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Abstract: A few people have gradually realized that the superposition effect of different
planets in the solar system on Earth under high-speed motion and dynamic equilibrium
can sometimes trigger extreme natural disasters. Due to the relatively regular changes
in the relative positions of the Sun, Moon, and Earth, this study considers these three
planets as independent systems. The orbits of other planets in the solar system have
relatively complex changes in their positions relative to Earth, so they are considered
as a whole. By constructing a dynamic quantification model based on proximity
difference to eliminate the interference of internal variability of the Earth and extract
the influence of different planetary orbit changes on the variation of atmospheric water
vapor content, the analysis shows that Earth's rotation accounts for 4%, the Moon's
revolution 10%, Earth's revolution 71%, and other planetary orbits 15% of the total
impact of planetary orbital changes on atmospheric water vapor. Finally, an LSTM deep
learning model was constructed to predict the changes in atmospheric water vapor
content on Earth over the next decade, and the results showed that atmospheric water
vapor will show a slow upward trend in the future. The research results not only provide
a new perspective for understanding the mechanisms of climate change on Earth, but
also provide valuable references for the study of climate evolution on other planets.

Keywords: Atmospheric water vapor, climate system, planetary orbital variations, deep
learning.

Main Text

In the solar system, as the Sun moves at high speed, the planets mutually influence



each other as well as their own internal structures, maintaining a dynamic balance.
Earth's climate generally exhibits a relatively stable seasonal variation pattern,
including the four seasons of spring, summer, autumn, and winter. This stability
primarily results from the long-term evolution of Earth's orbit around the Sun and the
orbital changes of other planets, and it is usually regarded as the norm of the Earth
system'”. Although the orbital variations of other planets in the solar system have little
direct impact on Earth's climate, when different planets reach certain positions, the
combined effects of these planets can exert specific influences on Earth's water cycle
and climate change, thereby altering the normal patterns of internal climate change on
Earth and even leading to natural disasters®”.

Through long-term astronomical and meteorological observations, it has been
gradually discovered that changes in planetary orbits can sometimes have significant
impacts on Earth's climate and environment, especially when specific alignments of
different planetary orbits are more likely to trigger extreme weather and hydrological
events!®!2, In July 2005, Mercury and Venus were in orbits close to the Sun, whereas
Earth and Mars were positioned further away. Jupiter was near Virgo in the ecliptic belt,
Saturn was in Pisces, and Uranus and Neptune were in more distant orbits. Additionally,
the Sun, Earth, and Moon were nearly aligned in a straight line. This unique celestial
alignment triggered extreme tidal phenomena in the Bahamas, causing severe issues
such as seawater intrusion and land erosion, and altered atmospheric water vapor
levels'3*, In May 2006, a Mercury transit occurred, aligning the Sun, Mercury, and
Earth in a straight line and resulting in severe flooding disasters in multiple regions
globally, including Asia and Africa'>!". In July 2009, Mercury was near Leo, Venus
orbited between the Sun and Earth, Mars was near Pisces, Jupiter was in Capricorn, and
Saturn, Uranus, and Neptune were on the outer edges of the solar system. During the
new moon phase in July 2009, the Moon positioned between the Earth and the Sun, a
total solar eclipse of exceptionally long duration occurred over the Indian Ocean and
parts of Southeast Asia, including China and Indonesia'®!®. This astronomical
phenomenon caused changes in local temperatures and water vapor, affecting plant and
animal behavior’*?!. This astronomical phenomenon caused changes in local
temperatures and water vapor, affecting plant and animal behavior’*?*. During this
period, Africa, the Middle East, and parts of Asia experienced an exceptionally long
annular solar eclipse. The Sun, Earth, and Moon were almost perfectly aligned,
significantly enhancing tidal forces and affecting atmospheric water vapor content?*2’.
In March 2011, as the Moon neared the full moon phase, the Earth-Moon gravitational
effects were enhanced. Mercury was in Aquarius, Venus in Aries, Mars in Pisces, and
the outer planets Jupiter, Saturn, Uranus, Neptune, and Pluto were moving away from
Earth. Simultaneously, the Sun, Moon, and Earth were nearly in a straight line, further
intensifying tidal phenomena and causing rare extreme tidal events in coastal areas like
Tokyo Bay. This resulted in widespread inland flooding and affected atmospheric water
vapor changes®®?°. In April 2014, Jupiter and Saturn were in close proximity in their
orbits, coinciding with annular and total solar eclipses. This collectively affected
regions of the South Pacific, Asia, Australia, and parts of the Americas’’>!,
Concurrently, active solar storms further exacerbated space weather anomalies. These
events reflect the significant impact of planetary orbital changes on Earth's hydrological
environment and climate change®*>.

In recent years, this trend has remained notable. In March 2018, the northeastern
United States experienced a powerful "bomb cyclone." At that time, the Sun was in
Pisces in the ecliptic belt near the vernal equinox, and the Moon was in an elliptical



orbit near its perigee. This enhanced gravitational forces, significantly affecting Earth's
tides, resulting in increased ocean tidal amplitudes and causing severe coastal floods
and seawater inundation in areas such as Boston***. Additionally, Jupiter was in Libra,
while Saturn and Mars were in Sagittarius. These astronomical factors collectively
intensified tidal phenomena and extreme weather events. In November 2019, a Mercury
transit occurred for the first time since 2006, with Mercury passing across the solar disk
from Earth's perspective, appearing as a small black dot. This event caused an
unprecedented rise in water levels in Venice, Italy, further exacerbating the city's flood
risk and subsequently affecting atmospheric water vapor changes**’. In May 2021,
Venus and Mercury were very close within the ecliptic belt, undergoing a conjunction.
During this period, the Thames River in London experienced a sharp rise in water levels,
leading to floods in some low-lying areas®®*’. In April 2023, Mercury was in Pisces
and Venus in Aries, both near the Sun; Mars was in Gemini on the opposite side of
Earth; Jupiter was in Pisces, and Saturn was in Aquarius. A rare hybrid solar eclipse
occurred on the western coast of Australia, with the Sun, Moon, and Earth almost
perfectly aligned. The overlap of a total solar eclipse and an annular solar eclipse
enhanced the Moon's gravitational effect on tides. This collectively caused abnormal
tidal fluctuations and noticeable tidal anomalies in coastal regions*'**. Notably, in
October 2024, Mercury was in Libra and Venus in Scorpio, both close to the Sun. The
Sun, Earth, and Moon were almost aligned in a straight line, and the Moon was at
perigee (its closest point to Earth), significantly enhancing tidal forces***°. These
astronomical phenomena caused tidal effects to peak, especially in East Asia, where an
abnormal astronomical high tide occurred during the autumn tides. Multiple coastal
cities in China experienced widespread flooding, with infrastructure in some areas
severely damaged and residents forced to evacuate urgently. These astronomical
observations and extreme meteorological disaster events demonstrate the complex
interactions between planetary orbital changes and Earth's climate and hydrological
systems*’-°, Although regular variations in planetary orbits have relatively minor and
often overlooked effects on Earth, the superimposition of different planetary orbits can
sometimes significantly impact the Earth system. This occurs through the mutual
enhancement of gravitational and tidal forces, leading to extreme weather events and
related disasters, and affecting changes in Earth's atmospheric water vapor content.
Some individuals have gradually recognized that the superimposed effects of
different planets in the solar system, moving at high speeds and maintaining dynamic
equilibrium, can sometimes trigger extreme natural disasters on Earth. Therefore,
studying how changes in the orbits of different planets within the solar system affect
Earth's climate, particularly the water cycle and ecosystems, is extremely important and
represents an entirely new research direction. Due to the relatively regular changes in
the relative positions of the Earth, Moon, and Sun, this study treats these three celestial
bodies as an independent integrated system. In contrast, the orbital changes of other
planets in the solar system relative to Earth's position are comparatively complex; thus,
the orbital variations of these other planets are considered as a single collective factor
in this study. To eliminate interference caused by internal changes within the Earth, this
research employs the neighboring difference (differential) method, focusing
specifically on the impact of orbital changes of different planets on Earth's atmospheric
water vapor variations. Building on this, a series of dynamic quantitative models were
constructed using comprehensive analytical methods such as Fourier transform, Multi-
Taper Method (MTM) for multiple time-scale analysis, the Levenberg—Marquardt least
squares optimization algorithm, harmonic decomposition techniques, weighted data
fusion analysis, and adaptive sliding window techniques. These models aim to evaluate



and quantify the influence and contribution of orbital changes of different planets on
Earth's atmospheric water vapor variations. Furthermore, by applying artificial
intelligence deep learning models, this study predicts future atmospheric water vapor
changes on Earth.

