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Abstract

Causes of the Little Ice Age (LIA) have remained a subject of intensive research due to its
significance. The causes of the LIA have been largely speculative; however, recent studies
suggest that plant and vegetation growth may provide a plausible explanation. The LIA period
coincided with an ecological encounter, as humans from the Old and New Worlds exchanged
goods and diseases. A significant portion of the global population was decimated, leading to the
abandonment of farmlands, which nature subsequently reclaimed. This shift in vegetation
dynamics and interaction with their environment is analyzed. One example is the thermodynamic
cycle of aquatic photosynthesis, which requires a flow of seawater as a medium for heat transfer.
The flow interacts with ocean currents that connect the deep ocean to surface waters. As plants
and vegetation grow, cold deep-ocean water is brought to the surface, leading to a decrease in
surface temperature. This cooling effect is time-dependent: the longer the vegetation grows, the
cooler the surface becomes. Even small amounts of vegetation growth over extended periods
could trigger glaciations. Such ice ages can be devastating for global ecosystems, and their future
occurrence remains a possibility. Therefore, climate management should be a priority for human
society.

Keywords: Little Ice Age; Photosynthesis; Carnot Cycle; Air Psychrometry; Thermohaline
Circulation; Theoretical Model
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1. Introduction

The Little Ice Age (LIA) is characterized by a relevant cooling of the Earth's surface temperature
that occurred before 1850, prior to the instrument records. The LIA, therefore, offers a historical
precedent for future climates that may be characterized by low or zero carbon production. The
climate of the LIA has been reconstructed from various proxy records, including tree rings, ice
cores, deep ocean and lake sediments, historical accounts, and archaeological data. A summary
of these sources relative to the cooling event is presented by [1]. During the period from 1530 to
1850, temperatures decreased by approximately -0.6°C to -1°C. The LIA assumed global
dimensions [2]. The cooling was nearly as significant as the current warming trend, but unlike
today’s warming, the reduction in atmospheric carbon dioxide during the LIA was only -4.6 parts
per million by volume (ppmv) (Fig. 1), a small fraction of the more than 100 ppmv increase
observed today. Despite this modest decrease, advancing glaciers destroyed communities,
devastated crops, and submerged cities under snow and ice. Rivers that are now free-flowing
year-round were covered by thick ice in winter. Famine, disease, and social unrest during this
time are often attributed to this cooling period. The decade 1691-1700 was one of the coldest in
Switzerland over the past five centuries.

The causes of the LIA remain unclear and have been the subject of ongoing research.
Proposed causes include volcanic activity and aerosol emissions, changes in solar output and
sunspot activity, and changes in ocean currents, such as the North Atlantic Oscillation [3].
Another publication [4] presented an intriguing and relevant explanation, suggesting that the
drivers of the LIA were similar to those of past glaciations—specifically, the exchange of cold
deep-ocean water with surface waters. Koch et al. [5] concluded that the LIA was primarily the
result of an increase in plant and vegetation growth following a population reduction and
changes in land use. The cooling period coincided with the discovery of the Americas, which
sparked trade between the Old and New Worlds. This exchange included not only goods and
livestock but also pathogens and diseases, which decimated nearly 54.5 million people in the
Americas alone. As a result, cultivated fields and plantations were abandoned, and vegetation
naturally reclaimed the land. Additional ecological shift during LIA is discussed by [6], noting
the introduction of horses to the New World and the impact on Native American societies.
Natives learned horse breeding, cavalry skills, and used horses to reach distant hunting grounds,
leading to a shift from settled agricultural communities to more nomadic lifestyles. This may
have contributed to the abandonment of settlements and farmlands, allowing nature to reclaim
the land.

The published paper [5] investigated historical, archaeological, population statistics, and
field data from the Americas during the LIA and concluded that factors like volcanic aerosols,
solar output, or ocean currents were not significant contributors. Instead, they found that the
depopulation of the Americas and the subsequent re-growth of plants and vegetation led to a
decrease in atmospheric carbon dioxide, which is reflected in the geological record of the LIA
(Fig. 1). The authors estimated a reduction of 7-10 ppmv in atmospheric carbon dioxide, which,
according to their climate models, contributed to a decrease in surface temperature by
approximately -0.15°C. This calculated temperature reduction seems small in comparison to the
severity of the event.

