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Abstract. The focus of this paper is on the role climate change is playing in global change.
Feedbacks play key roles in Earth’s short-term weather and long-term climate. Milutin Milankovitch
developed a theory that the long-term, collective effects of changes in Earth’s position relative to the Sun are
a strong driver of Earth’s long-term climate. Milankovitch cycles provide a strong framework for
understanding long-term changes in Earth’s climate. They cannot account for the current period of rapid
warming. Presented work is based on the global assessment model ANEMI which is using as the main driver
of climate change the greenhouse gas emissions, which are in turn driven by energy consumption from a
growing population. Set of simulation experiments with the model confirms that climate plays an important
role in the performance of Earth system. The future integration of long term climate change impacts
(Milankovitch cycles) and short term drivers (greenhouse gasses emissions) will provide deeper
understanding of the climate impacts on global change and guide future mitigation and adaptation actions.
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Apstrakt. Fokus ovog rada jeste uloga klimatskih promena u globalnim promenama. Povratne
informacije igraju klju¢nu uloge u kratkoro¢nom vremenu i dugoro¢noj klimi Zemlje. Milutin Milankovié
razvio je teoriju po kojoj dugoro¢ni, ukupni uticaji promena Zemljinog poloZaja u odnosu na Sunce jesu
snazan pokreta¢ Zemljine dugorocne klime. Milankovi¢evi ciklusi pruzaju bitan okvir za razumevanje
dugoro¢nih promena klime Zemlje. Ciklusi ne mogu da budu odgovorni za trenutno ubrzano globalno
zagrevanje. Ovaj rad je utemeljen na globalnom modelu procene ANEMI koji koristi glavni pokreta¢
klimatskih promena, gasove sa efektom staklene baste, koji su, pak, uslovljeni koris¢enjem energije od sve
viSe rastuceg globalnog stanovnistva. Set simuliraju¢ih eksperimenata sa modelom potvrduju da je uloga
klime u radu Zemljinog sistema izuzetna. Buduca integracija dugoro¢nih uticaja klimatskih promena
(Milankoviéevi ciklusi) i kratkoro¢nih pokretaca (gasovi sa efektom staklene baste) obezbedic¢e dublje
razumevanje uticaja klime na globalne promene i vodi¢e buduc¢a delovanja radi otklanjanja i prilagodavanja
istim.

Kljuéne re¢i: Milutin Milankovi¢, globalne promene, klimatske promene, dinamika sistema,
modeliranje

1. INTRODUCTION

Global change is being realized as a close consequence of changing climate, creating the need to consider
environmental problems and their interactions with the Earth as a system. The Earth system is composed of
biological, physical, chemical, and human elements that form a network of feedbacks through their
interconnections. The concept of global change becomes increasingly important as the components of the
Earth system such as population, economic productivity, climate, food production, and hydrology are
interlinked through dynamic non-linear feedback processes. Within this system, changes in one component
inevitably lead to changes in another. The society-biosphere-climate model presented here takes an integrated
assessment approach to simulating global change. It consists of eleven individual sectors that reproduce the
main characteristics of the climate, carbon cycle, energy - economy, land use, food production, persistent
pollution, population, hydrologic cycle, water demand, water supply and water quality sectors at a global
scale [1, 2, 3].

The focus of this presentation is on the role climate change is playing in global change. Feedbacks play key
roles in Earth’s short-term weather and long-term climate. A century ago, Serbian scientist Milutin



Milankovitch [4] developed a theory that the long-term, collective effects of changes in Earth’s position
relative to the Sun are a strong driver of Earth’s long-term climate, and are responsible for triggering the
beginning and end of glaciation periods (Ice Ages). Specifically, he examined how variations in three types
of Earth orbital movements affect how much solar radiation (known as insolation) reaches the top of Earth’s
atmosphere as well as where the insolation reaches. These cyclical orbital movements, which became known
as the ,,Milankovitch cycles®, cause variations of up to 25 percent in the amount of incoming insolation at
Earth’s mid-latitudes (the areas of our planet located between about 30 and 60 degrees north and south of the
equator). Milankovitch cycles provide a strong framework for understanding long-term changes in Earth’s
climate. They cannot account for the current period of rapid warming Earth has experienced since the pre-
Industrial period (the period between 1850 and 1900), and particularly since the mid-20th Century.
Milankovitch cycles operate on long time scales, ranging from tens of thousands to hundreds of thousands of
years. In contrast, Earth’s current warming has taken place over time scales of decades to centuries.
However, Milankovitch cycles are one important factor that contributes to climate change, both past and
present.