Figure 1 shows the technical road map used to analyze, quantify, and predict the
impact of planetary orbital changes on Earth's atmospheric water vapor variations.
Figure 1A is a planar schematic diagram of the orbital motions of various planets in the
solar system. Centered on the Sun, the diagram details Earth's rotation, the Moon's
revolution around Earth, Earth's revolution around the Sun, and the orbits of other
planets around the Sun. These different planetary orbital changes affect Earth's
atmospheric water vapor variations on different time scales. In Figure 1B, we analyzed
data across different time scales to examine the impact of Earth's rotation on the daily
variations of atmospheric water vapor, the changes induced by the Moon's orbit around
Earth during the sidereal month, and the seasonal variations resulting from Earth's
revolution. Additionally, orbital changes of other planets within the solar system also
affect Earth's atmospheric water vapor variations. However, because these planets are
relatively distant from Earth, their influence is comparatively minor, mainly reflected
in the local details where the orbital signals of different planets overlap. The relative
motions between other planets and Earth are complex and have longer periods, leading
to diversity in the local detailed changes of Earth's atmospheric water vapor. The
influences of orbital variations with longer periods from other planets mainly manifest
on interannual and longer time scales; therefore, we consider their effects together in a
comprehensive manner. These factors work together to influence the variations of
Earth's atmospheric water vapor. By comprehensively analyzing atmospheric water
vapor data across different time scales, we studied the impacts of different planetary
orbital changes on Earth's atmospheric water vapor variations (see Section 2 of the
Methods for details).

In Figure 1C, when describing the impact of Earth's rotation on changes in Earth's
atmospheric water vapor, since the overall internal changes within Earth over two
consecutive hours are relatively stable, and the periods of influence of Earth's
revolution, the Moon's revolution, and other planetary orbital changes on Earth's
atmospheric water vapor variations are longer compared to that of Earth's rotation, the
variations over short timescales (e.g., within two hours) are relatively minimal. Based
on this, we subtract atmospheric water vapor values between adjacent hours to
approximately eliminate Earth's internal variability (such as CO: variations) and the
influences of other longer-period planetary orbits. Consequently, we approximate the
influence of Earth's rotation, represented by the harmonic function Y,(¢). Since Earth's

rotation period is 24 hours—completing its own rotation cycle within a day—and on
the same day, Earth's revolution around the Sun accounts for only 1/365 of its annual
orbital period. Additionally, the influence periods of other planetary orbital changes on
Earth's atmospheric water vapor variations are extremely long. Therefore, when
describing the influence of the Moon's revolution on Earth's atmospheric water vapor
variations, we can approximately eliminate the effects of Earth's rotation (having
completed a rotational period), Earth's revolution around the Sun, other planetary
orbital influences, and Earth's internal variations by subtracting data from adjacent days
within a sidereal month cycle. Consequently, we approximately obtain the influence of
the Moon's revolution on Earth's atmospheric water vapor variations, represented by
the irregular variation function Y,(¢). Similarly, in each sidereal month, since Earth's



rotation and the Moon's revolution have both completed their respective orbital cycles,
and the influence periods of other planetary orbits are extremely long compared to
Earth's revolution period, we subtract the monthly averages of adjacent months between
sidereal months to eliminate the effects of Earth's rotation, the Moon's revolution, other
planetary orbital changes, and Earth's internal influences. This approach approximately
obtains the effect of Earth's revolution on Earth's atmospheric water vapor variations,

represented by the function Y;(¢).

Although the orbital changes of other planets (such as Mercury, Mars, Jupiter, etc.) also
simultaneously affect the variations in Earth's atmospheric water vapor, the magnitude of these
orbital changes is very small on short time scales. Consequently, their impact on Earth's atmospheric
water vapor is much smaller compared to the effects of Earth's revolution around the Sun, the
Moon's revolution around Earth, and Earth's rotation. Therefore, we can approximately eliminate
the influence of other planets' orbits through the method of neighboring subtraction. When analyzing
the impact of other planets' orbital changes on variations in Earth's atmospheric water vapor, we
smartly utilize the characteristics of Earth's rotation, the Moon's revolution, and Earth's revolution,
each completing their respective orbital cycles within the interannual time scale. By employing
pairwise subtraction, we can eliminate the effects of Earth's rotation, the Moon's revolution, Earth's
revolution, and internal factors of Earth, thus obtaining the impact of other planets' orbital changes
on Earth's atmospheric water vapor variations. We represent the combined influence of the
orbital changes of other planets in the solar system (excluding Earth, the Moon, and the
Sun) on Earth's atmospheric water vapor variations using the function X (¢). To gain a
deeper understanding of how these planetary orbital changes affect Earth's atmospheric

water vapor variations, we superimposed the function X (f) onto the curves ¥,(¢) - ¥,(¢)

for analysis, constructing a series of mathematical models based on adjacent differences
(differential method). The purpose of these models is to quantify the specific
contributions of different planetary orbital changes to Earth's atmospheric water vapor
variations on different time scales. With the help of the quantitative models proposed
in this study, we can assess the extent to which different planetary orbital changes affect
atmospheric water vapor variations (for detailed quantitative methods and formulas, see
Section 3 of the Methods). Finally, in Figure 1D, we employed a Long Short-Term
Memory (LSTM) deep learning model to construct predictive models on different time
scales. After adjusting relevant parameter settings for training and cross-validation
analysis, we further predicted future changes in Earth's atmospheric water vapor (see
Section 4 of the Methods for details).
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Figure 1. Technical road map for the analysis, quantification, and prediction of the impact of
different planetary orbital changes on Earth's atmospheric water vapor variations. (A) Planar
diagram of the main planetary orbital changes within the solar system. (B)Orbital Variations of
Different Planets Dominate Earth's Atmospheric Water Vapor Changes Across Various Time Scales.
(C) Construction of quantitative models for the impact of different planetary orbital changes. (D)
LSTM deep learning prediction model and analysis.



Results

The Impact of Different Planetary Orbital Changes on Earth's Atmospheric
Water Vapor Variations

Data analysis shows that variations in Earth's atmospheric water vapor content on
different time scales are not only closely related to Earth's own motion but are also
influenced by the orbital changes of other planets (see Methods Section 2). During
Earth's rotation, the uneven distribution of land and sea leads to differences in surface
albedo, thereby affecting the diurnal variations of Earth's atmospheric water vapor.
Since Earth completes one rotation cycle every day, the diurnal variation trend of its
atmospheric water vapor exhibits significant regularity and consistency (see Methods
Section 2.1). Although the overall trend of Earth's atmospheric water vapor diurnal
variation is similar, within a sidereal month cycle, the specific fluctuation values
(vertical axis) of its daily variation trend are not consistent, and this difference is mainly
dominated by the Moon's revolution. Furthermore, by analyzing the variations in
atmospheric water vapor content within a sidereal month cycle, the Moon's
declination(o), the Earth-Moon distance, and the time series changes in Earth's rotation
speed, we found further evidence of the Moon's revolution's impact on atmospheric
water vapor. The study shows that the Moon's gravitational force induces atmospheric
tides with periods of 27.3 days and 13.6 days, and the Moon's declination and Earth-
Moon distance indirectly affect changes in atmospheric water vapor by influencing
Earth's rotation speed (see Methods Section 2.2).

Moreover, within adjacent sidereal months, there is no fixed pattern in the specific
fluctuation values of the atmospheric water vapor diurnal variation. Long-term data
analysis found that this phenomenon is widespread. This is because, after the Moon
completes one full revolution around Earth, Earth has also completed approximately
1/13 of its revolution around the Sun, while the orbits of other planets have also
undergone changes. This causes a shift in the baseline at the start of the next month,
resulting in the daily cycle variations associated with the Moon's orbit not being entirely
consistent each month (if we assume that the Earth does not revolve and the orbits of
other planets remain unchanged, considering only Earth's rotation and the Moon's
revolution, then the Moon's daily influence cycles would be similar each month). The
revolution of the Earth around the Sun leads to seasonal and latitudinal variations in
solar radiation, which in turn also affects changes in atmospheric water vapor content.
This process is also related to the positional changes of the Sun relative to Earth's
equatorial plane, affecting Earth's rotation speed and leading to seasonal effects.
Notably, within one revolution period, the variation of the monthly average atmospheric
water vapor caused by Earth's revolution presents a sinusoidal pattern, showing a trend
of first increasing and then decreasing (see Methods Section 2.3). Additionally, further
analysis of interannual data from 1959 to 2022 revealed that the orbital variations of
other planets (excluding Earth's rotation, revolution, and the Moon's revolution) also
influence atmospheric water vapor, and this effect has been continuously present.
Through Fourier Transform and Multi-Taper Method (MTM) analysis, we found that
the combined effects of other planetary orbits jointly influence Earth's atmospheric
water vapor variations (see Methods Section 2.4).

In summary, the variations of Earth's atmospheric water vapor are continuously
influenced by the superimposed effects of different planetary orbital changes. On
different time scales, these influences clearly exhibit different dominant relationships:
Earth's rotation dominates the hourly variation trend each day, the Moon's revolution



dominates the daily fluctuation values within a sidereal month cycle, Earth's revolution
dominates the monthly fluctuation values between adjacent sidereal months, and the
orbital changes of other planets dominate the interannual variations of Earth's
atmospheric water vapor between adjacent years.

