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Abstract

The relationship between hydrological cycle and climate change is one of the most
complex and key research topics in the earth science system. Under the back-
ground of global warming, ecological problems such as drought, flood and sea lev-
el rise occur frequently. In the face of rapid climate change, in-depth study of the
geological evolution of the water cycle is of great significance for understanding
the driving mechanism of climate change and predicting future climate trends.
Based on this, this paper systematically discusses the influencing factors of water
cycle and its interaction with climate change from a multi-faceted perspective.
Temperature, vegetation growth and monsoon system have significant effects on
water cycle at different scales. In order to quantitatively characterize the water
cycle rate and its response to climate change, this paper summarizes a variety of
climate-sensitive sediments and geochemical indicators that can record changes
in the ancient water cycle. In addition, this paper also reviews two typical extreme
climate events in the Earth 's history, the Paleocene-Eocene extreme heat event
and the Late Paleozoic ice age, in order to explore the differences of water cycle
under different climate backgrounds. Through the comparative analysis of the two
events, this paper reveals that the water cycle response has spatial and temporal
differences, and it is necessary to start a comprehensive exploration from multiple
perspectives.
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1. Introduction

On the surface of the earth, water is the only molecule that can coexist in solid, lig-
uid and gaseous states under natural conditions. The water cycle is mainly driven by
solar radiation and earth stress [1], which promotes the evaporation of ocean water
and surface water, and plants release water in gaseous form into the atmosphere
through transpiration. Water vapor condenses under the action of atmospheric cir-
culation and eventually returns to land and ocean in the form of rainfall and hail. At
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the same time, the water cycle between land and sea inputs precipitation into the
ocean through surface runoff and underground reflux, forming the whole cycle of
water on the earth ( Fig.1).
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Figl:Water cycle diagram (Storage data from Reference[2] )

The sixth assessment report of IPCC pointed out that the global temperature will
rise by more than 1.5 °C in the future[3], and the sea level is expected to rise by 0.3
~ 1.0 m by 2100[4], and the precipitation pattern will also change. In the past half
century, the global water cycle has responded significantly to climate warming,
manifested as an increase in atmospheric water content [5], and an increase in the
frequency of rainstorm and drought events[6,7]. The evolution of water cycle has
become an urgent issue to cope with climate change. The modern earth system
model takes the water cycle process and data as the core. The research shows that
the changes of rainfall, evapotranspiration and surface runoff in China and the world
's major basins have shown spatial and temporal differences since 1979[8], and the
water cycle is closely related to vegetation change[9] and human water use[10].For
example, agricultural irrigation has aggravated the surface runoff and evapotran-
spiration rate[11]. However, due to insufficient understanding of the mechanism of
the climate system, limited model resolution, and incomplete spatial and temporal
coverage of data, the exact magnitude and spatial and temporal characteristics of
the global water cycle response are still unclear. Therefore, the study of climate
events and their ecological and environmental effects in geological history is of great
significance for understanding the current global climate change.

The climate state in the geological history period is dynamically changing, often ac-
companied by a series of extreme climate events. Scholars at home and abroad have
conducted extensive research on the geological evolution of the water cycle, such as
the glacial sea-level changes in the Late Paleozoic Great Ice Age ( 360 ~ 260 Ma ) [12]

and the extremely hot events at the turn of the Permian-Triassic [13]. During the en-
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tire water cycle, increased precipitation promotes terrestrial plant growth and or-
ganic carbon fixation, while enhancing continental silicate weathering. Terrestrial
debris carries a large amount of nutrients into the ocean through surface runoff and
other methods, which increases marine primary productivity and aggravates marine
hypoxia and increases organic carbon burial. Therefore, the water cycle also affects
the carbon cycle[14]. Changes in the amount of organic carbon burial regulate at-
mospheric PCO2 concentration, which in turn affects the global climate. Based on
this, this paper introduces the controlling factors of water cycle and the cli-
mate-sensitive sediments and geochemical indexes indicating the rate of water cycle.
By comparing the two extreme climates of the Paleocene-Eocene thermal event and
the late Paleozoic ice age, the differences of water cycle in different climatic envi-
ronments are discussed, which provides a scientific basis for predicting the future
climate change trend.
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Fig2:Frame diagram of the relationship between plant, hydrological cycle and carbon
cycle evolution ( modified from [15])