This study suggests that even small increases in plant and vegetation inventory, sufficient
to reduce carbon dioxide by -4.6 ppmv, can lead to cooling events like the LIA. This occurs
because photosynthesis, as a living thermodynamic cycle, inherently drives the growth of plants
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when conditions are favorable and no obstacles are present [7]. Depopulation removed human
obstacles to plant growth, allowing vegetation to expand and cover abandoned farmlands in the
Americas. Vegetation growth is a thermodynamic process that interacts with Earth's global
ecology. Photosynthesis, like other thermodynamic processes, requires a medium for heat
transfer. For aquatic photosynthesis, this medium is seawater. As vegetation grew, seawater was
drawn down from the surface, where photosynthesis occurs, and deep-ocean cold water was
brought to the surface, cooling the surface temperature—a process first proposed by [4].

This work demonstrates that the exchange of cold deep-ocean water with surface waters
can explain the LIA and past shifts in climate. Such exchanges could potentially occur in both
current and future climates. This study is part of a broader research effort to define the
thermodynamic interactions between living matter and global ecology. Several related papers
have been published and are briefly summarized in this manuscript, which includes theory, data,
sample calculations, error analysis, and discussions of the findings. Due to the interdisciplinary
nature of the subject, a section titled "Symbols and Abbreviations" has been provided to explain
the meaning of the symbols used throughout the work.

2. Background information

Plants and vegetation multiply through photosynthesis, a chemical process limited by the
scarcest available resource, as described by Liebig’s Law (the Law of the Minimum). The
resources include, but are not limited to, sunlight, water, carbon dioxide, nutrients, weeds, pests,
and human care. Recently, an additional climatic limiting factor for photosynthesis has been
identified by [8]: the difference between the air dry bulb temperature (Tqv) and the air wet bulb
temperature (Twp), which arises from thermodynamic analysis of photosynthesis as a Carnot
thermodynamic cycle. If Tan=Tw», plants cannot grow, regardless of the abundance of other
resources.

A basic explanation for this is that, like other processes, photosynthesis requires the
rejection of excess heat, typically through plant transpiration. If this heat rejection is blocked,
photosynthesis will not occur. When Taw=Tws, air relative humidity reaches saturation (100%),
and plant transpiration is inhibited, preventing photosynthesis from proceeding. Therefore, the
interaction between vegetation, climate, and Earth’s ecology can be determined with reasonable
accuracy: Climate, in this context, involves air dry bulb temperature, air wet bulb temperature,
air humidity, surface water evaporation, and heat exchange. The physics that unifies these
processes—air psychrometry—is an established field of knowledge. Additionally, the growth
and decay of plants and vegetation can be monitored by measuring the variation in atmospheric
carbon dioxide concentrations, which can be done with great accuracy [9].

Therefore, plants and vegetation require a heat reservoir, a cold reservoir, and a medium
for heat transfer, typical for thermodynamic processes. Air serves as the medium of heat transfer
for terrestrial photosynthesis, while seawater serves as the medium for aquatic photosynthesis.
Areas covered by trees and vegetation experience slow, dense, and cool air produced by
terrestrial photosynthesis. For dense forests, such as rainforests, the flow of air may be large
enough to create a local climate [10]. Likewise, aquatic photosynthesis relies on seawater as the
medium for heat transfer. During vegetation growth, seawater flows downward from the warm
surface, where green matter and sunlight coexist, to the deep ocean. The displaced cold deep-
ocean water reaches sea surface, causing a decrease in surface temperature. In contrast,
deforestation and decay of plants and vegetation prevent deep-ocean water from reaching the
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surface. This process potentially explains how deep-ocean water and surface water may have
been exchanged, which is a proposed prerequisite for past climate variations, as discussed in the
introduction section.

The thermohaline circulation connects the deep ocean with surface water. Cold water
from the deep southern oceans can transit the entire ocean mixed layer in about 25 years [11],
which is a relatively short period compared with the duration of the LIA or past glaciations.
Therefore, the proposed process of deep-ocean water exchange with the surface during the LIA
and past glaciations appears to be a sensible and realistic hypothesis. This work demonstrates
that plants and vegetation may have been the agents facilitating the heat exchange between the
deep ocean and the surface.