Quantification of the Impact of Planetary Orbital Changes on Earth's
Atmospheric Water Vapor Variations

Combining the mathematical models constructed in this study (see Section 3 of the
Methods) and historical atmospheric water vapor data, we aim to determine the
contributions of different planetary orbital changes to Earth's atmospheric water vapor
variations. Figure 2 illustrates the contribution rates of Earth’s rotation, the Moon’s
revolution, Earth’s revolution, and the orbital variations of other planets to atmospheric
water vapor changes across different time scales from 1959 to 2022, as calculated by a
mathematical model, and the respective contributions are 4%, 10%, 71%, and 15%. The
impact of different planetary orbital changes on Earth's atmospheric water vapor
variations, from largest to smallest, is Earth's revolution, other planetary orbital changes,
the Moon's revolution, and Earth's rotation. Figure 3 illustrates the effects of different
planetary orbital changes on Earth's atmospheric water vapor variations from 1959 to
2022. Specifically, Figures A to D represent Earth's rotation, the Moon's revolution,
Earth's revolution, and other planetary orbits, respectively. In the figures, changes in
Earth's atmospheric water vapor are indicated with different colors based on their kernel
densities. During this period, the ranges of atmospheric water vapor variations caused
by Earth's rotation (Figure 3A), the Moon's revolution (Figure 3B), Earth's revolution
(Figure 3C), and other planetary orbits (Figure 3D) are 0.01kg/m?-0.04kg/m?,
0.04kg/m?-0.10kg/m?, 0.3kg/m?-0.6kg/m?, and 0.1kg/m?-0.5 kg/m?, with average values
of 0.02kg/m?, 0.06kg/m?, 0.5kg/m?, and 0.1kg/m?, respectively.

. The average contribution:71%
Earth's revolution ( 8 0) I

Other planets I (The average contribution:15%)
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Figure 2. Average contributions of different planetary orbital changes to Earth's atmospheric water
vapor variations from 1959 to 2022.
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Predicting future changes in water vapor in the Earth's atmosphere

In this study, we employed a Long Short-Term Memory (LSTM) deep learning model
to predict future trends in Earth's atmospheric water vapor content (see Section 4 of the
Methods for details). To ensure the accuracy of the predictions, we compared the
performance of LSTM prediction models based on data at different time scales. When
dividing the datasets, we selected hourly atmospheric water vapor data, daily average
data, monthly average data, and yearly average data from 1959 to 2022. The data from
1959 to 2000 were used for model training, and data from 2000 to 2022 were used for
model testing. In evaluating the predictive performance of the LSTM models, we
particularly focused on metrics such as Mean Squared Error (MSE), Mean Absolute
Error (MAE), and the R? statistic. Figure 4 and Table 1 respectively present the results
of testing and validating the LSTM deep learning prediction model based on



atmospheric water vapor data across four different time scales (hourly data, daily
average data, monthly average data, and yearly average data).

As can be seen in Figure 4, there are differences in the performance of the prediction
models at different time scales. According to evaluation metrics such as R?, the
prediction performances for data at hourly, daily, and monthly scales are quite good,
with R? values all exceeding 0.95, while the model performance at the yearly scale is
relatively weaker. This reason can be explained by the laws governing planetary orbital
motions. Variations on the hourly scale are primarily dominated by the influence of
Earth's rotation, variations on the daily scale are mainly dominated by the influence of
the Moon's revolution, variations on the monthly scale are primarily dominated by the
influence of Earth's revolution around the Sun, and variations on the interannual scale
are mainly dominated by the influence of orbital variations of other planets. Since
Earth's rotation, the Moon's revolution, and Earth's revolution all have clear patterns,
the prediction results are very good. The slightly poorer performance of the interannual
scale model is due to the longer orbital periods of other planets (such as Venus, Mars,
Mercury, Saturn, and Jupiter), leading to multiple overlapping influences that prevent
the formation of significant periodic patterns in the short term. The laws of planetary
orbital movements are consistent with the actual data analysis results.
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Figure 4. Prediction results of Earth's atmospheric water vapor under models at different time



scales (blue curve represents actual values, red curve represents predicted values). (A) Prediction of
hourly average atmospheric water vapor (1200hours,2022year,1th-50th days). (B) Prediction of
daily average atmospheric water vapor (420days,2021year,1th-2022,55th days). (C) Prediction of
monthly average atmospheric water vapor (280months,2000-2022 years). (D) Prediction of yearly
average atmospheric water vapor (22 years,2000-2022 years).

Table 1. Evaluation of LSTM model Predictions for Earth's Atmospheric Water Vapor Content

Changes
Earth Atmospheric Water Evaluation Hourly Daily Monthly Annual
Vapor Metric Scale Scale Scale Scale
MAE 0.0195 0.0485 0.1866 0.0766
MSE 0.0016 0.0037 0.0539 0.2166

Model Evaluation

RMSE 0.0405 0.0608 0.2322 0.2768
R? 0.9682 0.9573 0.9511 0.5146

Finally, in Figure 5A, we uniformly applied the data from the four-time scales to the
LSTM deep learning model to predict the annual average values. After comparing the
results with the original annual average atmospheric water vapor, we found that the
prediction performance of the monthly scale data model was the best, followed by the
daily scale, hourly scale, and yearly scale data models. Taking into comprehensive
consideration the influence of planetary orbits and the predictive accuracy of the model,
we have chosen an LSTM model based on monthly-scale data to predict the interannual
variation trends of Earth's future atmospheric water vapor content. Figure 5B presents
the predicted annual average atmospheric water vapor from 2023 to 2032. In the Figure
5B, the red portion on the left represents the annual average atmospheric water vapor
data from 1959 to 2022, the green portion is the predicted values from 2023 to 2032,
and the blue curve is the fitted curve of water vapor data from 1959 to 2032. From
Figure 5B, it can be seen that over the next decade, although Earth's atmospheric water
vapor content will experience fluctuations, both the overall trend and the fitted curve
display a slow upward trend. This trend is primarily attributed to the combined effects
of orbital changes of different planets and internal variability, which continuously
influence atmospheric water vapor.
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Figure 5. Prediction results of the LSTM deep learning model for Earth's interannual atmospheric
water vapor variations. (A) Comparison of annual average predictions of Earth's atmospheric water



vapor using data from different time scales with the original annual average atmospheric water vapor
data. (B) Prediction of changes in Earth's annual average atmospheric water vapor from 2023 to
2032 under the influence of planetary orbital changes.

Through in-depth analysis of long-term data and quantitative model predictions, this
study reveals the significant impact of orbital variations of different planets on Earth's
atmospheric water vapor content, particularly demonstrating their importance in
understanding and predicting global climate change. Our research has found a close
relationship between Earth's water vapor cycle and planetary orbital changes, providing
new perspectives and theoretical support for constructing more precise climate models
in the future. These findings are not only crucial for deeply understanding the
complexity of Earth's climate system but also provide scientific evidence for
formulating long-term climate change response strategies and environmental policies.
Future research should further explore other potential influencing factors and validate
and optimize models and predictions on broader temporal and spatial scales. Through
these efforts, we will be able to more comprehensively understand the long-term
impacts of planetary orbital changes on Earth's climate system, thereby more effectively
addressing the challenges of global climate change.
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Methods
1. Data

In this study, we used the fifth-generation global atmospheric reanalysis dataset
(ERAS) provided by the European Centre for Medium-Range Weather Forecasts
(ECMWEF) to obtain atmospheric water vapor data. ERAS combines model data with
observations from around the world to create a global dataset’'>2. The dataset has a
temporal resolution of 1 hour and a spatial resolution of 0.25°x0.25°. We utilized data
from January 1959 to December 2022 to analyze the impact of different planetary
orbital changes on Earth's atmospheric water vapor variations at different time scales.

In addition, to enhance the depth and breadth of our analysis, we collected
supplementary auxiliary data®->*. These include daily Length of Day (LOD) data
provided by the International Earth Rotation and Reference Systems Service (IERS)
Prediction Center of the U.S. Naval Observatory, and daily atmospheric carbon dioxide
concentration data from 1959 to 2022 archived by the Scripps Institution of
Oceanography. Meanwhile, we obtained lunar phase information from Switzerland's
Fourmilab website and daily data on the Earth-Sun distance, solar declination angle,
and lunar declination angle from the ephemerides of NASA's Jet Propulsion Laboratory
(JPL). These auxiliary datasets provide comprehensive background information,
greatly improving the accuracy of our analysis of Earth's atmospheric water vapor
trends.

2. The Impact of Different Planetary Orbital Changes on Earth's Atmospheric
Water Vapor Variations

2.1 The Impact of Earth's Rotation on Earth's Atmospheric Water Vapor
Variations

During Earth's rotation, we observe that atmospheric water vapor exhibits different
changes within a single day. Taking the 2021 vernal equinox as an example, we studied
the impact of Earth's rotation on the amount of solar radiation received, as well as the
impact of changes in Earth's land-sea distribution on the distribution of atmospheric
water vapor. Analysis of data from the 2021 vernal equinox indicates that we observed
significant hourly variations in Earth's atmospheric water vapor values, particularly
during Coordinated Universal Time (UTC) 10—11 and UTC 22-23 (Figure S1A). These
changes are closely related to the movement of the Earth's regions illuminated by the
Sun. Due to Earth's rotation, the solar zenith position moves westward by
approximately 15°every hour, leading to changes in the geographic areas covered by
solar radiation at different times on the vernal equinox. For example, at UTC 11:00, the
Sun primarily illuminates most parts of Asia and Europe, Africa, Oceania, as well as
the Indian and Atlantic Oceans (Figure S1B). At UTC 21:00, the irradiated regions shift
to parts of North America, South America, portions of the Asian and European
continents, and also cover parts of the Pacific and Atlantic Oceans (Figure S1C). By
analyzing the spatial distribution of atmospheric water vapor in Figures S1D and S1E,
we can observe that atmospheric water vapor varies with time and geographical location.
Due to rotation, different regions on Earth receive different amounts of solar radiation
at different times, and the differences in land-sea distribution further lead to variations
in the Earth's internal feedback mechanisms, thereby affecting the diversity of
atmospheric water vapor distribution.