2 .Control factors of water cycle

2.1. Vegetation

The origin and prosperity of Paleozoic terrestrial plants have significantly changed
the hydrological cycle. On the one hand, plants increase rainfall through transpira-
tion, which promotes silicate weathering and organic carbon burial ; on the other
hand, the release of humic acid from plant roots accelerates chemical weathering
and inputs nutrients into the ocean through runoff, which promotes the increase of
marine primary productivity, marine hypoxia and organic carbon burial [16]. The
intensity of hydrological cycle is closely related to the structure of plants and the
coverage area of vegetation. The deepening of vegetation roots enhances the ab-
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sorption of soil and groundwater, promotes transpiration, and promotes the expan-
sion of plants from humid lowlands to arid highlands, thereby strengthening the
terrestrial hydrological cycle and increasing precipitation and runoff [17]. The in-
crease of stomatal size and density also increases transpiration rate and affects hy-
drological cycle, while leaf size mainly reflects precipitation [18]. In addition, the
vegetation coverage area also effectively coordinates the water cycle, especially
dense forests. The root system of forest vegetation is deep and extends widely,
which enhances soil permeability and is conducive to the supplement of precipita-
tion to deep soil and groundwater. Canopy and litter layer can intercept and store
part of the precipitation, reduce surface runoff and soil erosion [19]. Climate models
show that small-scale deforestation may increase regional precipitation, but
large-scale tropical deforestation can lead to soil erosion and bedrock exposure, re-
ducing surface water storage capacity, leading to drought [20], and changing river
flows and river patterns [21].

2.2. Temperature

The relationship between hydrological cycle and temperature is very complex. It is
generally believed that the increase of temperature will aggravate the hydrological
cycle. High temperature increases the capacity of atmospheric water vapor[22], re-
sulting in a rapid increase in tropospheric water vapor. However, due to the limita-
tion of radiation flux changes, the growth rate of global precipitation is lower than
that of water vapor, thus slowing down the atmospheric circulation. According to
the Clapeyron-Clausius ( c-c ) expression, in theory, the saturated water vapor
pressure increases with the increase of temperature, and global warming increases
the atmospheric water vapor content[8], which in turn affects the global water cycle.
The climate model shows that the change of atmospheric water vapor content basi-
cally follows the c-c equation with the increase of temperature : for every 1 °C in-
crease in temperature, the water vapor content increases by about 7 % [23]. How-
ever, the precipitation model is complex and strongly dependent on geographical
location and climatic zones. The response of the water cycle to climate is not global-
ly uniform, and the wet zone precipitation variability is more significant[24].

2.3. Astronomical orbit

In the geological history period, the Earth 's orbital periodic signals (precession,
slope, eccentricity ) provide a key basis for explaining orbital-scale climate change.
The study of water cycle on the orbital scale has become an important window to
understand the global water cycle. Affected by the three elements of the orbit, there
are differences in the changes of sea ice and precipitation in the northern and
southern hemispheres of the Earth on the orbital scale : the sea ice in the northern
hemisphere is controlled by the precession, the sea ice in the southern hemisphere
is controlled by the slope, and the summer precipitation in northern China is mainly

controlled by solar radiation and precession signals[25]. Similarly, there is the
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summer monsoon precipitation in the Sea of Japan[26]. Based on the general circu-
lation model, Lawrence found that the response of the Eocene terrestrial climate to
the precession was characterized by changes in precipitation or net evaporation,
and the precipitation difference between the minimum and maximum precession
was less than 10 %[27]. During the PETM period, due to the maximum amount of
summer sunshine in the north, the eccentricity orbit suppresses extreme precipita-
tion events in the eastern Atlantic and amplifies extreme precipitation events in the
western Atlantic[28]. In addition, the enhanced orbital forcing makes the North
American interior drier and the Asian interior wetter [29], and the paleosol cycle of
the willwood Formation in the Bighorn Basin of the United States is related to the
21ky precession cycle [30].