Furthermore, photosynthesis as a thermodynamic cycle complies with the laws of
thermodynamics, specifically the conservation of energy. The proposal of heat exchange
between the deep ocean and the surface is in compliance with these laws, as heat is exchanged
within the earth. Accordingly, the interactions between plants and vegetation and ocean currents
are parameterized in this work. A theoretical analysis of these interactions is conducted, and the
final governing equations are derived. These equations are then tested for agreement with
available data and observations, and they appear to pass this test. It is therefore concluded that
the growth of plants and vegetation may have facilitated the transfer of cold deep-ocean water to
the surface, thus contributing to the Little Ice Age.

3. Theory and analysis
3.1 Photosynthesis as a thermodynamic cycle

Figure 2 illustrates terrestrial photosynthesis as a Carnot thermodynamic cycle, based on [8]. The
surrounding warm air of plants and vegetation, at the air dry bulb temperature Tab, serves as the
heat reservoir, while the air space enclosed by plants and vegetation, at the air wet bulb
temperature Twp, serves as the cold reservoir. The thermal efficiency of photosynthesis is: n=1-

(Two/Tap)®>, where Ta» and Twb are measured in degrees Kelvin. Global terrestrial
photosynthesis, on the other hand, has surface water as the heat reservoir and the atmosphere as
the cold reservoir. Air is the medium of heat transfer, and the excess heat from photosynthesis is
rejected to the atmosphere through plant transpiration.

Aquatic photosynthesis also operates as a thermodynamic cycle (Fig. 3), similar to
terrestrial photosynthesis, but with water as the medium of heat transfer. Surface water serves as
the heat reservoir. Unlike terrestrial photosynthesis, aquatic photosynthesis does not transpire
and therefore has no access to the cold reservoir, which is the atmosphere. However, it is coupled
with terrestrial photosynthesis, and the excess heat from aquatic photosynthesis is channeled to
the atmosphere through the air medium of heat transfer of terrestrial photosynthesis.

Aquatic and terrestrial photosynthesis share the same heat and cold reservoirs—surface
water and atmosphere, respectively. As a result, they have an equal inventory of green matter,
seasonal efficiency of photosynthesis, and thermodynamic driving force [12]. This driving force
is the difference between the air dry bulb and wet bulb temperatures, Tap-Tws. During the day,
solar heat absorbed by the land intensifies, and a temperature difference, Ta»-Twb, materializes.
At the same time, the solar energy absorbed by seawater decreases exponentially with depth,
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creating a temperature difference, equivalent to Tqan-Twb, at the sea surface, which becomes
available for aquatic photosynthesis. Between points 1 and 2, an amount of solar heat equal to
dQmua is gained isothermally at Tq, by the seawater medium of heat transfer. The medium then
cools isentropically (2-3) to Twp, and the chemical energy of aquatic green matter, dQg/2, is
produced—equal to half of the global biomass produced, dQg. Between points 3 and 4, the
medium undergoes isothermal compression, and the heat dQca is rejected to the cooler seawater
below the surface by the mass flow of the heat transfer medium, Mpu(t), as shown in Fig. 4. The
mass flow is replaced by an equal volume of warm seawater at the surface, and the
thermodynamic cycle repeats. A net flow Mpu(t) is thus established as long as aquatic
photosynthesis continues to grow.

3.2 Photosynthesis-thermohaline circulation interaction

Referring to Fig. 4, which shows the co-existence of photosynthesis and thermohaline circulation
[13, 14]: photosynthesis occupies the ocean mixed layer, where solar radiation and chlorophyll
coexist. Without aquatic photosynthesis, the flow of the seawater heat transfer medium, Mpu(t),
is absent. The solar heat to the sea surface and the Earth's internal heat to the ocean floor are
balanced by sea surface evaporation. These energy streams are shown as dashed lines because
they cancel each other out and do not alter the heat and mass balance of the ocean mixed layer.
When Mpu(t) = 0, the thermohaline circulation would have a steady and constant flow, M, below
the surface. At the sea surface (or ocean mixed layer), the temperature of the thermohaline brine
decreases from south to north due to surface evaporation. When the surface brine temperature,
T, of the northern oceans is equal to or slightly less than the temperature of the deep ocean, To,
the surface brine sinks by gravity onto the ocean floor. Nearly seventy percent of the Earth's
internal heat to ocean, 0.70 Qi, is absorbed by the thermohaline brine as it adheres to the ocean
floor. The rising, slightly warmer brine from the southern oceans at temperature T is brought to
the surface, and most of the Earth's internal heat gained by the thermohaline circulation is
removed by surface evaporation. The brine temperature decreases from T to Tn, and the
thermohaline brine cycle repeats.