Figure S2A displays the changes in Earth's atmospheric water vapor over a



consecutive 16-day period from January 1 to January 16, 2017. The waveforms of the
curves show a high degree of similarity, and the patterns of hourly variations are
basically consistent, which is closely related to Earth's daily rotation. Figure S2B
reveals the hourly variation trends of Earth's atmospheric water vapor for each day
throughout 2017, while Figures S2C and S2D enlarge and display local details within
the annual data. These images indicate that the variation trends of Earth's atmospheric
water vapor are consistent throughout the year. Analysis of long-term data from 1959
to 2022 further confirms the universality of this phenomenon, showing that atmospheric
water vapor exhibits consistent daily periodic variations during Earth's rotation. Figures
S3A, S3B, S3C, and S3D respectively display the daily average atmospheric water
vapor changes at seasonal nodes (vernal equinox, summer solstice, autumnal equinox,
winter solstice) from 1959 to 2022 (the variations are similar each year; see Figure S10
for details), further revealing the hourly dynamic variation patterns of Earth's
atmospheric water vapor. These data indicate that regardless of seasonal changes,
Earth's atmospheric water vapor follows a cyclical pattern within a day: first increasing,
then decreasing, increasing again, and finally decreasing. Additionally, an analysis was
conducted on the differences in Earth's atmospheric water vapor data between every
two adjacent hours within each day from 1959 to 2022. The study found that the
waveforms of these data differences exhibit consistency across any two consecutive
days. Figures S3E, S3F, S3G, and S3H exemplify the daily average difference
waveforms of Earth's atmospheric water vapor at seasonal nodes during the study
period, showing that they have similar variation trends.

Through the analysis of hourly variations within consecutive days and long-term data,
it was found that although Earth's position in its orbital revolution over two consecutive
days, the Moon's position in its revolution around Earth, and the orbital positions of
other planets all change, these variations have a relatively small impact on Earth's
atmospheric water vapor within adjacent 24-hour periods. Therefore, it can be
concluded that the hourly variations of Earth's atmospheric water vapor within a daily
cycle are mainly due to the influence of Earth's rotation.

2.2 The Impact of the Moon's Revolution on Earth's Atmospheric Water Vapor
Variations

The periodic variation in the Moon's gravitational influence on Earth's atmospheric
water vapor induces atmospheric tides with periods of 27.3 days and 13.6 days, and
also affects weather changes. The tidal effects caused by the Moon and their periodic
variations are well-known phenomena and can be clearly observed in oceanic records.
The lunar tidal period is generated by the gravitational effects of the Moon on Earth,
which, to some extent, regulate ocean currents, thereby directly and indirectly
influencing the spatial distribution of Earth's atmospheric water vapor>>’. The
asymmetric alternating changes in the Moon's gravitational pull-on Earth's solid body
and oceans lead to periodic oscillations in crustal stress. These periodic oscillations may
trigger local natural disasters and affect water vapor variations locally and even globally.
Additionally, changes in Earth's atmospheric water vapor are influenced by the Moon's
reflection and infrared radiation®*%, Therefore, the impact of the Moon's revolution on
Earth's atmospheric water vapor variations cannot be ignored.

Figure S4A shows the changes in Earth's atmospheric water vapor within a sidereal
month cycle in 2017. From the figure, it can be seen that although the daily curves and
fluctuation trends of Earth's atmospheric water vapor are similar, the specific numerical
values (vertical axis) of the daily fluctuation trends are still changing. These variations



are mainly due to the influence of the Moon's revolution around the Earth. Specifically,
the significant changes in the vertical coordinate every few days are determined by the
Moon's position over different land and sea areas. Earth's rotation leads to the daily
variation patterns of atmospheric water vapor, while the differences in data fluctuations
from day to day are mainly due to the Moon's revolution affecting Earth's atmospheric
water vapor. Analysis has revealed that this situation exists not only within a single
sidereal month cycle.

Figure S4B takes 2017 as an example to show the daily average changes of Earth's
atmospheric water vapor over 13 sidereal month cycles in that year. The analysis
indicates significant differences in atmospheric water vapor variations within each
sidereal month. Additionally, as shown in Figure S4C, Earth's atmospheric water vapor
changes in different years (1979-1992) also exhibit certain fluctuations. Figure S4D
further presents a three-dimensional plot displaying the daily average atmospheric
water vapor fluctuations over 856 sidereal month cycles from 1959 to 2022. Based on
hourly data from ERAS, the data is divided according to a 27.3-day cycle. To reduce
the accumulation of periodic calculation errors, the hourly atmospheric water vapor
values starting from 0:00 on January 1, 1959, are divided into specific intervals: 655
hours, 655 hours, 655 hours, 657 hours, 655 hours, 655 hours, 655 hours, 657 hours,
655 hours, and 656 hours. In the three-dimensional plot, only the daily average
atmospheric water vapor values for the first 27 days of each sidereal month cycle are
shown. It is evident that within each sidereal month cycle, the daily average
atmospheric water vapor fluctuates significantly, and the variation trends over 856
sidereal month cycles are not the same. These irregular fluctuations within the sidereal
month are primarily caused by variations in gravitational forces resulting from the
Moon's revolution around the Earth.

Moreover, by analyzing the distance between the Moon and Earth, the daily lunar
declination angle (8), and changes in Earth's rotation speed from 1959 to 2022, we
found further evidence of the Moon's revolution impacting Earth's daily atmospheric
water vapor. In this study, the daily Length of Day (LOD) values are used to measure
Earth's angular velocity. In astronomy, the lunar declination angle is defined as the angle
between its apparent trajectory on the celestial sphere and the celestial equator.
Figure SSA illustrates the inclination of the Moon's orbital motion relative to the
celestial equator during its revolution around the Earth, presented as a schematic
diagram. Taking 1979 as an example, Figure S5B shows the trend of Earth's daily
average atmospheric water vapor in that year. Figure S5C displays the time series
changes of daily lunar declination angle data and Earth's rotation speed data (LOD)
over 13 sidereal months in that year. Figure S5D illustrates the temporal variations of
the Length of Day (LOD) and the atmospheric water vapor difference (ATCWYV)
between two consecutive days. Figure SSE presents the temporal changes of the Moon's
declination angle and the atmospheric water vapor difference (ATCWYV) between two
consecutive days. The trends in the changes of ATCWYV and LOD over two consecutive
days exhibit similar rising and falling patterns, indicating that Earth's rotation plays a
role in influencing diurnal atmospheric water vapor variations. On the other hand,
Section 2.1 of the Methods has already discussed the significant impact of Earth's
rotation on daily atmospheric water vapor changes. Therefore, if Earth's rotation speed
changes regularly with the Moon's movement, this would further prove that the Moon
can indirectly influence Earth's daily atmospheric water vapor variations by affecting
Earth's rotation.



During the study period (1959-2022), the variations in the Length of Day (LOD)
consisted of two primary oscillations with periods of 27.3 days and 13.6 days,
respectively. These two periods correspond to the Moon's sidereal cycles. By comparing
Figures S5C and S5D, it can be observed that when the absolute value of the Moon's
declination reaches its maximum, the LOD is at its minimum (orange arrows), and when
the Moon's declination is zero, the LOD reaches its maximum (green arrows).
Simultaneously, the LOD exhibits oscillations with periods of 13.6 days and 27.3 days,
which are entirely consistent with the Moon's synodic month cycles. Generally, changes
in the Moon's declination lead changes in the LOD by about one day. Moreover,
analysis of the LOD oscillation curves reveals that the duration of sustained increases
or decreases in LOD does not correspond to one quarter of the lunar cycle but instead
varies between 5 and 9 days. All short-period (13 days) and long-period (14-15 days)
LOD oscillations correspond respectively to the Moon's perigee (P) and apogee (A).
According to Kepler's law of areas, when the Moon is farther from Earth, its orbital
speed is slower, so the oscillation periods that include the apogee are slightly longer
than those that include the perigee. This also indicates that the Moon's orbital speed
around Earth affects changes in the LOD. At the same time, all peaks corresponding to
perigee periods (P) are higher than those of adjacent apogee periods (A), indicating that
the Moon's varying distance from Earth also influences the variations in LOD. When
the perigee(P) is near the peak and closer to the new moon or full moon, the peak of the
LOD cycle is the highest. Through the above analysis, it is clear that the Moon's
revolution around Earth is one of the important reasons affecting the daily variations in
Earth's atmospheric water vapor.

