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Abstract In this paper is presented an agent-based model of the surface en-
ergy balance for a particular location in the Arctic, NY-Ålesund. We used some
basic physics equations that determined the behaviour of individual compo-
nents of the model: short-wave radiation, long-wave radiation, heat transfer-
ence within the soil, snow melting and albedo. This equations evolve through
time in a seasonal and diurnal basis, giving place to an emerging complex
behaviour due to the agents interaction between themselves, other agents and
the environment.
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1 Introduction

The energy balance in the Arctic had been deeply studied due to its sensitivity
to actual increments in global temperature [ACIA, 2005] and important actor
in the future global climate [Stocker, 2013]. Its particular position inside a
feedback loop converts any attempt of creating a model into a beautiful but
extremely difficult challenge reserved for high qualified group of researchers
[Schanke Aas et al., 2014].

In this kind of mathematical structure, the modelling construction is a top-
to-down process where the desired model is broken down into small models of
the single components of the system. In the case of surface energy balance mod-
els, there are used several small models tuned for the specific situation, such as
albedo models [Livneh et al., 2010], heat fluxes models [Chen and Dudhia, 2001],
radiative transference models [Iacono et al., 2008] and more.

As a tool for facing the ever-growing models in terms of complexity, there
had been developed alternative computational methodologies and structures
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Fig. 1 Model graphical interface. upper left: solar insolation, bottom left: snow cover, cen-
ter: world with agents, upper right soil temperature, bottom right: air temperature

that have proposed new approaches to systems’ simulation, such as agent-
based modelling [Wilensky, 1999], a down-to-top process where individual com-
ponents of the system have its own basic physical laws that determine their
role in the interaction with other components or agents, which together give
place to emergent complex behaviour created in a more natural and intuitive
way.

In this work is presented an agent-based model that simulates the interac-
tion and transformation of energy within the surface of the earth (atmosphere
and soil) in an specific Arctic location: NY-Ålesund. A few of the components’
figures and basic behaviour were taken from the strictly educational model of
climate change [Tinker and Wilensky, 2007].

2 Model components

This model represents the local surface energy balance using two types of
programming objects: agents and patches. An agent is a single decision-maker
with simple rules that are applied through time (time is measured in ticks),
the patches are the environment or world where agents exist and move. In this
model every tick represents one hour.

In this section we will go through the model components which are shown
in Figure 1

2.1 Patches

The world is a 1-meter cross-section of Ny-Ålesund that includes atmosphere,
snow and soil.
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The model has 10 patches of width (x) by 33 of heigh (y), from y = 33
to y = 7 the patches are blue representing a 7km-width troposphere, taken
from the common average width in the poles, from y = 6 to y = 1 the patches
represent the soil. The selection criteria for the patches altitude-coverage was
made just for visual purpose.

2.2 Agents

2.2.1 Short-wave radiation

The solar radiation comes from the upper part of the world and it is repre-
sented by yellow rays. The insolation received anywhere on Earth depends on
its latitude (ϕ), hour angle (H) and solar declination angle (θ) and its given
by equation 1.

I = 1000
W

m2
(sinϕ sinθ + cosϕ cosθ cosH) (1)

If we want to convert from power to the mean energy received in one hour,
then we have that

Ih = 3600
kJ

m2
(sinϕ sinθ + cosϕ cosθ cosH) (2)

In the model every short-wave ray (swr) accounts for a 360kJ energy-
package, so in terms of agents and ticks, the insolation is given by the number
of swr agents in the model:

swr = 10 (sin62.5◦ sinθ + cos◦ cosθ cosH) (3)

where: θ = 23.45◦cos(360((ticks/24) − 172)/365) and H = 15(ticks− 12).
The rules for swr are: (1) move downwards and (2) whenever hits a surface

(soil or snow) either reflect towards the space or keep moving downward as a
heat-ball. The agent decision is function of the albedo of the surface which is
hitting:

ifelse albedo * 100 > random 100 ;; if 100 times the albedo

;; is greater than a random integer between 0 and 100, then

[ set heading 180 - heading ] ;; reflect

[ rt random 45 - random 45 ;; else, absorb into the earth

set color red - 2 + random 4

set breed heats ] ;; convert to heat-ball

2.2.2 Heat-balls

The heat-balls are circular agents that represent energy in the soil, they are
created from the short-wave radiation that is not reflected by the surface, so
every heat-ball has the same amount of energy: 360 kJ .
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It is assumed that the energy on the soil wont disappear or escape to the
sides, so they are able to move freely over soil patches as long as every heat-
ball remain inside the lateral and inferior boundaries, whenever the random
pathway of a heat-ball encounters the top of the soil it is converted into an
long-wave ray and send it back to the space trough the atmosphere.