2.4. Monsoon

Monsoon climate change is driven by external and internal forces, mainly character-
ized by changes in circulation and precipitation. Monsoon anomalies may trigger
extreme weather events such as droughts and floods[31]. The global monsoon in-
cludes the global tropical and subtropical monsoons on the surface, and the global
tropospheric and stratospheric monsoons in the vertical direction[32]. The Late
Cretaceous-Paleogene South China was controlled by the westerly circulation sys-
tem, and the water vapor input mainly came from the Tethys Ocean on the west side
of the continent, which led to the regional drought away from the water vapor
source in Huichang and Jitai Basins in Jiangxi Province, and the first deposition of
anhydrite deposits[33], while the Lanping-Simao Basin deposited thick potassium
salt deposits due to the subtropical high-pressure downdraft. After the Late Creta-
ceous, the northward movement of the Indian plate and the African plate, and the
uplift of the Qinghai-Tibet Plateau caused by the collision of the Indo-European plate
in the Late Paleocene, weakened the water vapor transport from the westerly circu-
lation to South China, resulting in the expansion of the distribution range of the
evaporite. With the uplift of the Tibetan Plateau to a certain height in the late Oligo-
cene, the East Asian monsoon circulation system gradually formed, and the precipi-

tation in South China and North China increased significantly.
3. Restoration of deep paleoclimatic indicators
3.1. Climate sensitive sediments

3.1.1. Coal

Coal is in a humid climate environment, a large number of terrestrial woody plants
flourished and gathered into peat, and finally formed after metamorphism, so it can
be used as a qualitative index of humid environment in deep climate research. The
formation of peat by plants is related to biochemical processes, which require a sta-
ble water environment to prevent the accumulation of organic matter from drying
and oxidation. Therefore, almost all peat is accumulated in a humid basin environ-

ment characterized by high groundwater levels, and precipitation is usually > 100
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cm yr-1, and precipitation exceeds evapotranspiration at least 10 months in a year
[34]. Peat can be formed anywhere and at any time that meets these conditions. The
results of geological records and climate simulation show that before 250 Ma, the
median temperature of coal formation was 25 °C and the precipitation was 1300
mm yr-1. After 250 Ma, there were coal records with temperature between 0-21 °C
and precipitation of 900 mm yr-1.The main distribution latitude of coal also shifted
from warm and humid equatorial and low latitudes to rainy areas in the middle and
high latitudes, with latitudes ranging from 23 ° to 58 °[35].

3.1.2. Evaporite

Evaporite is a kind of salt-bearing rock that is chemically precipitated from brine by
evaporation. It can be divided into carbonate type, sulfate type, chloride type and
mixed evaporite type according to lithofacies. Its sedimentary environment can be
subdivided into Sabkha, supratidal zone, intertidal zone-subtidal zone and
semi-deep sea-deep sea environment according to marine and continental facies, as
well as intracontinental Sabkha, lakeshore, shallow lake and semi-deep lake-deep
lake [36]. Evaporite is produced under the specific climatic conditions of high annu-
al average temperature and low precipitation. Generally, the annual average precip-
itation is less than 1400 mm, and the months with precipitation greater than 1400
mm do not exceed 3 months, and the annual average temperature exceeds 15 °C[37].
The geological records of all Phanerozoic evaporites indicate that they almost al-
ways appear in the subtropical arid zones of the two hemispheres, and are now
mainly formed in a narrow ( 25-40 °) latitude zone [38].

Some scholars also believe that evaporite is not only the product of strong evapora-
tion under dry climate conditions, but also can be caused by the supersaturation of
brine in deep water environment[39]. The Late Miocene saline lakes in Spain were
frequently subjected to Mediterranean transgression, and the evaporite sequence is
dominated by thick gypsum, glauberite and halite[40]. At present, as the only ma-
rine solid potash producing area in China, the low S isotope of the lower Carbonif-
erous evaporite in the Simao Basin shows that in addition to volcanic hydrothermal
recharge, the transgression during the Middle Tethys is also an important recharge
form [41]. In addition, some scholars believe that evaporites may be affected by ge-
othermal action, especially ancient thick evaporites. Many ancient evaporite for-
mations often appear on a large scale in a certain area, with a large area and thick-
ness, and a short time span. The classical view of evaporation caused by solar ener-
gy cannot explain this phenomenon. For example, the currently discovered Medi-
terranean-Red Sea, Mexico-South Atlantic and other deep-sea mega-thick evaporites

are even more challenging to the sun [42].