When aquatic photosynthesis grows, the medium of heat transfer, Mpu(t), is established
(Fig. 4). It removes a volume of warm water at surface temperature Ts from the thermohaline
circulation. Simultaneously, an equal volume of cold deep-ocean water at temperature To is
admitted into the mass of the circulated brine. If this process continues for an extended period,
intensive sea surface cooling and glaciation may occur. The longer the duration of green matter
growth, the colder the surface temperature.

3.3 Parameterization of glaciation temperature
When plants and vegetation grow, the global increase in the inventory of plants and vegetation,

dQg, can be estimated by conducting a heat and mass balance of carbon dioxide in the
atmosphere. All that is required is the decrease in the atmospheric carbon dioxide content:
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dQg=-7.07 x 10" x d(ppmv) (1)

Where

dQg=Annual increase in the chemical energy of global photosynthesis, J yr™'.

d(ppmv)=Annual decrease in the concentration of carbon dioxide in the atmosphere in parts per
million by volume.

The above relationship is obtained from equation 5 of [12]. Basic Carnot thermodynamic
relationships relative to Figures 2 and 3 can be found in typical textbooks on thermodynamics,
such as [15]. Therefore

dQur=dQua=[(dQc/2)/m] (2)
Mpu=dQua/[Cpw X (Tab-Twb)] (3)
n=1-(Twt/Tap)"’ (4)
Where

dQur=Heat supply by the heat reservoir, surface water, of terrestrial photosynthesis, J yr'.
dQua=Heat supply by the heat reservoir, surface water, of aquatic photosynthesis, J yr!.
dQg/2=Chemical energy produced by aquatic photosynthesis, half of the total dQg, J yr.
n=Seasonal efficiency of terrestrial photosynthesis thermodynamic cycle, dimensionless.
Mpu=Mass flow of aquatic photosynthesis medium of heat transfer, seawater, kg yr™!.
Crw=Specific heat of seawater, J kg''°C!.

Tap=Average land surface air dry bulb temperature, °K.

Twvr=Average land surface air wet bulb temperature, °K.

Referring to Fig. 4, aquatic photosynthesis occupies the ocean mixed layer, where solar
radiation and chlorophyll coexist. If photosynthesis is absent, the flow of the heat transfer
medium, Mpu(t)=0. The mass flow rate of the thermohaline circulation, M, would be constant,
and the ocean mixed layer would be around equilibrium, represented by:

d[Ms(t) Cpw Ts(t)]/dt=0 (%)

Where Ms(t) and Ts(t) are the mass and average temperature of the ocean mixed layer (in kg and
°C, respectively).

When plants and vegetation grow, the flow of the heat transfer medium Mpu(t)
materializes. An amount of heat (enthalpy) equivalent to Mpu(t) Cpw [Ts(t)-Ts*] exits the ocean
mixed layer, and an amount of heat (enthalpy) equivalent to Mpu(t) Cpw [To-Ts+] enters the
ocean mixed layer. Where To is the temperature of the deep ocean water, °C, and Ts+ is a
reference sea temperature, °C. The heat balance of the ocean mixed layer follows:

d[Ms(t) Cpw Ts(t)]/dt= Mpu(t) Cpw To-Mpru(t) Cpw Ts(t) (6)
d[Ms(t) Ts(t)]/dt +Mpu(t) Ts(t)=Mpu(t) To (7)

Equation (7) is a first-order differential equation in terms of surface temperature Ts(t). It
can be solved provided that the functions Mpu(t) and Ms(t) are known. The mass flow of the heat
transfer medium, Mpu(t), is variable depending on the nature of living green matter.
Additionally, Ms(t) varies with the depth of the ocean mixed layer, which increases over time.
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As surface temperature decreases, air circulation intensifies to remove surface water evaporation
at lower water vapor pressure, resulting in more surface water mixing. For simplicity, their
average values, Mpy and Ms, for the entire glacial period may be used

dTs(t)/dt+[Mpr/Ms] Ts(t)=[Mpr/Ms] To (3

Solution of Eq. (8) gives

Ts (n)=(Tso-To) Exp[-(Mpu/Ms) x n)]+To )
ATs=Ts(n)-Tso (10)
Where

Ts (n)=Sea surface temperature after n years, °C
Tso=Initial sea surface temperature, °C.

n=Duration of the glacial or cooling period, years.
ATs=Total decrease in surface temperature in n years, °C.