2.2.3 Long-wave radiation

The long-wave radiation is represented with red rays that move from the soil
to the upper boundary of the model. They are created in two different ways:
whenever a heat-ball encounters the top of the soil, and with a constant cre-
ation rate that accounts for the energy emitted by the soil as a black-body
at −4◦ (see section 2.3.1 for further explanation). The long-wave rays created
represent 360 kJ , this means that no energy is lost in the conversion from
heat-ball.

The number of long-wave rays (lwr) created every tick from the black-body
radiation is computed as follows:

lwr = σT 4 60s 60min

1min 1tick 360kJ
(4)

2.3 Physical properties

The interaction, creation and elimination of the agents through the time will
lead to a simulation that is, in certain degree, similar to the energy dynamic
of the system. With this dynamic it is possible to compute the physical pa-
rameters addressed in this section.

2.3.1 Soil temperature

The energy that hits the surface and it is not reflected by the albedo, enters to
the soil in form of heat-balls. Every heat-ball has the same amount of energy
of a short-wave ray : 360kJ , which is used to raise up the temperature of the
soil, based on its volume and heat capacity.

For this model the initial temperature of the soil without heat-balls was set
at −4.0◦C, which accounts for the mean soil temperature at 15 meters deep ac-
cording to a study near Ny-Ålesund [Putkonen, 1998]. Taking into account an
approximation of the local bulk density and minerals’ individual heat capac-
ity, the local soil capacity is (Cs): 1680kJm−3K−1 [Berman and Brown, 1985]
for dry conditions, we could compute the temperature in every tick based on
equation 5 using the heat-balls dynamics.

T =
hb · 360kJ

Cs · 15m3
− 4.0◦C (5)

where: hb is the number of heat-balls and the volume is obtained by mul-
tiplying the cross-section area of the model and the deepness of the soil.
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2.3.2 Atmospheric temperature

The atmospheric temperature is obtained by calculating the air heating of due
to the amount of long-wave rays in the atmosphere. For this calculation it is
used only the mass that corresponds to the Planetary Boundary Layer, which
average height is 500m in Ny-Ålesund [Di Liberto et al., 2012]. Therefore, the
the pressure by the boundary layer by itself is given by:

Pbl = P0(e−
0.5

7.5km ) (6)

Since P0 = 990hPa [Maturilli, 2014], then Pbl = 9747Pa, which divided
by the gravity acceleration would result in the total mass that constitutes
the planetary boundary layer of the 1-meter cross-section of the model: m =
994kg. Finally, the air heat capacity is taken as Ca = 556 J

kg , so the surface
temperature would be obtained by:

Ts =
lwr5 360kJ

Ca 994kg
− 18◦C (7)

To obtain the real surface temperature Ts, it is added up in equation 7 the
Earth’s effective temperature. Furthermore, the long-wave rays move 1 patch
per tick, always going upwards, this implies that in certain moment tk there
are lwr that had radiated out of the surface since tk−25, due to the number
of vertical patches that constitutes the atmosphere in the model. Therefore,
the effective lwr that will warm up the air will be the ones that are at most 5
patches above the surface: lwr5.

The 5-hour integration of lwr had been set from a visual inspection of the
time difference between the observations of the diurnal radiation peaks and
diurnal temperature peaks in Ny-Ålesund [Maturilli, 2014]. This integration
indirectly represents the green-house gases concentrations in the atmosphere,
since GHG main role are to absorb lwr and re-emit it to all directions.