2.3 The Impact of Earth's Revolution on Changes in Earth's Atmospheric Water
Vapor

In Earth's motion, Earth's revolution around the Sun is one of the important factors
affecting changes in Earth's atmospheric water vapor. Earth's revolution causes periodic
changes in the Sun's position relative to the equatorial plane. When Earth is at different
positions on its elliptical orbit around the Sun, seasonal changes are formed®’’!.
Different seasons and regions receive varying amounts of solar radiation, directly
influencing atmospheric temperature and the evaporation and precipitation of water
vapor.

Figures S6A and S6B show the changes in Earth's atmospheric water vapor over two
consecutive sidereal month cycles in 2017. By analyzing the data in detail, we found
that due to Earth's rotation, the daily variation curves of atmospheric water vapor
exhibit a high degree of similarity. Earth's rotation leads to the diurnal variation patterns
of atmospheric water vapor, making its daily fluctuation curves relatively consistent.
However, within a sidereal month cycle, due to the influence of the Moon's revolution,
while Earth's atmospheric water vapor presents the same variation curves, the specific
fluctuation values (vertical axis) of the upward and downward trends differ. This is
because as the Moon revolves around Earth, it produces periodic tidal effects on Earth's
atmospheric system, thereby affecting the distribution and variation of atmospheric
water vapor. Within two consecutive sidereal months, the specific upward and
downward fluctuation values of Earth's atmospheric water vapor also exhibit significant
differences. Theoretically, the fluctuations of Earth's atmospheric water vapor over two
sidereal month cycles should exhibit similar patterns under the gravitational influence
of the Moon. However, in reality, significant differences are observed, primarily due to
the influence of Earth's revolution. Since Earth completes 54365 of its orbital



revolution period during two sidereal month cycles, its orbital motion has a
considerable impact on the distribution of atmospheric water vapor. This leads to
differences in the specific fluctuations of atmospheric water vapor during two
consecutive sidereal months. Through the analysis of long-term data, we found that this
phenomenon is universal—that is, within each sidereal month cycle, there are
differences in specific numerical fluctuations (see Figure S4D).

Figure S6C, on the other hand, presents a graph of the trend of the Earth's
atmospheric water vapor changes over 63 Earth rotation cycles between 1959 and 2022.
From the figure, it can be seen that the changes of the Earth's atmospheric water vapor
during the rotation cycles show regular fluctuations. Specifically, Earth's atmospheric
water vapor first increases and then decreases within each cycle, forming a fluctuation
curve analogous to a sine wave. This fluctuation is mainly attributed to the differences
in the amount of solar radiation received by different seasons and regions during the
Earth's revolution around the Sun, which in turn leads to seasonal changes in
atmospheric temperature and water vapor content. For example, January and December
are the time periods when the daily average value of water vapor in the Earth's
atmosphere is the lowest, which is associated with weaker solar radiation, lower
temperatures, and reduced evaporation of water vapor during the winter months, while
August and September are the highest, which is closely related to strong solar radiation,
higher temperatures, and increased evaporation of water vapor during the summer
months. Earth's revolution induces seasonal changes, significantly affecting the
distribution of atmospheric temperature and water vapor. These seasonal variations
exhibit regular fluctuations, reflecting differences in the amount of solar radiation
received indirectly across seasons and regions, which in turn leads to cyclical
fluctuations in the Earth's atmospheric water vapor over the annual cycle. Figure S6D
further illustrates some localized details in the sinusoidal fluctuations between years.
These localized fluctuations are not completely regular, showing the ups and downs of
the interannual midheaven variations, which are mainly affected by the superimposed
effects of the Moon's rotation around the Earth and the changes in the orbits of other
planets. The influence of the Moon's revolution on the diurnal variations of Earth's
atmospheric water vapor has been thoroughly analyzed in Section 2.2 of the Methods.
In contrast, gravitational perturbations from the orbits of other planets have produced
complex superimposed effects on the distribution of Earth's atmospheric water vapor
on longer time scales. The specific effects of the orbits of other planets on the variation
of atmospheric water vapor on the Earth are explored in detail in the next section.

2.4 The Impact of Other Planetary Orbital Changes on Earth's Atmospheric
Water Vapor Variations

Analysis in Sections 2.1, 2.2, and 2.3 of the Methods indicates that if the solar system
consisted only of the Sun, Earth, and Moon, then the variations in Earth's atmospheric
water vapor would exhibit relatively regular patterns. However, as shown in Figure S6D,
there are still some differences in the local detailed variations of Earth's atmospheric
water vapor. This is because, in addition to Earth's rotation, the Moon's revolution
around Earth, and Earth's revolution around the Sun affecting atmospheric water vapor
variations, other planets in the solar system also influence these changes. The orbital
changes of these planets have longer periods, and they move simultaneously with Earth,
causing the effects of their orbital changes to be superimposed on those of Earth's
rotation, the Moon's revolution, and Earth's revolution. Since each planet has its unique
periodicity, this leads to different characteristics of Earth's atmospheric water vapor at



different time scales. Moreover, the relationships among Earth, the Moon, and the Sun
are relatively stable, and their motion patterns can be considered a relatively simple
system—that is, one body orbiting another. In contrast, the relative motions between
other planets and Earth are more complex, and the relative motions among planets
further increase the complexity of how their orbital changes impact Earth's atmospheric
water vapor. These orbital changes resulting from relative motion make it difficult to
describe their periodic variation patterns using mathematical models in the short term.

To further illustrate this point, we collected and analyzed relevant data. Figure S7
shows the variations in Earth's atmospheric water vapor during the vernal equinox,
summer solstice, autumnal equinox, and winter solstice for all the years in the study
period. Analysis indicates that in Figure S7A, the trend of Earth's atmospheric water
vapor changes on the vernal equinox is generally consistent each year, but local
fluctuations still exist. This is because the primary influence within the daily cycle is
determined by Earth's rotation, while the local variations are the result of the
superimposed effects of orbital changes from other planets. By analyzing different data
from Figures S7B to S7D, we can see that this similarity in variation exists every day.
Due to the relatively long orbital periods of other planets and the complexity of their
relative orbital trajectories with Earth, their influences cause the periodic fluctuations
in Earth's atmospheric water vapor to primarily manifest on longer interannual time
scales. Furthermore, the periodic regularities are not highly pronounced and are the
result of combined effects. These superimposed influences of different planetary orbital
changes lead to diversity and uncertainty in the local variations of Earth's atmospheric
water vapor, thereby contributing to the diversity of climate change.

To conduct a more in-depth analysis of the impact of other planets' orbits on the
superimposed signals of Earth's atmospheric water vapor, Fourier transform analysis’>
4 and the Multi-Taper Method (MTM)”>7¢ were employed to analyze long-term time
series data on interannual scales. This approach aims to achieve a more comprehensive
understanding of the long-term effects of orbital changes of other planets on variations
in Earth's atmospheric water vapor. The analysis utilized ERAS reanalysis data
spanning from 1959 to 2022. Spectral domain methods and harmonic approximation
models were developed to identify all periodic oscillations in the historical time series
and to reconstruct the impact of planetary orbital changes on Earth's atmospheric water
vapor. By using frequency domain methods, we calculated the periods, amplitudes, and
phases in the time series to extract relevant oscillation signals. Spectral analysis
methods help identify the periodic components in the time series, thereby constructing
harmonic approximation models. The set of oscillation signals P of the reconstruction
model can be expressed by the following continuous-time equation:

Pi=U+Y" 4, sin2xf,(t-1959)+g,,) (1)

Where 1, A and @ represent the frequency, amplitude, and phase of the sine wave,
respectively, while ¢ denotes the year, and M is the number of significant peaks extracted.
When applying the FFT and MTM methods for frequency analysis, the U values are set
to 0.013 and 0.0094, respectively. The planetary orbital change periods obtained from
these two spectral analysis methods are listed in Tables S1 and S2. Figures S8 and S9
show the reconstructed information after decomposition based on the FFT and MTM
methods, reflecting the impact of other planetary orbital changes on atmospheric water
vapor variations. The research results indicate that since 1959, global atmospheric water
vapor has exhibited multiple fluctuation periods, including 3.5 years, 8.25 years, 9.15



years, 9.85 years, 13.4 years, 15.25 years, 21.3 years, 32 years, and 62 years. These
periods correspond to the astronomical periods of various combinations of planetary
orbits; detailed analysis results can be found in Tables S1 and S2. This analysis indicates
that the superimposed effects of different planetary orbits have influenced the variations
in Earth's atmospheric water vapor. These periodic fluctuations cause interannual-scale
changes in the climate system, influencing key climatic factors such as precipitation
patterns, temperature, and atmospheric circulation.