3.1.3. Bauxite

Bauxite is a chemical residue produced by strong onshore weathering under hot and

humid climate conditions. It is composed of alumina or hydroxide and contains a
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small amount of hydroxyl iron oxide and clay minerals [43].Therefore, bauxite is
usually regarded as a climate-sensitive sediment indicating hot and humid climate
conditions [44]. For example, after the Middle Devonian, vegetation flourished, and
plants strengthened the water cycle and deposited high-abundance bauxite abun-
dance, indicating a warmer and wetter global climate[45]. The formation of bauxite
requires the combined action of climate, structure, hydrology, geography and geo-
morphology, vegetation coverage and atmospheric composition. According to its
formation characteristics, it can be divided into laterite type, sedimentary type and
karst type[46]. The process of laterization is most active in tropical regions with an
annual average temperature of not less than 20 ° C and a humidity of more than
1200 mm yr-1. Sedimentary bauxite deposits are mainly formed by the mechanical
erosion of surface water flow and debris accumulation on plateau slopes and foot-
hills, which characterizes the hydrodynamic degree of solution filtration rate. Due to
the accumulation space and good drainage system provided by karst dissolution,
karst terrain is a favorable environment for bauxite accumulation. Many modern
bauxite strata, such as western Guangxi, southern China and northern Vietnam, are
formed on karst terrain [47]. The size of bauxite deposits depends on temperature
and humidity conditions. Generally speaking, large bauxite deposits are mainly con-
centrated in coastal areas, and their humidity is usually higher than that in the
mainland. Combined with the existing climate model, distribution and atmospheric
circulation model results of bauxite formation, scholars believe that the climatic
conditions of annual average temperature > 22 ° C, annual average precipitation >
1200 mm, precipitation 23 ° C, and precipitation greater than evaporation for at
least 6 months per year are more conducive to the formation of bauxite [48]. It is
generally formed in a terrestrial environment or a sea-land transition environment
[45].

3.1.4. Red layer

The red layer is a kind of continental clastic rock sedimentary strata with red as the
main color, which is formed by the weathering and denudation of the original bed-
rock under certain temperature and heat conditions and the sedimentary consolida-
tion and diagenesis in the ancient basin or lake basin. According to the different
formation environment, it can be divided into oceanic red layer and continental red
layer. The rock types of oceanic red beds mainly include limestone, marl, calcareous
shale, mudstone, shale and siliceous rocks. The sedimentary environment is domi-
nated by continental slopes and deep-water basins, while the lithology of continen-
tal red beds is more complex, covering conglomerate to mudstone. Rocks of various
sizes, and may be sandwiched with freshwater limestone, gypsum and rock salt lay-
ers[49]. Red beds are widely distributed in China, first appeared in the Carbonifer-
ous, widely distributed in the Tertiary. Because the red layer is often mixed with
gypsum layer, and the red color of the red layer mainly comes from the oxidation of
iron ions in minerals, most scholars believe that the continental red layer indicates
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the arid and hot climate environment[49]. However, at the same time, the formation
of the red layer must have the relative enrichment of trivalent iron, and this process
requires sufficient leaching and has a strong seasonality [39,50].Therefore, the
paleoenvironment formed by the red layer is not completely dry and hot, and may

also be formed in a semi-arid and semi-humid climate.

3.1.5. Clay minerals

For clay minerals, illite is usually produced by aluminosilicate minerals such as
feldspar and mica under the condition of weathering and de-K +.Illite is mostly
formed in arid and cold weak leaching and weak alkaline environment, which gen-
erally reflects the dry climate[51]. For example, under the hot and humid climate
conditions, the development of wetland vegetation makes the surface water acidic,
and the aluminosilicate minerals in the parent rock will be further decomposed into
kaolinite by strong leaching[52,53]. Although the warm and humid climate is con-
ducive to the formation of kaolinite, the climate information of kaolinite can be pre-
served only when the climate turns dry. Therefore, only the detrital kaolinite formed
and preserved by in-situ weathering reflects the hot and humid climate. Chlorite is
mainly derived from low-grade metamorphic rocks and ferruginous rocks. It is
formed in an alkaline environment where chemical weathering is inhibited and
weak leaching. The increase in its content generally means that the climate gradual-
ly becomes arid [54].

