over the same period, depending on future emission pathways and climate feedbacks 
(IPCC Cambridge University Press, 2013; IPCC Cambridge University Press, 2021; Rogelj, Mein-
shausen, and Knutti 2012; Rogelj et al. 2016). While our study highlights the potential influence 
of orbital forcings on Earth’s temperature, it also underscores that such mechanisms are insufficient 
to counteract the warming driven by human activities. This study provides a systematic perspective 
on Earth’s temperature variations and offers insights for predicting future climate trends.
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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 below the impact of CO2 and will not be enough to reverse the warming trend in the short 
term. The changes in Earth's temperature are determined by the orbital changes of planets 
and the impact of human activities. The changes in planetary orbits are beyond human 
control, so studying the impact of planetary orbit changes on Earth's temperature changes 
is crucial for the long-term development of humanity. This study has opened up a new 
research direction for climate change and is of milestone significance. 
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, 
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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. 
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 
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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 
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 
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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 
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. 
The changes in Earth's temperature are determined by the orbital changes of planets and 
the impact of human activities. The changes in planetary orbits are beyond human control, 
so studying the impact of planetary orbit changes on Earth's temperature changes is crucial 
for the long-term development of humanity. This study has opened up a new research 
direction for climate change and is of milestone significance. 
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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) 

 40 



 

17 
 

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. 
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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.
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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 



 
 

3 
 

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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