As discussed in the background section, the residence time of the thermohaline
circulation in the ocean mixed layer is 25 years. Therefore, the actual cooling of the surface lags
the decrease in the concentration of carbon dioxide by nearly 25 years. This is a small period
compared with the duration of the LIA event that continued for over 200 years (Fig. 1), or ice
ages that lasted millennia.

4. Data analysis and method

To calculate the flow rate of the aquatic photosynthesis medium of heat transfer (Mph), the
required parameters are air dry temperature, air wet bulb temperature, and the seasonal efficiency
of photosynthesis. According to the technical summary of the Intergovernmental Panel on
Climate Change [16], the observed total increase in global surface temperature through 2020 was
1.09°C (with a range of 0.95 to 1.2°C). The preindustrial temperature is assumed to have been
approximately 13.7°C. Using the psychrometric chart [17] and the current global average air
relative humidity of 60%, the preindustrial air relative humidity was between 65% and 69%.
With an average of 67% and an air dry bulb temperature of 13.7°C, the air wet bulb temperature
(Twpv) during the Little Ice Age (LIA) was approximately 10.44°C. The thermal efficiency of
photosynthesis is given by eq. (4):

n=1-[(10.44+273.15)/(13.7+273.16)]>°= 0.0057

According to the source data in Fig. 1 [18], the concentration of carbon dioxide in the
atmosphere in the year 1538 was approximately 281.36 ppmv. By 1628, this concentration had
decreased to 276.76 ppmv. Proxy data analysis indicates that the observed decrease in surface
temperature during the LIA was between -0.6°C and -1°C [1, 2, 3, 19].

The physical and geometrical parameters of Earth's surface and ocean can be obtained
from [20]. The surface area of Earth (As) is 5.10 x 10'* m2, with the ocean covering nearly 70%
of this area. Psychrometric relationships of air-water mixtures are available from [17]. The
physical properties of brine, such as density (0) and specific heat (Cpw), are provided by [21].
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The density of seawater is 1 048 kg/m?, and its specific heat is 3 980 J/(kg-°C). The average
depth of the ocean mixed layer (h) is approximately 95 m [22].

The ideal solution methodology is to conduct the calculations on an annual basis. By
knowing the annual decrease in the concentration of carbon dioxide in the atmosphere, the
annual production of green matter (dQg) can be determined. The seasonal efficiency of
photosynthesis and the difference between air dry and wet bulb temperatures allow for the
determination of the annual flow rate of the heat transfer medium (Mpn) using Egs. (1) through
(4). In the following year, the annual decrease in surface temperature is calculated using Egs. (9)
and (10). The seasonal efficiency of photosynthesis and the difference between air dry and wet
bulb temperatures are then recalculated using air-water psychrometric relationships or
psychrometric charts, and the calculations are repeated through the final year of the glacial
period. For simplicity, average values of the seasonal efficiency of photosynthesis and the
temperature difference between air dry and wet bulb temperatures may be used for the entire
glacial period.

Finally Large Language Models (LLMs) have been occasionally consulted for concepts’
originality and merit, as well as Al assisted copy editing for text grammar, readability, and flow.
These models include Ask Ai and ChatGPT. The author generated all original texts, and the final
edited texts reflect the original work.

5. Sample calculations and error analysis

Given the LIA initial conditions: year 1538. From the data section, the initial surface temperature
Tso=13.7 °C; Ta-Twp=13.7-10.44=3.26 °C; the seasonal efficiency of photosynthesizes
n=0.0057; the concentration of carbon dioxide in the atmosphere=281.36 ppmv; the depth of the
ocean mixed layer h= 95 m; the specific heat of sea water Cpw=3 980 J kg'' °C"!; the temperature
of the deep ocean water, To=3.5 °C.

Given the LIA final conditions: year 1628. The concentration of carbon dioxide in the
atmosphere=276.76 ppmv.

The decrease in the content of carbon dioxide in the atmosphere is equal to 276.76-
281.36=-4.60 ppmv. The number of years n=1628-1538=90.