However, only those clay minerals that have not undergone post-diagenetic changes
can truly reflect the weathering and climatic conditions in the source area and the
basin. Due to the influence of high temperature and high rainfall, the strong hydrol-
ysis of minerals leads to poor crystallinity. On the contrary, the crystallization of
minerals is preserved under low temperature and dry climate conditions[55].
Therefore, we can also use the degree of crystallization of minerals to judge the cli-
mate of the source area. For example, the illite crystallinity index is 1 nm half-peak
width. The low value indicates that the illite crystallinity is high, reflecting the dry
and cold climate, and the high value indicates that the crystallinity is poor, reflecting

the warm and humid climate.
3.2. Geochemical index

3.2.1.Sr /Ba

The exchange of fresh water between the atmosphere and the ocean is coordinated
with the mixing of the ocean circulation, which enhances the sensitivity of salinity to
the evaporation-precipitation balance[56]. Precipitation and runoff input fresh wa-
ter to the ocean, diluting surface salinity, while evaporation increases salinity. The
Sr / Ba ratio can not only effectively indicate paleosalinity[57], but also reflect the
water cycle of sedimentary environment [58]. Sr is more mobile and soluble than Ba,
and is easy to migrate to the marine environment with precipitation and groundwa-

ter. With the continuous enhancement of seawater evaporation and the increase of
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salinity, Sr2 + can replace K + and Ca2 + in the rock lattice, while Ba2 + can combine
with sulfate ions to form barium sulfate precipitation under the neutralization of
limestone, resulting in Sr element is more enriched than Ba element. Therefore, the
Sr / Ba ratio can also indicate precipitation and water cycle intensity. The lower the
ratio, the stronger the leaching effect, the increase of precipitation and the en-

hancement of water cycle[59].

3.2.2. Oxygen isotopes

The oxygen isotope value as a marine thermometer can sensitively reflect the water
cycle processes such as evaporation, condensation, and precipitation, so oxygen
isotope is considered to be an effective means to study the hydrological cycle pro-
cess. The 6180 value of the seawater is controlled by hydrological conditions such
as evaporation intensity, freshwater injection and high-latitude glaciers. Due to the
high saturated water vapor pressure of heavy isotope water molecules, under the
same temperature conditions, light isotope water molecules are more likely to break
free from molecular gravity and enter the air than isotope water molecules, so that
the remaining water body enriches heavy isotopes and evaporates water vapor to
enrich light isotopes, that is, isotope fractionation effect. Therefore, evaporation will
preferentially take away 160 in seawater, resulting in 180 enrichment in seawater.
The injection of a large amount of external water will reduce the §180 value in sea-
water. At the same time, due to the transfer of water vapor from low latitudes to
high latitudes, the condensed rainfall process selectively deposits 180-enriched
water vapor, resulting in a significant loss of §180 values in high-latitude river wa-
ter and glaciers[60]. Because most of the fresh water stored in glaciers is derived
from rainfall at high latitudes and high altitudes where 180 is extremely depleted,
large-scale glacier development will increase the 6180 value of seawater, and glaci-
er ablation will cause the §180 value of seawater to decrease[61]. In general, high
evaporation intensity results in relatively high salinity and oxygen isotope values in
surface seawater in arid areas, while near river estuaries or high-latitude oceans, sa-
linity and oxygen isotope values are relatively low due to large amounts of freshwa-
ter input[60].

3.3. Biomarkers

3.3.1. Lipid compounds

Sedimentary lipid compounds are widely used to reconstruct paleohydrological cli-
mate changes, such as long-chain n-alkanes of higher plants and microbial hopanes,
short-chain iso-fatty alcohols and tetraether membrane lipids ( GDGTs ) [62-64]. As
the main component of plant leaf wax, long-chain n-alkanes can be preserved in ge-
ological bodies for a long time due to their special structure and are not easily de-
graded by microorganisms. The study confirmed that the average carbon chain
length ( ACL ) of n-alkanes is inversely proportional to latitude. In low latitude areas,

the temperature is high and the evaporation is strong. Plants synthesize longer car-
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bon chain compounds to reduce water loss. At high latitudes, shorter carbon chain
compounds are synthesized. The carbon-containing advantage index ( CPI ) reflects
the climate state in peat deposition. The high CPI value indicates cold and dry cli-
mate, and the low CPI value indicates warm and humid climate. Sun et al.used the
ratio of aquatic plant communities to total plant communities ( PAQ ), ACL, CPI and
other parameters to reconstruct the paleohydrological changes in the middle and
late Holocene of the Loess Plateau, and found that the climate in this area was humid
in the middle Holocene, which was contrary to the record in central China[65]. In
addition, the carbon isotope ( 613C ) of leaf wax n-alkanes can also characterize the
hydrological climate. Liu et al.found that the §13C of C3 plants was significantly
negatively correlated with the annual mean precipitation ( MAP ), while the §13C of
C4 plants was not significantly correlated with MAP[66].Therefore, the §13C of C3
plants is more suitable for the reconstruction of ancient precipitation, while C4 is
suitable for the reconstruction of ancient temperature.

