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How climate and sea level have changed over the long-term past

Climate and sea levels change over timescales from decades to millions of years, in response to a number of forcings of which

anthropogenic climate change is one.

Climate changes on all timescales in response to natural forcings – opening
statement

At a glance 

Climate and sea levels change over timescales from decades to millions of years, in response to solar variations, changes in the

Earth’s orbit around the Sun, volcanic eruptions, movement of the continents and natural variability. 

Since the start of the industrial revolution, humans have been adding greenhouse gases to the atmosphere and this is causing

the Earth-atmosphere-ocean system to warm – an additional cause of climate change.

The e�ects of climate change have been large, particularly over long timescales. Sea levels were between 100 m and 200 m

higher than present about 110 million years ago, and 120 m lower than present about 20 000 years ago. Temperatures were up

to 8 oC higher than present about 40 million years ago and approximately 4 – 6 oC cooler during the Last Glacial Maximum

(LGM) about 20 000 years ago.

It doesn’t take much forcing to have a big e�ect. Only slight variations in the energy from the Sun caused the shift between

glacial and interglacial states during the Quaternary. Once a trend begins, it is magni�ed by positive feedbacks. For example,

once ice begins to melt and expose the soil and rock beneath, the darker colours of the surface absorb more radiation and so

accelerate the warming e�ect. 

Main text
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Climate and sea levels change over timescales ranging from decades, centuries and millennia to millions of years. Over the longer timescales

temperatures have varied by as much as 10oC and sea levels have oscillated by hundreds of metres (Figure 1). These variations tend to be less

as the timescale reduces. Sea levels for example were at least 100 m and maybe over 200 m higher than present about 110 million years ago

and 20 000 years ago they were 120 m lower than present (Williams et al. 1993; Miller et al. 2005). Temperatures were possibly up to 8 oC
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Figure 1: Temperature changes over the past 60 million years. Note the progressive cooling of Earth’s temperature toward the present day. The
PETM is the Palaeocene Eocene Thermal Maximum. Source: Data from Zachos et al. 2001, �gure available at
https://commons.wikimedia.org/wiki/File:65_Myr_Climate_Change.png (accessed 13 July 2016).

What are the forcings? Continental drift, Solar cycles, Milankovitch,
volcanoes, and different timescales of these.

higher than present during the Eocene (about 40 million years ago) (Figure 2) and approximately 4 – 6 oC cooler during the Last Glacial

Maximum (LGM) about 20 000 years ago.

Over the past 100 million years the movement of Earth’s tectonic plates has resulted in the majority of the landmasses converging towards the

north geographic pole, while Antarctica has located over the south geographic pole. This has resulted in the increasing persistence of snow and

ice over larger areas of the Earth for longer periods throughout each year. These plate movements also resulted in changes in the behaviour of

ocean currents and the rise of mountain chains, which a�ected air�ow allowing cold air from the poles to penetrate further equatorward. As a

result climate over the past 60 million years has gradually cooled, by approximately 20 oC in the polar regions (Zachos et al. 2001).

The most dramatic increase in ice cover started approximately 2.7 million years ago at the beginning of the Quaternary period. Since then the

Earth has experienced numerous periods when ice sheets have expanded and contracted. These periods are known as glacials and

interglacials, respectively. It is uncertain exactly why these episodes began but it is most likely associated with the movement of landmasses

toward and over the poles, the construction of mountain ranges such as the Himalayas and also possibly volcanic eruptions whose particulate

matter in the atmosphere helped to partially shield the Sun’s energy. Between 2.7 million years ago and approximately 800 000 years ago

these ice ages occurred every 41 000 years. After this they occurred every 100 000 years.

https://commons.wikimedia.org/wiki/File:65_Myr_Climate_Change.png
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Figure 2: Temperature reconstructions over the past 450 000 years. Note the interglacial peaks are approximately 100 000 years apart and also
the gradual cooling from these peaks toward the glacial maxima and then the sharp rise in temperature to the next interglacial. Source: Robert A.
Rohde. Wikimedia commons (https://en.wikipedia.org/wiki/Ice_age, accessed 14 June 2016).