The total chemical energy of vegetation growth AQg=-7.07 x 10" (-4.6)=3.25 x 10*° J, Eq. (1).
The average annual chemical energy of vegetation growth dQc=AQc/n=3.25 x 10?°/90=3.61 x
10'8 J yr'!. Aquatic photosynthesis produced half of this energy, dQc/2=1.81 x 10" J yr'l.
dQua=(dQc/2)m=1.81 x 10'8/0.0057=3.17 x 10?° ] yr'!, Eq. (2).

Mpr=[(dQual/[Crw X (Tab-Twb)]=3.17 x 10%%(3 980 x 3.26)=2.44 x 10'® kg yr'!, Eq. (3).
M;s=0.7As x hx §=0.7 x 5.10 x 10'* x 95 x 1 048=3.55 x 10"’ kg.

Ts(n)=(Tso-To) Exp[-(Mpu/Ms) x n]+To=(13.7-3.5) Exp [-2.44 x 10'%/(3.55 x 10") x
901+3.5=13.09, Eq. (9).

ATs=Ts(n)-Tso =13.09-13.7=-0.61 °C, Eq. (10).

For the last glacial period, the same calculations may be repeated. Based on [23, Fig. 3],
the beginning climatic conditions of the last glacial period may be assumed to be comparable to
those of preindustrial era. The final conditions are extremely cold climates, similar to those of
the Last Glacial Maximum. The air relative humidity approaches saturation, and Ta~=~Tws. The
seasonal efficiency of photosynthesis thus assumed negligible values.

Given initial conditions: year -120 000 Before Present. The initial surface temperature
Tso=13.7 °C; Tap-Twpr=3.26 °C; the seasonal efficiency of photosynthesizes 1=0.0057; the
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concentration of carbon dioxide in the atmosphere=281.36 ppmv; the depth of the ocean mixed
layer h= 95 m; the specific heat of sea water Cpw=3 980 J kg™' °C"!; the temperature of the deep
ocean water, To=3.5 °C.

Given final conditions: year -20 000 Before Present; Tq,-Twb~0; the seasonal efficiency
of photosynthesizes nN=0; the concentration of carbon dioxide in the atmosphere=180 ppmv.

Glaciation average conditions: Tap-Twp=(3.26+0)/2=1.63; Number of years n=100 000;
the average efficiency of photosynthesis (0.0057+0)/2=0.00285.

The above calculations for LIA may be repeated:

The total chemical energy sequestered by green matter AQs=-7.07 x 10" (180-281.36)= 7.17 x
10%' J, Eq. (1).

The annual chemical energy of vegetation growth dQc=AQa/n=7.17 x 10%'/100 000=7.17 x 10'®
J yr'l. Aquatic photosynthesis produced half of this energy, dQc/2=3.58 x 10'® J yr!.
dQua=(dQc/2)/M=3.58 x 10'%/0.00285=1.26 x 10" J yr'!, Eq. (2).

Mp=[(dQua]/[Cpw X (Tap-Tws)]= 1.26 x 10'%/(3 980 x 1.63)=1.94 x 10" kg yr'!, Eq. (3).
M;s=0.7As x h x 6=0.7 x 5.10 x 10'* x 95 x 1 048=3.55 x 10" kg.

Ts (n)=(Tso-To) Exp[-(Mpu/Ms) x n]+To=(13.7-3.5) Exp [-1.94 x 10'5/(3.55 x 10'°) x 100
000]+3.5=3.54, Eq. (9).

ATs=Ts(n)-Tso=3.54-13.7=-10.16 °C, Eq. (10).

For LIA error analysis calculation, the absolute value of the error of a variable x is
indicated by Ax. The relative error, Ax/x, is denoted by ex. The maximum value of the error is
indicated by Max . The absolute value of the error in the calculated surface temperature
variation, ATs, depends on the accuracy of the physical parameters of Eq. (9) as well as the
number of years in consideration n. The absolute value of the error in the chemical analysis of
carbon dioxide is less than 0.01 ppmv [9]. Therefore, the errors in the calculated chemical energy
of photosynthesis, dQg, seasonal efficiency of photosynthesis, 1, and dQua may be neglected.
The estimated absolute value of the error in global temperature measurement could be nearly
equal to 0.048°C [24]. Referring to Eq. (3), the following may apply:

AMpp=[{Cpw X (Tab-Twb)} A(dQna)- (dQna) Crw X (ATab-ATwb)]/[Crw X (Tab-Two)]?
The value of A(dQwua) is negligible as discussed earlier. Therefore

Max AMpu/Mpu=[0-(dQua)/Mpu X Cpw X (ATab+ATwb)]/[Cpw X (Tdo-Two)]?