3.3.2. Pollen

Because of its long-term preservation in the ground and strong stability,
spore-pollen can reflect the type of plant mother, and then indicate the climate and
environmental information of the basin. Scholars divided the sporopollen vegetation
types into coniferous trees, evergreen broad-leaved trees, deciduous broad-leaved
trees, shrubs and herbs, and divided the sporopollen climate types into tropical,
subtropical, temperate and temperate tropical-subtropical, tropical-temperate
plants. According to the dry and wet degree of pollen, it is divided into xerophytic,
mesophytic, hygrophytic, aquatic and marshy[67,68]. Sporopollen assemblage and
proportion analysis showed that coniferous plants such as spruce and fir indicated
cold and dry environment. The increase in the number of Artemisia, Compositae,
and Chenopodium pollen in herbaceous plants represents a dry and dry climate,
while Gramineae herbaceous plants reflect humid conditions [69] ; the increase of
ferns usually indicates humid climate or sea level rise [70]. For example, the climate
change reflected by the Quaternary sporopollen assemblage in Hengsha Island,
Shanghai is consistent with the global climate change trend. The climate is dry and
cool during the glacial period, and the climate becomes warm and wet during the
interglacial period [69]. A large number of Artemisia and Chenopodium pollens
found in the Hulun Lake area during the Holocene represent the arid and less rainy
climate ; less grasses indicate an increase in short-term precipitation [71]. The Late
Pleistocene sporopollen records in the Qingshuihe Basin, Ningxia, China, show that
the vegetation changed from dry grassland represented by Artemisia to desert
grassland, and the climate changed from cool and humid to cold and dry, reflecting
the enhancement of the winter monsoon|[72].

4. Evolution of water cycle in geological period

4.1. Paleocene-Eocene thermal events
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The Paleocene-Eocene Polar Thermal Event ( PETM, ~ 56 Ma ) is a sudden extreme
warming event in the Cenozoic, with a total duration of about 200 kyr[73], accom-
panied by negative carbon isotope shift ( CIE ) [74], ocean acidification [75] and ac-
celerated deposition rate[76]. The data simulation shows that the increase of CO2
level during PETM leads to the overall increase of global precipitation, and the pre-
cipitation in tropical and high latitudes increases significantly, while the precipita-
tion in subtropical regions decreases, and the precipitation intensity in the Northern
Hemisphere has seasonal variation[28]. The increase in freshwater runoff promotes
nutrient input and increases primary productivity, which may be related to the
abundance of Apectodinium[76]. Authigenic carbonate geochemical indicators mo-
lar Mg / Ca and Sr / Ca ratios indicate an overall increase in precipitation through-
out the PETM, consistent with the disappearance of dolomite and the presence of
kaolinite in the strata[77]. In terrestrial systems, changes in the morphology of river
systems also respond to increases in rainfall and sediment deposition[78]. Osmium
isotopes and hydrogen isotopes of plant leaf wax further confirm that the hydrolog-
ical cycle is accelerated [79,80]. However, the humid climate during the PETM peri-
od is not universal, and some regions have experienced severe droughts. Paleosol
and carbonate nodule analysis in the Bighorn Basin, Wyoming, USA shows that the
region experienced a transition from dry to humid climate patterns, which may be
related to the precession cycle[81]. In East Africa, although biomarker concentra-
tions increased in the early stages of PETM, plant leaf wax n-alkanes ( C27, C29 and
C31 ) were deuterium-rich, indicating a hot and arid climate[82]. Mineralogical
studies in northern Spain have shown that the climate transitioned from arid to
semi-arid, accompanied by extensive evaporite deposition[83].

At present, the trigger mechanism of PETM event is not clear. Most scholars believe
that the occurrence of PETM event is due to the rapid release of huge amount of
light carbon into the ocean and atmosphere. The acidification of seawater caused by
light carbon leads to the dissolution of CaCO3 in the deep sea environment, resulting
in the reduction of organic carbon burial [84]. Another view is that PRTM is related
to orbital forcing. Astronomical calculations show that the PETM burst began near
the maximum eccentricity [85]. Orbital forcing destroys the unstable carbon sources
of land and ocean through the feedback mechanism of ocean and atmospheric cir-
culation, triggering the PETM event [28].