Figure 3: Diagrammatic
representation of each of the
orbital parameters a�ecting the
timing of glacials and interglacials
throughout the Quaternary. Right
side diagram shows the movement
of the tectonic plates and rise of
mountain ranges over the past 69
million years. Source: Zachos et al.
2001.

Figure 4: Reconstructed temperature anomalies over the past 2000 years. Note the fall in temperatures during the Little Ice Age. This �gure
refers to northern hemisphere temperatures, which are mirrored largely in the southern hemisphere. Source: Robert A. Rohde. Wikimedia
commons (https://en.wikipedia.org/wiki/Medieval_Warm_Period, accessed 14 June 2016).

The occurrence of glacials and interglacials is governed by regular variations in the Earth’s orbit around the Sun (Box 1):

the eccentricity of the orbit, with a periodicity of around 100 000 years

the obliquity or tilt of the Earth’s axis - between 24.5 and 22.1 degrees (periodicity 41 000 years)

the position that the north geographic pole points, resulting in a precession of the equinoxes (periodicity 23 000 years) (Wiliams et al.

1993, Zachos et al. 2001).

These regular orbital oscillations result in variations in the amount of solar energy received by the Earth as shown in Figure 3.

https://en.wikipedia.org/wiki/Ice_age
https://en.wikipedia.org/wiki/Medieval_Warm_Period
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Box 1: Orbital parameters

Orbital parameters a�ect the amount of insolation received by the Earth at various times. Eccentricity (with periods of 400 000 and

100 000 years) has the least e�ect on insolation despite it being the main periodicity for glacials and interglacials (since 800 000 years

ago). A high angle of tilt (41 000 yr cycle) increases the seasonal contrast resulting in colder winters and warmer summers in both

hemispheres and Precession (23 000 yr cycle) increases the seasonal contrast in one hemisphere while decreasing it in the other

(Figure 4).

How do we know? Evidence from natural archives.
Variations in climate can be preserved as a range of distinct signatures in ice cores, lake and ocean bottom and terrestrial sediments, limestone

stalagmites, corals and tree rings to name just a few of the types of natural archives (Box 2):

sediments preserve the remains of small animals and plants and various minerals and chemicals that record water and air temperatures

and rainfall variations

limestone stalagmites likewise can record air temperatures, rainfall amounts and even the passage of tropical cyclones (Figure 5)

corals record sea surface temperatures, ocean water salinity and the freshwater discharges of rivers.

Many of these are ‘proxy’ records, so they don't directly measure climate parameters such as temperature or rainfall. But they are usually

calibrated against the instrumental record and as a consequence are regarded as reliable indicators of changes in climate over time.
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Figure 5: Limestone stalagmite
used for reconstructing rainfall
patterns and tropical cyclone
history over the past 1,500 years in
Western Australia. The alternating
bands forming couplets (~100 µm
thick) are deposited approximately
annually. Photo: © J.F. Nott.

Box 2: Natural archives of climate

Climate records can be derived from natural archives. For example, limestone stalagmites archive the isotopic and geochemical

signals contained in rainwater percolating through the cave roof and soil above the cave (Figure 5). Oxygen-18 and Carbon-13 are two

isotopes commonly used to reconstruct past rainfall patterns - higher amounts of rain usually result in lower levels of Oxygen-18 and
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Carbon-13. Trace elements such as strontium and magnesium are also used to determine the relative moisture contents of the soil

above the cave. Sharp drops in Oxygen-18 can re�ect the passage of a tropical cyclone, as rainfall in these systems is often strongly

depleted in Oxygen-18 compared to the more common Oxygen-16 (see Nott et al. 2007, Haig et al. 2014). These records can register

the passage of individual cyclones and as a consequence changes in the frequency of these events over time can be assessed.

How have climates changed? Range of temperature changes. It doesn’t take
much forcing to have a big effect.

Climate over the past 2000 years

Prior to the Quaternary, climate changes occurred over periods of tens of millions of years. The changes in climate during the Quaternary,

which follow the timing of the orbital cycles, result from only slight variations in the energy from the Sun. During the last glacial, once snow and

ice began to accumulate the albedo e�ect helped to promote further cooling and this assisted in the expansion of ice sheets across Western

Europe and North America. Australia, however, was not covered in substantial quantities of ice as it is too far from the pole and also lacks high

elevation landscapes.