Max eMpr=(dQna)/Mpu X (ATa+ATwb]/[Crw X (Tab-Twb)*]

Max eMpn =+(3.17 x 102°)/2.44 x 10'6 x (0.048+0.048)]/[3 980 x 3.26]

Max eMpu==£0.03, or £3.0%.

Equation (9) gives
ATs=(Tso-To)Exp[-Mpu/Ms X n] X A(-Mpu/Ms)(n)+Exp[-Mpu/Ms x n][ ATso-ATo]+ATo
Ms/Mpr=3.55 x 10'%/2.44 x 10'°=1 454.92; Mpn/Ms =6.87 x 10,

A(Mpu/Ms)=(Ms AMpn - Mpu AMs)/Ms?’=(AMpp/Mpu- AMs/Ms )/(Ms/Mpr)=(eMpn +eMs)/1
454.92=(0.03+0.2)/(1 454.92)=1.58 x 10™*

Max ATs=%(13.7-3.5) Exp [-6.87 x 10 x 90] x 6.87 x 10* x 90+Exp[-6.87 x 10* x 90] x
(0.048+0.048) +0.048=+0.20 °C.

Max & ATs= ATs/Ts=+0.20/[(3.5)]=%0.056; The maximum relative error in the calculated
temperature decrease is nearly+5.6%.
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6. Discussion and conclusions

The Food and Agriculture Organization of the United Nations [25] reports that deforestation
since early human history has reached nearly 50%. “There has been a relationship between
population growth, increased demand for agricultural land, and forest loss dates back thousands
of years. Forests have sometimes re-established naturally as deforestation pressures have eased.
Archeological and historical records reveal that the decrease in forest size is associated with
population growth and demand for crops and grazing land. In locations of the world that had
experienced severe disease and population decline, forests re-grew again.”

About 5 000 years ago, the world population was nearly five million [26]. When farming
was invented approximately 8 000 years ago, the human population was likely around five
million or less. This small society of humans appears to have mitigated a cooling cycle, resulting
in the longest interglacial period in the last 400 000 years [23]. By 1500 AD, the world
population had grown to about 500 million, of which 54.5 million were decimated by diseases, as
discussed in the Introduction. This loss of population was significant, particularly compared to
human societies similar to those that existed 8 000 years ago. Land reforestation during the Little
Ice Age (LIA) occurred relatively quickly, with vegetation growth at a rate of -0.03 ppmv of
carbon dioxide annually—four to five times greater than observed during the last four glacial
periods. Conditions conducive to a glaciation during the LIA may potentially have existed. The
growth of plants and vegetation following the depopulation of the Americas appears to be a
plausible cause of the Little Ice Age, based on this historical narrative.

The sample calculations support this historical narrative. The calculated decrease in
surface temperature is -0.61+0.03°C for a reduction in the concentration of carbon dioxide by -
4.6 ppmv. A decrease of -7 to -10 ppmv would result in a depression in surface temperature
between -0.92+0.05°C and -1.29+0.07°C, respectively, which aligns with the estimated -0.6°C to
-1°C. Similarly, for the last glaciation period, the calculated decrease in surface temperature of -
10.16+0.57°C compares well with the observed average decrease of -10.56°C during the last four
glacial cycles [23]. The calculation error is less than 5.6%. This method is reasonably accurate,
as anticipated earlier in the background section. Therefore, the natural reforestation of abandoned
lands following the depopulation of the Americas likely contributed to the Little Ice Age. The
hypothesis that deep ocean water exchange with sea surface could have influenced past climatic
changes is further supported by both theory and observations.

These conclusions offer valuable insights for the present and future of Earth's ecology.
The Industrial Revolution, which began around 1750 AD, marked the end of the Little Ice Age
(Fig. 1). Since then, the world population has increased rapidly, driven by large-scale
mechanized deforestation and farming of cleared land. Deforestation, in contrast to
photosynthetic growth and surface greening, contributes to surface warming. Currently,
deforestation and surface greening have contributed 22.85% and -12.84%, respectively, to the
total heat added to Earth's surface [12]. As of now, deforestation has outpaced surface greening,
and it is likely that deep ocean cold water is not transferring to the surface. However, this could
change as deforestation approaches its maximum value. At this point, when the world population
nears Earth's maximum carrying capacity, cold climates similar to the LIA—or even colder—
could potentially emerge.