Presented work is based on the global assessment model ANEMI [1, 2, 3] which is implemented in a system
dynamics modelling interface called Vensim DSS [5], which emphasizes the roles of nonlinearity and
feedback in determining system behaviour. ANEMI model climate sector is discussed in details after
introduction of the model (Section 2) and use of the model to investigate the role of climate change in global
change (Section 3). The paper ends with concluding comments in Section 4.

2. ANEMI GLOBAL ASSESSMENT MODEL

This chapter presents the ANEMI model, which is currently in version 3 [3], built upon the first two
iterations of ANEMI [1, 2]. The model shares the same system dynamics simulation paradigm that was used
in the previous iterations of ANEMI, in that feedbacks and delays are used to drive system behaviour.
ANEMI3 is a type of integrated assessment model that describes the state of and interactions between model
sub-systems that compose the Earth system. The main sub-systems or ‘sectors’ used are that of the climate
system, carbon, nutrient, and hydrologic cycles, population dynamics, land use, food production, sea level
rise, energy production, global economy, persistent pollution, water demand, and water supply development.

2.1 ANEMI model structure

Each individual sector in the model describes the relevant feedbacks that drive the state variables in the
sector. Connections between sectors form intersectoral feedbacks responsible for the functioning of the Earth
system. It is the intersectoral feedbacks that allow us to represent feedbacks that drive global changes in the
Earth system. Feedbacks driving global change are now evident, while is expected that negative feedbacks
acting on population and economic growth may be more evident in the future. From a system dynamics
perspective, effective policymaking should be based on addressing the feedback structure of a system, not
only on modifying the system parameters. This viewpoint is what makes the ANEMI3 model unique and
useful in a time when global modelling is becoming progressively more complex.

The boundary of the model is defined by the problem that is being explored. In this paper, we are modelling
the role of climate in various aspects of global change. Therefore, the spatial scale of the model is mainly one
that is global. In some sectors, the stocks are disaggregated to capture material flows on a sub-global scale,
but not at a level that is location specific. This spatial scale limits the level of detail that can be used to
describe the flows that act to change the model stocks, however it allows us to effectively analyze feedbacks
between water resources and other model sectors on a global scale.

The highly endogenous structure and coupling of sub-systems in the ANEMI3 model are part of its novelty
in the realm of integrated assessment modelling. Because of this, feedback processes are responsible for the
behaviour that is exhibited in model runs. The model sectors that comprise the ANEMI3 model are that of
the climate system, carbon, nutrient, and hydrologic cycles, population dynamics, land use, food production,
sea level rise, energy production, global economy, persistent pollution, water demand, and water supply
development as shown in Figure 1. Feedback loops between sectors, or intersectoral feedback loops are
responsible for global change in this Earth system. Intersectoral feedbacks in the ANEMI3 model allow for
the representation of various aspects of global change. In the Figure 1 diagram alone there is a total of 89
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possible intersectoral feedback loops. The size of the feedback loops range from 2 to 9 sectors included out
of the 10 that are shown. Creating a causal loop diagram from these connections between model sectors
allows us to view the feedbacks that are created by combining model sectors in this way.

2.1 ANEMI model climate sector

The climate sector of ANEMI3, as in previous versions, is based on the DICE model of Nordhaus [6]. In this
sector, the dynamics of heat exchange between the deep ocean and the combined upper ocean and
atmospheric layers are modelled, along with a cooling effect that acts to limit the rate of temperature
increase. Identifying the feedbacks that drive this simple climate system allow us to speculate on how the
system will function over time. Error: Reference source not found The climate sub-system is driven by two
feedback loops (Error: Reference source not found). The first being a feedback cooling effect, while the
second represents the diffusion of heat in the atmospheric stock to the ocean stock. Both of these negative
feedbacks act to dampen the systems response to radiative forcing which comes from increased greenhouse
gas concentrations in the carbon cycle and greenhouse gas sub-systems. Based on the structure of this
simplified climate system, one might expect it to predict global temperature values on the lower end of the
spectrum. This is because positive feedbacks related to climate change such as methane release from tundra
regions and change in albedo as global ice cover melts are not

Fig. 1 High-level feedback structure of the ANEMI3 model illustrated as a causal loop diagram

included, which have the potential to accelerate increases in global temperatures.