The transition from interglacials to glacials occurs over approximately 80 000 years and follows a sawtooth pattern of climatic oscillations

between warmer and progressively cooler stages. The change from glacials to interglacials is more rapid suggesting that, once the coldest part

of the glacial period ends and warming begins, there are positive feedbacks that accelerate the process.

The cooler temperatures of the glacials resulted in substantial changes in vegetation coverage and types. For example, open woodlands largely

replaced the rainforests of northeast Australia during the last glacial (20 000 years ago) until the beginning of the most recent interglacial (10

000 years ago) (Reeves et al. 2013).

The last 2000 years contains the most detailed (highest resolution) records of Earth’s past climate. Proxy records of the El Niño-Southern

Oscillation (ENSO) and the Interdecadal Paci�c Oscillation (IPO) have been obtained from this time period. These natural climate oscillations

have an important in�uence over Australia’s climate and anthropogenic climate change is likely to alter the nature of these climate states over

future decades. These proxy records have been derived from corals, tree rings and stalagmites. Figure 6 shows a record of the Southern

Oscillation Index, a measure of ENSO, derived from proxy records of rainfall across the Paci�c and Indonesian regions. It highlights periods

when El Niño and La Niña have dominated the climate for various periods of time.
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Figure 6: SOI proxy (SOIpr) as the di�erence between the reconstructed precipitation records from Indonesia, in the western Paci�c and the
Galapagos, in the eastern Paci�c. High precipitation and positive SOIpr are shown in red and low precipitation and negative SOIpr are shown in
blue. Time periods: RWP – Roman Warm Period (AD 50–400), MWP – Medieval Warm Period (AD 1000–1300), DACP – Dark Ages Cold Period (AD
500–900), LIA – Little Ice Age (AD 1400–1850). Source: Yan et al. 2011.

How have sea levels changed?

hide

Figure 7: Global rise in sea level since 8000 years ago. Australian sea levels are thought to have reached their peak between 7 and 8000 years
ago and then fell by about 1 to 3 m, depending on location, due to hydro-isostatic �exure. Note this fall is not shown here because this plot is of
eustatic sea-level rise (volume of water in ocean basins) and doesn't take into account local hydro-isostatic e�ects. Source: Robert A. Rohde.
Wikimedia commons (https://en.wikipedia.org/wiki/File:Holocene_Sea_Level.png).

Box 3: Isostasy and hydro-isostasy

Isostasy is the state of gravitational equilibrium between the Earth’s crust and the mantle below. When a load is placed on the crust it

is depressed and this is compensated by the relative uplift of the crust in surrounding regions. During the glacial periods ice sheets

loaded the Earth’s crust and neighbouring terrain was uplifted. When the ice melted the uplifted land subsided and the depressed

land formerly under the ice rebounded slowly upwards. Hydro-isostasy occurs during sea-level rise when seawater �oods onto the

continental shelves following the melting of the ice sheets (eustatic rise in sea level) and this depresses the sea �oor and the adjacent

land along the new coast rises resulting in a relative fall in sea level. 

The increase in ice storage on the Earth’s surface during glacials resulted in a lowering of sea levels by as much as 120 m during the Last Glacial

Maximum 20 000 years ago (Murray-Wallace and Woodro�e 2014). This occurred because rivers didn’t return moisture evaporated from the

oceans after it was precipitated as snow and rainfall (which became ice) across the landmasses of the northern hemisphere.

The warming climate after 20 000 years ago melted the ice and returned the water to the sea, sometimes as dramatic meltwater pulses after

ice-dammed lakes burst. Sea levels rose by as much as 45 mm per year and on average 10 mm per year between approximately 18 000 years

ago and about 7 to 8000 years ago. The increased weight of the water onto the now submerged continental shelves resulted in a relative

raising of the coast around Australia by as much as 1 to 3 m resulting in a relative sea-level fall (hydro-isostasy – see Box 3) after approximately

7000 years ago (Figure 7). It is still uncertain if this fall was smooth and progressive or was interrupted by stages of relative sea-level stability or

possibly small sea-level rises. This sea-level fall ended approximately 2-3000 years ago (Lewis et al. 2013).
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