The influence of plants and vegetation on ice ages is complex, as shifts in vegetation
patterns and dynamics can affect the Earth’s climate system. These changes can lead to severe
climates, which may have devastating effects on agriculture and ecosystems that rely on stable

11 of 17



500

505

510

515

520

525

530

535

540

environmental conditions. As such, managing future climate conditions will be crucial for
preserving both food production and global ecological health.
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12. Figure legends

Fig. 1. Concentration of carbon dioxide in the atmosphere in part per million by volume (ppmv)
versus time during the Little Ice Age. Source (NOAA, 2025).

Fig. 2. A schematic representation of the global terrestrial photosynthesis as an ideal Carnot heat
engine on the entropy-temperature diagram. dQur=heat supply at the temperature of the heat
reservoir, surface water, J; dQcr=heat rejected to the cold reservoir, the atmosphere, J;
dQgc/2=chemical energy produced by terrestrial photosynthesis, J; Tap=global average air dry
bulb temperature, °K; Twr=global average air wet bulb temperature, °K; Thermal efficiency of
terrestrial photosynthesis N1=1-(Twv/Tab)*>; dQc/2=dQur-dQct =1 dQur.

Fig. 3. A schematic representation of aquatic photosynthesis as an ideal Carnot heat engine on
the entropy-temperature diagram. dQua=heat supply at the temperature of the heat reservoir,
surface water, J; dQca=heat flow to the deeper and cooler sea water, J; dQc/2=chemical energy
produced by aquatic photosynthesis, J; Ta=global average air dry bulb temperature, °K;
Two=global average air wet bulb temperature, °K; Thermal efficiency of aquatic photosynthesis
N=1-(Twb/Tab)**; dQ6/2=dQua-dQca=n dQHa.

Fig. 4. A schematic representation of the interaction between aquatic photosynthesis and the
ocean’s thermohaline circulation. Qsi=annual solar heat exchanged with sea surface water, J yr'!;
Qe=annual latent heat removed by surface evaporation, J yr'!'; Ms(t)=Mass of the ocean mixed
layer, kg; Ts(t)=sea surface temperature, °C; M=mass flow of the thermohaline circulation, kg
yr'l; T=temperature of the thermohaline brine of the southern oceans, °C; Mpy=mass flow of
aquatic photosynthesis seawater medium of heat transfer, kg yr'; Tn=temperature of the falling
thermohaline brine at the surface of the northern oceans, °C;To=temperature of the deep ocean
water, °C; 0.7 Q=Earth’s internal heat to the ocean floor, J yr..
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13. Figures
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14. Symbols and Abbreviations

As
°C
Crw
d

A
Ax

€

1)
dQg
AQq
dQu
dQc
Exp (x)
h

J
kyr

Tav
wa

yr

Earth’s surface area, m~

Degrees centigrade

Specific heat of sea water, J kg™ °C’!

A symbol denotes infinitesimal variation

A symbol denotes cum. difference, variation, or absolute value of error
Absolute value of calculated or measured parameter x
Relative error of a quantity, Ax/x

Density of sea water, kg m™

Variation in the global chemical energy of photosynthesis, J
Total variation in the chemical energy of photosynthesis in n years, J
Heat supply by the heat reservoir, J yr'!

Heat rejected to the cold reservoir, J yr!

Exponential function equivalent to e*

Depth of the ocean mixed layer, m

Joule

One thousand years

Little Ice Age

Mass flow rate of the thermohaline circulation, kg yr!
Million years

Mass of the ocean mixed layer at surface, kg

Mass flow rate of aquatic photosynthesis medium of heat transfer,
sea water, kg yr’!

Number of years

Thermal efficiency of seasonal photosynthesis, dimensionless
Parts per million by volume

Annual solar heat exchanged with sea water, J yr!

Annual latent heat removed by surface evaporation, J yr-!
Earth’s internal heat, J yr!

Average sea surface temperature, °C.

Initial average sea surface temperature, °C.

Temperature of the deep sea water of the southern oceans, °C.
Sea temperature of the northern oceans, about equal to To, °C
Average temperature of the deep ocean, °C

Terrestrial air dry bulb temperature, °K

Terrestrial air wet bulb temperature, °K

Time, in years

Abbreviation of year
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