The stock and flow diagram of this model is given in Fig. 3 Two stocks are used to quantify the current
global temperature of the atmosphere and oceans in response to external radiative forcing caused by
greenhouse gases that are divided into CO,, methane, nitrogen dioxide, chlorofluorocarbons, and others.
Diffusion of heat between these two stocks results in heat being transferred from the atmosphere stock to the
ocean stock which acts as a heat sink.

Radiative forcing acts to increase the flow that changes the temperature of the atmosphere stock and is based

on the relative change of the greenhouse gases considered from their preindustrial levels. The mathematical
description of the atmospheric and upper ocean temperature stock is given by,

Tyyo = f CTyyo - dt [OC] 0

where Tavo represents the temperature of the atmosphere and upper ocean and CTavo is the rate at which

Tavo is changing (°C/year).

+

Feedback Cooling
Carbon Cycle

@ Radiative Forcing
|

Atmosphere and Upper

Ocean Temperature
+ Change in Atmosphére and
4 Upper Ocean Temperature
A
- Deep Ocean Heat
+ Capacity
Temperature ———— > Heat Transfer +
Difference
3 + +
- L '

Change in Deep
Ocean Temperature

Deep Ocean‘/Jr
Temperature
Fig. 2 Causal loop diagram of the ANEMI3 climate sector.
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Fig. 3 Stock and flow diagram of the ANEMI3 climate sector.

The deep ocean temperature, Tho is defined as,

TDO = j CTDO b dt [OC] (2)

where CTho is the change in temperature of the deep ocean stock (°C/year). The change in temperature of

the atmospheric and upper ocean stock is calculated based on the difference between radiative forcing, heat
transfer from the deep ocean stock and the heat capacity of the atmospheric and upper ocean stock,

F—fy —HT .
CTAUO = T [ C/year]
AUO (3)

where:

F = Radiative forcing [W /m?]
fi = Feedback cooling ef fect [W /m?]

HT = Heat transfer between atmosphere and upper ocean to deep ocean [W /m?]

year
) oc.mZ]

HC,yo = Heat capacity of atmosphere and upper ocean [W

The change in temperature of the deep ocean stock, CTpo depends on the heat transfer from the atmosphere
and upper ocean layer above, and the heat capacity of the deep ocean stock,

CTpo = [°C/year]

HCpo “4)

where:



year
oc_mz]

HCpho = Heat capacity of deep ocean layer [W -

Heat capacity of the deep ocean layer is calculated by,

HCpo = Ryc * Cyr [ ) e ]

Com -

where:
Ryc = Heat capacity ratio [W /(m? - °C))]
Cyr — Heat transfer coef ficient [year]

The transfer of heat between the atmosphere and upper ocean and deep ocean layers is dependent upon the
difference in temperature between them, the heat capacity of the deep ocean layer and heat transfer
coefficient.

HCpy 5
HT = (Tyyo — TDO)C—HT [W/m*] ©

3. ROLE OF CLIMATE IN GLOBAL CHANGE

Climate change is likely to raise the global average temperature by over 2 degrees C by the year 2100
relative to the 1850-1900 period [7]. As a result, water in the hydrologic cycle is expected to move faster
resulting in more extreme and frequent rainfall and streamflow. As ocean temperature rises more moisture
will enter the atmosphere resulting in greater amounts of rainfall on land on average. Therefore, there will be
more available surface water in total, but potentially less available water in time and space for human use
due to the expected shifts in global rainfall patterns. Increased surface temperatures are also expected to be
linked to more frequent and severe heat waves that have the potential to increase mortality rates in young and
elderly demographics in certain areas of the World. In addition, more areas will become feasible for new
agriculture [8], potentially allowing for greater food production.

3.1 ANEMI model performance

Many of the variables in ANEMI3 do not have historically observed counter parts on a global scale, but there
are key variables in each sector that can be compared to historical data. One thing to note in this comparison
is that on a global scale, there are many datasets that are incomplete (data is only recorded for certain
regions), inconsistent (different recording methodologies used across regions, recording is done at irregular
intervals), and at times, unreliable. However, there is still value in comparing the model to the real world in
any way possible to see that it reproduces the behaviour of the sub-systems that are being represented. Note
that the goal is not to reproduce the numbers from the data, but build confidence in the model’s ability to
generate realistic system behaviours in order to build confidence in future behaviours that arise, as well as
policies that are implemented to alter them.