3. Quantifying the Impact of Different Planetary Orbital Changes on Earth's
Atmospheric Water Vapor Variations

3.1 Constructing the Quantitative Model

Theoretically, if Earth remains relatively stationary with respect to all other planets
(i.e., the basis function of Earth's atmospheric water vapor variations remains stable),
then the signal superposition effects caused by other planetary movements on Earth's
atmospheric water vapor could be decomposed using Fourier transforms. However, due
to Earth's revolution around the Sun, aside from the relatively stable relative motion
trajectories between Earth and the Sun (elliptical) and Earth's rotation, the relative
motion trajectories between Earth and other planets are highly complex. This means
that, except for the Sun, the impact of other planets on Earth's atmospheric water vapor
variations is extremely intricate because Earth's atmospheric water vapor itself is
changing, and the influences of other planets are also changing. This complexity makes
it difficult for Fourier transforms to systematically separate these signals. Therefore,
based on the analysis in Section 2 of the Methods, we studied the impacts of different
planetary orbital changes on Earth's atmospheric water vapor variations at different time
scales. To quantify the impact of different planetary orbital variations on changes in
Earth's atmospheric water vapor, we have developed a theoretical framework. In this
study, Earth is considered an integrated system, with the natural variations of its internal
climate system viewed as a response to planetary orbital forcing. Therefore, the primary
changes in Earth's atmospheric water vapor can be seen as an intrinsic manifestation of
orbital forcing. At the same time, subtracting adjacent values can minimize the
influence of internal variations (such as CO:) on Earth as much as possible. Based on
this approach, we have constructed a series of dynamic quantitative models to analyze
and quantify the effects of different planetary orbital variations on changes in Earth's
atmospheric water vapor.

F@O)=10O+LO+Y0O)+X(©) 2)

Where the function F(f) represents the impact of all planetary orbital changes on
Earth's atmospheric water vapor variations at time ¢ after transformation. F(¢) is
determined by the sum of four functions Y (¢), Y,(¢), Y;(¢), and X(f). Functions
Y,(¢), Y,(¢),and Y,(r) respectively represent the impact of Earth's rotation, the Moon's

revolution, and Earth's revolution on Earth's atmospheric water vapor variations at time
t. X(t) represents the impact of the orbital changes of other planets in the solar system

(excluding the Sun, Moon, and Earth) on Earth's water vapor variations at time ¢.

During Earth's rotation, periodic effects are produced on the diurnal variations of
Earth's atmospheric water vapor. For Earth's rotation, by subtracting atmospheric water
vapor data from two adjacent hours, the influence of Earth's internal variability and the
orbital variations of other planets can theoretically be eliminated. Within two adjacent



hours, the overall internal changes of Earth are relatively small, and the orbital motions
of the Moon's revolution, Earth's revolution, and other planetary orbits relative to
Earth's rotation are also very minor. From the perspective of calculus, their impact on
Earth's atmospheric water vapor can be approximately eliminated through adjacent
subtraction. Furthermore, based on the analysis in Section 2.1 of the Methods, it can be
seen in Figures S1, S2, and S3 that the influence of Earth's rotation on variations in
atmospheric water vapor is significant. The curves of atmospheric water vapor changes
over multiple consecutive days display similar daily variation trends, and the main
factor affecting atmospheric water vapor variations between adjacent two hours is
Earth's rotation. Therefore, we approximate the impact of Earth's rotation on the day's
atmospheric water vapor by calculating the absolute value of the difference between
the average atmospheric water vapor values of adjacent hours within a day (see
Equation (3)). By utilizing all hourly measurements of Earth's atmospheric water vapor
content within the study period (1959-2022) as the data foundation, the influence of
Earth's rotation on variations in atmospheric water vapor can be quantified.

2 "
(0 =|Elcosl =1, )] +e 3)
1
Where ¢, represents the n-th hour of the m-th day in the n-th sidereal month. |E |

represents the absolute value of the difference in Earth's atmospheric water vapor
between two adjacent hours; e is the exponential term, and 4! is an optional phase

shift of Y/(¢) . To improve the convergence of Y(), it is necessary to know the number
of hours of motion a priori. In the cosine term, the width @, is determined by the
number of hours required to complete the periodic motion.

Given the physical continuity of Earth's water vapor, we assume that the influence
function of Earth's rotation on atmospheric water vapor variations (i.e., Y(¢)) is
continuous in all cases, including at the intersection time ¢, between two diurnal cycles.
Here, we evaluate the continuity of the Earth's rotation function Y;(¢). The Y(¢) for
days m and m+1 can be expressed as:

Y"(0) =|E,

cos[z—ﬂ t,-b)]+e, 4)
1)

m

2r p
| Cos[a)_ (tl - bm+l )] + em+l (5)

m+1

Ylm+1(t) — |Em

+1

To ensure that ¥,(z) is continuous at the intersection time ¢, between two diurnal
cycles, the following two constraints must be satisfied:

Y@ ey, = 1" O ey, (6)
o, =) - 7
( at ) |t—t10 ( at ) |t—110 ( )

Substituting Equation (4) and Equation (5) into Equation (6) and substituting their
derivatives into Equation (7) yields.

Em Sin[2l (tlo _b12>]

(0]
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m+1




2r 0 2r 0
em+1 = |Em | COS[a)_ (th - bm )] + em - |Em+1 | COS[_ (tIO - bnz+1 )] (9)

m m+1

From Equation (8), we can express |E | in terms of |Em , and Equation (9)

m+l

connects e

.. with e . Similarly, substituting Equations (8) and (9) into Equation (5),
we obtain the multi-day continuous model ¥(¢). On day m (s =2 ), the total number
of free parameters in the function Y;(¢) ism+/ (i.e., from e on the firstday to 5" up
to 5"). In this study, we used the Levenberg-Marquardt**** minimization algorithm to
estimate each free parameter and proposed a general scheme for global optimization.
Except for the first day, the parameters |E| and e for each subsequent day are
calculated using Equations (8) and (9), respectively.

In the quantitative model of the Moon's revolution around Earth influencing
variations in Earth's atmospheric water vapor, we approximately quantify the influence
of the Moon's revolution by subtracting the atmospheric water vapor values of two
consecutive days. From the analysis in Section 2.2 of the Methods, we know that the
daily variation trend of Earth's atmospheric water vapor is mainly influenced by Earth's
rotation. The similarity in daily variation trends is because Earth completes one rotation
every day. Through the analysis of Figures S4 and S5, it is evident that although the
daily variation trends of Earth's atmospheric water vapor are the same, the specific
fluctuation values (vertical axis) of the ups and downs within a sidereal month cycle
differ each day. These differences in numerical fluctuations are mainly due to the
Moon's revolution around Earth affecting changes in Earth's atmospheric water vapor.
Furthermore, since Earth completes its rotation cycle every day and Earth's revolution
around the Sun accounts for only 1/365 of its annual orbital period in one day, the orbital
changes of other planets are even smaller. Therefore, the difference between two
adjacent days can approximately eliminate the influences of Earth's rotation, Earth's
revolution around the Sun, other planetary orbital changes, and Earth's internal
variability (see Equation (10)). To quantify the influence of the Moon's revolution on
variations in Earth's atmospheric water vapor, daily atmospheric water vapor values
from 1959 to 2022 were utilized as the data foundation.

v, (&) =4, cos[i)—ﬂ (¢, —o)]+1, (10)

Where A, represents the amplitude, ¢ is a constant, 7, is the exponential term, n
denotes the n-th sidereal month, and ¢, represents the #-th day of the n-th sidereal month.

Theoretically, the impact of the Moon's revolution on Earth's water vapor on the #-th
day of the n-th sidereal month in the i-th year can be expressed by y, (¢,). However,

through practical analysis of atmospheric water vapor data, we found that the Moon's
influence on Earth's atmospheric water vapor is irregular. Therefore, it cannot be
represented by the harmonic function in Equation (10) to describe its specific period.
Thus, we use Equation (11) to perform an indefinite integral calculation of the
difference in atmospheric water vapor between two consecutive days to quantify the
impact of the Moon's revolution around Earth on changes in Earth's atmospheric water
vapor.

L), =y,(t) (11)
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Where Y, (¢) represents the impact of the Moon's revolution on Earth's atmospheric
water vapor. ¢ and ¢, are the #1-th and ©-th days of the n-th sidereal month,

respectively. W(t) represents the atmospheric water vapor content on day ¢. f(¢) is

a weight function driven by atmospheric water vapor data, used to adjust the influence
weights of different time periods. a represents the influence weights within each time
period. In practical calculations, the function f'(¢)is determined by analyzing and fitting

historical data, and the influence weights are established based on the variations across
different time periods.

Based on the analysis in Section 2.3 of the Methods, we understand that the daily
variation trend of Earth's atmospheric water vapor is mainly influenced by Earth's
rotation. Within one sidereal month cycle, the specific numerical fluctuations in Earth's
atmospheric water vapor are primarily caused by the influence of the Moon's revolution
around Earth on changes in atmospheric water vapor. Nevertheless, the numerical
fluctuations of Earth's atmospheric water vapor in two adjacent sidereal months are not
exactly the same and do not follow a fixed pattern, which is due to the influence of
Earth's revolution on changes in Earth's atmospheric water vapor (see Figure S6).
Within two consecutive months, Earth has completed 54365 of its orbital revolution
period around the Sun, thereby making the influence of Earth's revolution more
pronounced. To quantify the influence of Earth's orbital revolution around the Sun on
variations in atmospheric water vapor, we approximate the elimination of Earth's
internal variability and the effects of Earth's rotation and the Moon's revolution around
Earth (since they complete identical cycles) by subtracting the monthly average
atmospheric water vapor values of adjacent sidereal month cycles (see Equation 14).
Additionally, because the influence of other planetary orbits within a month is relatively
small, subtracting the monthly averages between adjacent sidereal month cycles can
also approximately eliminate the impact of other planetary orbital changes. We use the
monthly average atmospheric water vapor data for all sidereal month cycles from 1959
to 2022 to quantify the impact of Earth's revolution on changes in Earth's atmospheric
water vapor.