4.2. Late Paleozoic glacial period

The Late Paleozoic Ice Age ( LPIA ) began in the Late Devonian, and reached its peak
from the late Carboniferous to the early Permian after a significant expansion. It is
the longest glacial event since the Phanerozoic[12]. The glacial period has experi-
enced many short glacial and warm period alternations, namely the so-called gla-
cial-interglacial period[86]. When the amount of global glaciers changes, the sea
level also changes. During the glacial period, the climate temperature was low, a
large amount of H20 existed in the form of glaciers, and the global sea level de-
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creased. During the interglacial period, the warming climate led to the melting of
glaciers and the rise of sea level [87]. These changes cause fluctuations in the global
climate and are recorded by indirect substitutes of marine and continental sedi-
ments in the mid-low latitudes, such as extensive cyclostratigraphy, biota turno-
ver[88,89], positive carbon isotope shift [90], and positive conodont §180 shift [91].
Due to the different development degrees of the late Paleozoic glacial period, glacial
diagenesis is widely distributed in the middle and high latitudes of the Southern
Hemisphere.As the range of glaciers expands from the late Carboniferous to the
early Permian, glacial diagenesis began to form in Australia in the middle and low
latitudes. The stratigraphic and sedimentary data show that the late Paleozoic gla-

cial period experienced at least eight discrete glacial periods[92].
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Late Paleozoic glacial deposits from[93] ; the paleo-carbon dioxide and geochemical
proxies were modified from[94] ; the sea level change is cited from [95] ; the sedi-
mentary mineralization events in China are cited from [96].

During the LPIA, although the global average annual rainfall is relatively stable, the
spatial and temporal distribution is extremely uneven. The study of paleosol, evapo-
rite, flora and sedimentology in the western Tethys and central European continent
reveals the seasonal climate of semi-humid-semi-arid-arid from the late Visean
glaciers to the Shepkhovian, and then to the early Permian glacier retreat [97].In the
low latitudes, the water cycle is affected by the tropical convergence zone. The ex-
pansion and decay of the high-latitude Gondwana ice sheet significantly affect the
low-latitude hydrological cycle and climate by affecting the migration of the tropical
convergence zone ( ITCZ ) of the atmospheric circulation. The expansion of the
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Gondwana continental ice sheet caused the ITCZ to shrink to the vicinity of the
equator, resulting in the formation of a humid climate zone in the Pangu continent
and an increase in annual rainfall. In the interglacial period, the decrease of ice
volume leads to the decrease of polar high pressure, the expansion of ITCZ zone and
the decrease of annual rainfall in the tropics [98]. From the late Carboniferous to the
early Permian, the low-latitude North China plate showed a relatively cool and hu-
mid and warm and humid climate model in the glacial and non-glacial periods, re-
spectively. The presence of kaolinite is consistent with the glacial and non-glacial
succession in the high-latitude Gondwana region [99] . The sudden increase in the
inflow of siliceous debris in the relatively stable carbonate-siliceous clastic rock se-
quence in the southeastern part of the South China block in the paleotropics is con-
sidered to be caused by the enhancement of precipitation events related to the pe-
riodic occurrence of glacier-interglacial periods [100], reflecting the enhancement of
the water cycle in the paleotropics. The extensive deposition of bauxite also means
that the eastern part of the Tethys is a climate model with high annual humidity and

seasonal dryness[101].

5.Conclusions

Global climate change is expected to further aggravate the water cycle, resulting in
accelerated evaporation and increased precipitation, and water cycle sensitivity will
become a key issue for decades. In this paper, the effects of temperature, vegetation,
astronomical orbit and monsoon on the water cycle are reviewed. Combined with
climate-sensitive sediments, geochemical parameters and biomarkers, the response
of the late Paleozoic glacial and Paleocene-Eocene extreme heat events to the water
cycle is discussed. Studies have shown that climate warming usually aggravates the
water cycle, while climate cooling weakens the water cycle. However, the spatial
distribution of hydrological climate change is uneven, and the variability at regional,
continental and global scales is difficult to quantify. Therefore, further research is

needed to provide new insights into current and future hydrological climate change.
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