For baseline model comparison and climate sector performance assessment the NASA [9] global atmospheric
temperature data are used. The variation in global temperatures due to climate change from the year 1980
are shown in Figure 4. From 1980 to 2018 the ANEMI3 model predicts a global temperature change of 0.87
degrees, while the observed NASA data reports a value of 0.6 degrees. The simplified climate system in
ANEMIS3 is not able or designed to capture the annual variation in global temperatures that are present in the
observed NASA data. The behavioural mode is similar, with a slightly higher slope obtained by the
ANEMI3. More comparisons are made in Section 4.1.1 with regards to projected change in global
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temperature change.
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Fig. 4 Global temperature change from 1980-2018 comparison between ANEMI3 climate sector and NASA observed data.

In this section the impacts of climate change on various components of the Earth system are explored. The
main driver of climate change in the Earth system are greenhouse gas emissions, which are in turn driven by
energy consumption from a growing population. For better understanding of interconnected structure of the
model and Earth system performance Figure 5 presents the trajectories of the main stocks in the baseline
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3.2 Impacts of climate change on the Earth system

scenario that define the state of the ANEMI3 model.
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The change in global atmospheric temperatures follows an almost linear path (red line in Figure 5), reaching
a change of almost 3 degrees by the year 2100. This is due to increasing CO2 levels, which start at an
atmospheric concentration of 339 ppm and rise to 650 ppm. This corresponds to an increase of 1.9 times. The
ANEMI3 model was run with the emissions scenarios for the greenhouse gases of carbon dioxide, methane,
nitrogen dioxide, and chlorofluorocarbons from the fifth assessment report of the IPCC in order to compare
the resulting temperature changes from the different RCP scenarios [10]. Each of the RCP scenarios
represents a different socioeconomic pathway for greenhouse gas emissions and are defined by the total
radiative forcing on the climate system at the end of the century. For example, RCP4.5 represents a
socioeconomic pathway for emissions resulting in a total radiative forcing of 4.5W/m2 by the year 2100. The
socioeconomic pathways embedded in each RCP scenario contain projections of population, GDP, energy
production, and land use. Comparing the differences in global surface temperatures projected from the
ANEMI3 baseline to those projected from the RCPs allows for a much more general comparison of where
the over socioeconomic pathway of ANEMI stands.

The change in global surface temperatures resulting from running the ANEMI3 model with the RCP
scenarios, is shown in Figure 6. The ANEMI3 results are found to be within what is projected with the RCP
scenarios, between those of RCP6 (2.6°C by 2100) and RCP8.5 (4.3°C by 2100) corresponding to a 2.7°C
temperature change by the year 2100. Comparing the CO2 concentrations of the RCP scenarios to that of the
ANEMI3 model also shows a similar result, with a very close trajectory to RCP6. This indicates that the
overall socioeconomic pathway of the ANEMI3 baseline run is between one that is medium to high in terms
of emissions with some climate change mitigation present.

Global Surface Temperature Change
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Fig 6 Global surface temperature change comparison between ANEMI3 baseline and ANEMI3 running with the RCP scenario GHG
emissions

In this section the impacts of climate change on various components of the Earth system are explored. The
main driver of climate change in the Earth system are greenhouse gas emissions, which are in turn driven by
energy consumption from a growing population. In order to examine the range of global impacts due to
climate change in the model, the RCP emissions scenarios are used and compared to the ANEMI3 baseline.
This will allow for a range of climate change effects from changes in global surface temperature and
precipitation to be examined.

Global surface temperature changes resulting from the RCP greenhouse gas emission scenarios are shown in
Figure 6. The resulting range of global surface temperature change is between 2 to 4.4 degrees by the year
2100. The temperature change in the RCP2.6 scenario shows an increase in temperature until the year 2060,
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after which temperatures slightly decrease. The RCP8.5 scenario is increasing almost linearly after the year
2045 until the year 2100. The changes in global surface temperatures are used in the hydrologic cycle of the
ANEMI3 model to drive changes in precipitation amounts for rainfall and snowfall, as well as
evapotranspiration and available surface water (Figure 7).