Y,(t) = |S|cos[2—”(z—c)]+s (14)
(03

Where Y,(¢) represents the influence of Earth's revolution on atmospheric water

vapor, ¢ denotes the hours in a year, and |S | is the absolute value of the difference in

monthly averages between adjacent sidereal month cycles. ¢ and s are the exponential
term and the optional phase shift, respectively. The width of @, is determined by the

number of hours it takes to complete its periodic motion.



To ensure that the influence function of Earth's revolution on atmospheric water
vapor changes (i.e., Y,(¢)) is continuous in all cases, including at the intersection time

t, between consecutive years. We evaluate the continuity of the Earth's revolution
function Y,(¢); Y,(¢) for yeariand year i+/ can be expressed as:

V()= S, cos[ 22 (t )] s, (15)
.

3
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i+1

27r

cos[—(t—c, )]+, (16)
0)3

To ensure that Y,(¢) is continuous at the junction point 7, between two annual

cycles, the following two constraints must be satisfied:
V(0] o, =570, (17)

aY (z) oY, (t)

( )=y =( ), (18)

By substituting Equations (15) and (16) into Equatlon (17) and substituting its
derivative into Equation (18), we obtain:

M sin[z—f (t, —c)]
@
[Sil=—~ (19)
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a)3

2r
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By substituting Equations (19) and (20) into Equation (14), we obtain a continuous

Y,(t) model. The total number of free parameters in the function Y,(r) foryeari(i>2)

is i+ (i.e., s for the first year, from ¢, to ¢, ). These free parameters are estimated by

applying the Levenberg-Marquardt minimization algorithm. For each year, and s

(except for the first year) are calculated using Equations (19) and (20), respectively.
X (t) represents the impact of the orbital changes of other planets in the solar system

(excluding the Sun, Earth, and Moon) on Earth's atmospheric water vapor variations.
The influence of other planetary orbits on Earth's atmospheric water vapor changes can
be determined through a physical function dependent on the planets' orbits and positions.
However, establishing such a function is difficult because, although the motion of each
planet can be strictly calculated, the physical mechanisms linking the motion of
individual planets to Earth's atmospheric water vapor still require further research.
Additionally, due to the complexity of the physical processes connecting Earth's
atmospheric water vapor with the entire planetary system, we consider the combined
effects of these planets together.

From the analysis in Section 2 of the Methods, we know that although Earth's
atmospheric water vapor variation trend is generally similar each day throughout the
year, occasionally different fluctuation patterns appear (see Figure S7). Furthermore, in
the three-dimensional plot of daily variations in Earth's atmospheric water vapor from
1959 to 2022, localized irregular fluctuations can also be observed (see Figure S6D).
These fluctuations are precisely caused by the influence of orbital variations of other
planets on changes in Earth's atmospheric water vapor. From the analysis in Section 2.4
of the Methods, it can be seen that the periodic fluctuation phenomena of Earth's



atmospheric water vapor caused by the influences of orbital variations of different
planets mainly manifest on longer interannual time scales and are irregular. Therefore,
by subtracting the annual average values of Earth's atmospheric water vapor between
two adjacent years, we can approximately eliminate the influence of Earth's internal
variability, Earth's rotation, the Moon's revolution around Earth, and Earth's revolution
around the Sun. Thus, the influence of other orbital variations is obtained, as shown in
Equation.

X(t) _ (J;Hl dj\jt(t) dtj _ %Z’;zn

f”éwahh

JHL@OP + Xt + ) 4+ Y, (0) + Y, (e + )

Where X(f) represents the impact of orbital changes of other planets on Earth's
atmospheric water vapor variations. M (f) is a continuous function of atmospheric
+1dM (1)

Cdr
vapor from year ¢ to year t+/. Y,(f) represents the influence of Earth's rotation at time
t, varying with time ¢. Y,(¢) represents the influence of the Moon's revolution, varying
with time ¢. Y,(¢) represents the influence of Earth's revolution, varying with time ¢.

t
water vapor values at time ¢. J. dt denotes the change in atmospheric water
t

1o, ... ) )
—2'"  denotes a sliding window used to smooth out the effects of Earth's rotation,
n

Jj=i-n

Earth's revolution, and the Moon's revolution. n represents the size of the time window,
and j represents the time offset.

In this study we not only quantify the impact of different planetary orbital changes
on the Earth's atmospheric water vapor changes, but also define the percentage
contribution of different planetary orbital changes to the impact of Earth's atmospheric
water vapor changes. This ratio is represented as the influence caused by each planet's
orbital changes on Earth's atmospheric water vapor variations divided by the sum of the
influences from all planetary orbital changes.

Zi _ YI(Z‘)I
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i Yz(f)i
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Where Equation (22) represents the contribution of Earth's rotation to changes in
Earth's atmospheric water vapor in year i; Equation (23) represents the contribution of
the Moon's revolution to these changes in year i; Equation (24) represents the
contribution of the Earth's revolution to the effect of water vapor changes in the Earth's
atmosphere in year i; and Equation (25) represents the contribution of orbital changes
of other planets in the solar system to these changes in year i.



3.2 Specific Quantification

To quantify the impact of Earth's rotation on changes in atmospheric water vapor
within two consecutive hours, we employed the function Y,(¢) from Equation (3) to

assess the role of Earth's rotation in these variations. By utilizing the Levenberg-
Marquardt algorithm, we successfully fitted a first-order derivative model to the time
series of atmospheric water vapor differences between consecutive hours and solved
for the unknown parameters of this function. Concurrently, using Equation (22), we
calculated the average contribution of Earth's rotation to atmospheric water vapor
changes during the study period. Computational analysis indicates that the average
contribution of Earth's rotation to atmospheric water vapor changes during the study
period is approximately 4% (see Figure 2 and Figure 3A).

Similarly, we used the function Y,(#) from Equation (12) to quantify the impact of
the Moon's revolution around Earth on atmospheric water vapor changes and employed
Equation (23) to calculate the average contribution of the Moon's revolution to these
changes during the study period. By applying this model to calculate atmospheric water
vapor changes caused by the Moon's revolution around Earth over two consecutive days,
the results show that the average contribution of the Moon's revolution to atmospheric
water vapor changes is approximately 10% (see Figure 2 and Figure 3B).

When quantifying the impact of Earth's revolution on atmospheric water vapor
changes, we analyzed the differences in monthly average atmospheric water vapor
within adjacent sidereal months. By fitting a first-order derivative model of the function
Y,(¢) from Equation (14) to the time series of monthly average atmospheric water

vapor differences over sidereal month cycles, we obtained the unknown parameters of
the relevant function. Subsequently, using Equation (24), we calculated the average
contribution of Earth's revolution to atmospheric water vapor changes during the study
period. The results indicate that Earth's revolution contributes approximately 71% to
atmospheric water vapor changes (see Figure 2 and Figure 3C).

Furthermore, we utilized the function X(f) from Equation (21) to measure the

impact of orbital changes of other planets on Earth's atmospheric water vapor variations
and used Equation (25) to calculate their average contribution during the study period
from 1959 to 2022. In-depth analysis reveals that the average contribution of orbital
changes of other planets to Earth's atmospheric water vapor variations is approximately
15% (see Figure 2 and Figure 3D).

4. Predicting future changes in water vapor in the Earth's atmosphere

LSTM (Long Short-Term Memory) is a classic deep learning model (RNN) whose
uniqueness lies in its ability to predict future trend changes based on the input of the
current time step and the network state output from the previous time step. This allows
it to automatically learn and capture long-term dependencies and periodic patterns
within long time series data’’"’®. Due to its excellent predictive capabilities, LSTM has
been widely applied in various fields such as speech recognition, handwriting
recognition, and time series forecasting’®-%". The structure of LSTM consists of a chain
of repeated modules that update the state through a recurrent network, effectively
capturing long-term dependencies and periodicity in sequences. From the analyses in
Sections 2 and 3 of the Methods, it can be seen that the orbital changes of different



planets have periodic impacts on Earth's atmospheric water vapor. Therefore, this long-
term variation characteristic aligns very well with the simulation and prediction
capabilities of the LSTM model.