2.3.3 Snow cover

In this model is possible to cover the soil with snow patches, as function of
the sliders’ parameters intensity (snow-depth in 0.1m every time that precip-
itates)and frequency (number of precipitation days in one year). There will
be created snow patches whenever this two conditions putting in a random
system converge and temperature is below zero. A clear description is within
the code:



6 Bernardo Bastien

if temperature < 0 [ ;;if the temperature was below zero

if snow-frequency > random (365 * 24) [ ;;and snow

;;frequency (days of snow) above a random number

;; from 1 to 365*24 (days of the year)

let snow-top earth-top + (random snow-intensity)

;;cover surface with snow

ask patches [

if pycor <= snow-top and pycor > earth-top [

set pcolor white

]]]]

Due to the one-meter cross-sectional representation, every snow patch ac-
counts for 0.001m3, i.e. m = 0.5kg. If we assume that snow is always at 0◦C
and that it has the same latent heat as ice, then, to melt one snow-patch
it would be necessary 688kJ , which is almost the energy represented by 2
long-wave rays. In that sense, the code looks as follows:

ask lwr [ ;;ask lwr agents

if pcolor = white ;; if they are in a white patch

[set pcolor gray ;; change it to gray

die] ;; lwr disappears

]

ask lwr [

if pcolor = gray

[set pcolor blue

die]

It is assumed that once the snow is melted, the liquid water disappears
from the system to the sides.

3 Results

The model can be run in several conditions, nevertheless for validation pur-
poses we present 3 simulations that vary on the snow parameters. First, it
was ran without snow (Figure 2), then with the snow parameters fixed at
intensity:3, frequency:14 (normal ; Figure 3) and finally, with intensity:5 and
frequency:50 representing an extreme snow coverage (Figure 4).

Normal snow parameters were given by a simple visual analysis of precip-
itation events and snow depth of NY-Ålesund historical data [NOAA, 2015].

In Figure 5 its observed a comparison between the simulated and observed
radiation at the earth surface in NY-Ålesund.

4 Discussion

In general terms, the solar radiation is over-calculated because the smallest
quantum of energy in this model is a swr, which represents 360kJ so whenever
the equation 1 computes less energy than that, the model runs an statistical
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Fig. 2 Observed and simulated air surface temperature in NY-Ålesund. No snow experi-
ment.

Fig. 3 Observed and simulated air surface temperature in NY-Ålesund. Normal snow con-
ditions, intensity: 3, frequency: 14.

binary decision that whether creates a swr or not. Furthermore, the model
counts with another statistical filter that inhibits the insertion of swr into
the system if a random number is surpassed, which represent the clouds in
the atmosphere that don’t let the short-wave radiation to reach the surface,
nevertheless, as it is seen in Figure 5, that filter must be tuned to filter more
swrs.

On the other hand, the temperature results reveal some clear possible im-
provements in the model. In the three temperature Figures can be observed
that the peaks of simulated and observed temperature are not in phase, despite
solar insolation is. This shows that the real atmosphere has its mechanisms for
retaining more heat than our model does which for instance are green-house
gases. In section 2.3.2 we discussed that the 5 hour integration was because
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Fig. 4 Observed and simulated air surface temperature in NY-Ålesund. Extreme snow
conditions, intensity: 5, frequency: 50.

Fig. 5 Simulated and observed solar insolation at the NY-Ålesund surface.

of GHG in the atmosphere, but given the simulation results it is certain that
this reasoning has a great improvement-area.

As it can be seen by the comparison of the three temperature Figures, the
snow increment makes less sinusoidal the temperature signal and it is generally
decreased, bringing up the problem that temperatures below −18◦C cannot be
reached (see the threshold in Figure 4), since in the model construction it was
set that the initial temperature would be the black-body radiation calculation
of an earth without atmosphere, nevertheless, due to the high latitude of our
location that global effective temperature is much higher than the real.
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Finally, the most noticeable difference between observation and simulations
is the signal amplitude, the simulated temperature is much lower than the
observations. This lead us to assume that our model certainly requires a more
accurate representation of the greenhouse effect.

In the context of the soil dynamic, the model came with the exact same
temperature that was simulated for the atmosphere. This is because of the
poor representation of soil properties in terms of its possible thermodynamics
due to permafrost and other depth-dependant properties.

5 Conclusions

One of the greatest challenges on the construction of surface energy balance
models is to come up with equations that represent the local physical properties
of the soil and atmosphere in the surface in a coherent dynamic with the whole
system. In these terms, what this model proves is that the most basic physical
laws that we understand in a considerable well degree, could come up with
a complex system which dynamic resembles very well the real world local
observations.

Nevertheless it is hard to simulate components that rely in a larger scale
dynamic as the precipitation or advective variables.

Therefore it is critical to open the doors for this alternative kind of mod-
elling that represents very well certain behaviours of the system and coupled
them with global classical models of the atmosphere dynamics.
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