Increases in global surface temperatures result in changes in precipitation amounts ranging from 11 to
16.5%, with the largest changes occurring for the RCP8.5 scenario. This is due to reduced amounts of
snowfall on the land surface, as well as increase in ocean evaporation and evapotranspiration.
Evapotranspiration increases between 7 and 13% as a result of increase in surface temperatures. The
combined effect results in more available surface water from increase in streamflow ranging from 15,602 to
16,000 km3/year by 2100 up from the initial value of 15,240 km3/year. In the case of RCP2.6 the amount of
available surface water decreases slightly after the year 2070 when the climate change signal is not as strong,
however global surface temperature is still increasing slightly at this point (Figure 6). This is due to human
consumption having a negative effect on available surface water, although the influence of climate on a
global scale has a larger impact on the net result.

The effect of climate change on the net arable land is shown in Figure 8a. Overall, all climate change
scenarios have a positive effect on net arable land, with an increase ranging from 0.5 to 0.8 billion hectares.
This is because of increased arable land through conversion of boreal forests to agriculture as temperature
increases (Figure 8b), along with the impacts of sea level rise on agricultural land (Figure 8c). Although sea
level rise removes arable land from the net value as agricultural areas become inundated, the effect of
utilizing new potentially arable land as a result of warmer climates in northerly regions is dominating. The
land yield rates affect the amount of food that is produced from the net amount of arable land in the model
(Figure 8d). In all climate change scenarios, land yield is reduced significantly via increase in global surface
temperature as a result of heat stress.

Change in Rainfall Amounts with Climate
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Change in Evapotranspiration with Climate
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Fig 7 Changes of precipitation, evapotranspiration, and available surface water with five climate change scenarios.
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Fig 8 Effect of climate change on (a) net arable land and factors affecting food production including (b) increase in arable
land through boreal forest conversion, (c) impacted agricultural land by the sea level rise, and (d) land yield.

The net effect of climate change on food production including changes in net arable land from sea level rise
and arable land expansion, and land yield is shown in Figure 9. Considering all of the climate change effects
included in the ANEMI3 model on food production, the result is a net decrease in food production
corresponding to a maximum of 9% when comparing the RCP8.5 scenario to the scenario with no climate
change effects applied. Climate change effects on land yield and net arable land balance themselves to a
degree, but in this case the effects of reduced land yield are slightly stronger. It should be noted that there are
uncertainties, spatial variations, and climate change effects that are not considered here. The food production
in ANEMI3 overtime shows a behaviour mode of overshoot and collapse in all scenarios.

Economic impact of climate change and its effect on global economic output is represented by the climate
damage function in the ANEMI3 model, shown in Figure 10. The climate damage multiplier (functions in
Figure 10) for representing the impact on economic output varies from 1 (no climate impact) in 1980 to a
range between 0.994 and 0.981 for RCP2.6 and RCPS8.5 climate scenarios in 2100, respectively. This
represents almost a 2% reduction in global economic output per year, which corresponds to a value of 7.6
trillion 1980 US$ for the RCP8.5 scenario. Under the RCP2.6 scenario, climate damages appear to level off
by the year 2100, however in the case of RCP8.5 the negative slope is increasing. The baseline scenario
follows a pathway that is almost identical to RCP6. This is due to the temperature changes being nearly the
same between the ANEMI baseline and RCP6 scenario.

4. CONCLUSIONS

Milankovitch cycles provide a strong framework for understanding long-term changes in Earth’s climate.
They cannot account for the current period of rapid warming Earth has experienced since the pre-Industrial
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period (the period between 1850 and 1900), and particularly since the mid-20th Century. Milankovitch
cycles operate on long time scales, ranging from tens of thousands to hundreds of thousands of years.
However, Milankovitch cycles are one important factor that contributes to climate change, both past and
present.

Presented work is based on the global assessment model ANEMI [1, 2, 3] which is using as the main driver
of climate change the greenhouse gas emissions, which are in turn driven by energy consumption from a
growing population. Set of simulation experiments with the model confirms that climate plays an important
role in the performance of Earth system.

The future integration of long term climate change impacts (Milankovitch cycles) and short term drivers
(green house gasses emissions) will provide deeper understanding of the climate impacts on global change
and guide future mitigation and adaptation actions.
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