The LSTM's recurrent unit consists of four key components: the memory cell ¢, the
forget gate f, the input gate i, and the output gate O,. These four components interact

and collaborate to enable the LSTM network to better handle and retain information in
sequences. The specific working principles are illustrated in Figure S10. In the second
recurrent module of Figure S10, p, is used as the input vector to the LSTM. The gates

f» i, and O, as well as the memory cell C,, are all controlled by p, and 4 ,. The
forget gate f and the input gate j are used to update the cell state C,. The output gate
0, determines how much information is passed on to the next time step ¢+/. These gates

are comprised of a fully connected deep learning layer with a Sigmoid activation
function and an element-wise multiplication operation. The working mechanism of the
gates and the flow of information can be represented as:

fi=cW, [h_.,p]+b,) (26)
=0, [h_,p]1+b) (27)
C, =tanh(W, -[h_,, p,]+b.) (28)
C=f0C_+ill C, (29)
O, =cW, [h_ pl+b,) (30)
h, =0,[) tanh(C,) (31)

In this context, the transformations from the input to the gates i, f, and O are all

controlled by a Sigmoid function, which © represents element-wise multiplication. W

and b denote the weights and biases, respectively. 4 is a hidden state, and tanh(l) is the
hyperbolic tangent function, which performs piecewise operations on each element of
the vector /. These equations describe the input computation, activation functions, and
the flow of information within the gates of the LSTM. This structure enables the LSTM
network to effectively learn and capture long-term dependencies in the input sequence.

In this study, we divided the atmospheric water vapor data from 1959 to 2022 into
four-time scales: hourly, daily average, monthly average, and annual average data.
Specifically, the data from 1959 to 2000 was used for model training, and the data from
2001 to 2022 was used for model testing. This data partitioning strategy ensured that
the model was thoroughly tested and optimized during both the training and validation
phases. In order to improve the performance of the Long Short-Term Memory (LSTM)
model, we applied a Bayesian optimization method and randomly selected 10% of the
data from the training dataset for the basic experiments. Extensive testing was
conducted on the number of LSTM layers, ranging from 1 to 5, in combination with 1
to 3 dense layers in various configurations. The final structure was determined to be a
4-layer deep learning network with two LSTM layers and two dense layers, with neuron



counts of 64, 32, 64, and 25, respectively, in each layer. To improve training stability
and convergence, batch normalization was applied to each hidden layer, and the batch
size was set to 32, achieving optimal performance.

The loss function was chosen to be the Mean Square Error (MSE), which measures
the deviation between the predicted and actual values of the model. After testing various
gradient descent algorithms, including Adam, RMSprop, AdaGrad, Nesterov's, SGD,
and Adadelta, the Adam optimizer was chosen for its superior performance across
multiple tasks and datasets. Although this study utilized data on four different time
scales (hourly, daily average, monthly average, and annual average), to maintain
consistency and comparability of the model, all data were trained and tested using the
same LSTM model parameter settings. Therefore, Figure S11 shows the best results
obtained from the comprehensive evaluation of the four datasets under this model. As
training epochs increased, the model's loss function gradually decreased, eventually
stabilizing below 0.05, indicating that the LSTM model performed well in predicting
trends in Earth's atmospheric water vapor. Additionally, Figure S11 illustrates the trends
in the coefficient of determination (R?), mean absolute error (MAE), and root mean
square error (RMSE) over time steps. By analyzing these metrics, the optimal time step
was determined to be 58, meaning that the model used the input sequence from the
previous 58-time steps to predict the 59th time step.

Ultimately, the optimized LSTM deep learning model successfully predicted future
trends in Earth's atmospheric water vapor. This trend is affected by a combination of
orbital variations of the different planets and the internal variability of the Earth. The
detailed results of the training and predictions are shown in Figures 4, 5, and Table 1,
further verifying the model's effectiveness and accuracy.
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Figure S1. (A) Hourly variations in Earth's atmospheric water vapor on the 2021 vernal equinox.
(B) and (C) Land and sea distribution of sunlight at UTC 11:00 and UTC 23:00 on the 2021 vernal
equinox. (D) and (E) Spatial distribution of Earth's atmospheric water vapor at UTC 11:00 and UTC
23:00 on the 2021 vernal equinox.
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Figure S2. Hourly variations in Earth's atmospheric water vapor in 2017, with numbers in the legend
representing the corresponding days. (A) Hourly variations in Earth's atmospheric water vapor from
January 1 to January 16, 2017. (B) Hourly variations in Earth's atmospheric water vapor every 8
days throughout 2017. (C) Localized enlarged view of the black region in Figure S2B. (D) Localized
enlarged view of the red region in Figure S2B.
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Figure S3. Daily average variations in Earth's atmospheric water vapor for different seasons from
1959 to 2022. (A) Daily average variations in Earth's atmospheric water vapor on the vernal equinox
for all years. (B) Daily average variations in Earth's atmospheric water vapor on the summer solstice
for all years. (C) Daily average variations in Earth's atmospheric water vapor on the autumnal
equinox for all years. (D) Daily average variations in Earth's atmospheric water vapor on the winter
solstice for all years. (E) Average atmospheric water vapor difference between two adjacent UTC



times on the vernal equinox for all years. (F) Average atmospheric water vapor difference between
two adjacent UTC times on the summer solstice for all years. (G) Average atmospheric water vapor
difference between two adjacent UTC times on the autumnal equinox for all years. (H) Average
atmospheric water vapor difference between two adjacent UTC times on the winter solstice for all

years.
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Figure S4. (A) Daily variations in Earth's atmospheric water vapor during the first sidereal month
cycle of 2017. (B) Daily average variations in Earth's atmospheric water vapor across 13 sidereal
month cycles in 2017. (C) Monthly average variations in Earth's atmospheric water vapor during
the sidereal month cycles from 1979 to 1992. (D) Daily average variations in Earth's atmospheric

water vapor across 856 global sidereal month cycles from 1959 to 2022.
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Figure S5. (A) Schematic diagram of the Moon orbiting Earth on an inclined orbit relative to the
celestial equator. This schematic also depicts that during the Moon's revolution around Earth, the
Moon's declination angle, lunar phase, and the distance between the Moon and Earth undergo
periodic changes. (B) Changes in the daily average atmospheric water vapor of Earth in 1979. (C)
Time variations of the Moon's declination angle, the distance between the Moon and Earth, and the
Length of Day (LOD) over two consecutive days from January 1, 1979, to December 31, 1979. (D)
Time variations of water vapor differences and LOD over two consecutive days from January 1,
1979, to December 31, 1979. (E) Time variations of water vapor differences and the Moon's
declination angle over two consecutive days from January 1, 1979, to December 31, 1979. The
orange and green arrows respectively represent days when the Moon's declination angle( s ) is at its

maximum and zero (i.e., when the Moon is on the celestial equator).
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Figure S6. (A) Daily variations in Earth's atmospheric water vapor during the second sidereal month

cycle in 2017. (B) Daily variations in Earth's atmospheric water vapor during the third sidereal

month cycle in 2017. (C) Fluctuations in the daily average atmospheric water vapor of Earth during
Earth's revolution cycles from 1959 to 2022. (D) Local detailed fluctuations in Earth's atmospheric
water vapor over 50 days within Earth's revolution cycles from 1959 to 2022.
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Figure S7. Variations in Earth's atmospheric water vapor for different years and seasons from 1959
to 2022. (A) Changes in Earth's atmospheric water vapor on the vernal equinox each year. (B)
Changes in Earth's atmospheric water vapor on the summer solstice each year. (C) Changes in
Earth's atmospheric water vapor on the autumnal equinox each year. (D) Changes in Earth's

atmospheric water vapor on the winter solstice each year.
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Figure S8. Reconstruction of the effects of planetary orbital changes on water vapor changes in the
Earth's atmosphere based on FFT analysis methods.
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Figure S9. Reconstruction of the impact of planetary orbital changes on Earth's atmospheric water
vapor variations using the MTM analysis method.



Table S1. Comparison of Planetary Orbital Periods Captured by FFT Analysis Method with

Actual Orbital Periods
TCWYV Period (years) Planetary Orbital Period (years) Specific Meaning of Orbital Period
3.5, 4.1 4 Proposed four-year tidal cycle
8.25. 8.5. 89 8.9-9.4 Solar sunspot cycle
9.15 ~9.1 Long-term lunar cycle
9.85 ~10 Jupiter and Saturn's Ascension-
Solstice Cycle
13.4 9.9-13.035 Solar sunspot cycle
15.05. 18.28 18.61 Moon-Sun node cycle
21.3 19.858. 19.99 Solstice cycle of Jupiter and Saturn
(19.858 years)
Similar solstice period for Mercury
(19.99 years)
32 ~30 Saturn's cycle (29.42years)
Earth's pole shift cycle (29.8 years)
Saturn-like solstice cycle
(30.02 years)
61 ~60 Repetition of Jupiter and Saturn's

joint orbit (~60 years)

Table S2. Comparison of Planetary Orbital Periods Captured by MTM Analysis Method with

Actual Orbital Periods

TCWYV Period (years) Planetary Orbital Period (years)

Specific Meaning of Orbital Period

4. 4.1 4
9.15 ~9.1
13.4 9.9-13.035
18.28 18.61
28.4 29.42

32 ~30
61 ~60

Proposed four-year tidal cycle
Long-term lunar cycle
Solar sunspot cycle
Moon-Sun node cycle
Saturn's cycle (29.42 years)
Earth's polar shift cycle
(29.8 years)

Saturn's similar solstice cycle

(30.02 years)
Repetition of Jupiter and Saturn's
joint orbit (~60 years)
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Figure S10. schematic diagram of LSTM neural network.
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Figure S11. (A) Changes in the loss function of the network's training and testing sets over time.

(B) Relationship between LSTM accuracy and time steps.
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