
(This is a sample cover image for this issue. The actual cover is not yet available at this time.)

This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy
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c We use a 1D Daisyworld model that is forced by seasonal solar radiation forcing.
c We test the effects of seasonality on the climate regulatory ability of life.
c Seasonality reduces the range of solar forcing at which life regulates climate.
c Seasonality sustains a colder global temperature than the optimum temperature.
c When seasonality is included, climate catastrophe becomes an irreversible process.
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a b s t r a c t

We have studied the effects of seasonal Solar Radiation Forcing (SRF) on the climate self-regulatory

capability of life, using a latitudinal-dependent Daisyworld model. Because the seasonal polarity of SRF

increases poleward, habitable conditions exist in the equatorial regions year round, whereas, in the

high latitudes, harsh winters cause annual extinction of life, and only the summers are inhabited or

regulated by life. Seasonality affects climate regulation by two major mechanisms: (1) the cold winter

conditions in the high latitudes reduce the global temperature below the optimal temperature;

(2) during summer, life experiences higher SRF anomalies and, therefore, shifts to higher albedo when

compared to annual mean SRF. In turn, a full capacity for temperature regulation is reached at lower

SRF, and the range of SRF over which life regulates climate is significantly reduced. Lastly, initiation/

extinction of life at low/highly-perturbed SRF occurs at the poles. Therefore, an irreversible global

extinction occurs once life passes its regulatory capacity in the poles. We conduct extensive sensitivity

analyses on various model parameters (latitudinal heat diffusion, heat capacity, and population death

rate), strengthening the generality/robustness of the above net seasonal effects. Applications to other

SRF fluctuation, as Milankovitch cycles are discussed.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Daisyworld (Lovelock, 1983a,b) is a simple Earth-like model
demonstrating the Gaia hypothesis (Lovelock and Margulis, 1974;
Lovelock, 1972) that life can, unconsciously, self-regulate the
Earth’s environment under stable and habitable conditions.
The original Daisyworld model of Lovelock (1983a,b) is a zero-
dimensional model consisting of a planet with transparent atmo-
sphere exposed to evenly distributed solar radiation flux. The
climate is represented by a single variable—the global tempera-
ture that is a simple resultant of radiation balance on Earth. Life
on this imaginary planet consists of two types of plants, black
and white daisies, which differ only in their radiation reflectance

(albedos), hence their relative cover areas affects the Earth’s
albedo and its global temperature. However, the growth rates of
the two daisy populations depend on temperature, thus the cover
areas and temperature are closely related by a feedback mechan-
ism. For a wide range of SRF, the daisies successfully maintained
the global temperature close to the optimum value for their own
survival (which would otherwise increase with the solar radiation
flux), thus, illustrating a simple climate self-regulation behavior
of life on Earth.

Since its inception, because of its simplicity, the ability of the
Daisyworld model to support Gaia theory has been highly debated.
This criticism led to many expansions/modifications of the Daisy-
world model, mostly in the context of Gaia theory focusing on the
ability of life to regulate the climate under different and, generally,
more complicated conditions than in the original model. Examples
are: using higher dimensional models (Adams and Carr, 2003;
Adams et al., 2003; Ackland et al., 2003), including chaotic terms
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(Zeng et al., 1990, 1992), adding mutations or increasing popula-
tion diversity (Ackland et al., 2003; Pujol et al., 2005), and more
complex restrictions on the daisies’ evolution characteristics (von
Bloh et al., 1997; Ackland et al., 2003; Wood and Coe, 2007).
A more detailed review on the extensions of the Daisyworld model
can be found in Wood et al. (2008).

In the earlier Daisyworld models mentioned above, the evolu-
tion of life on Earth and its ability to regulate climate were
examined with respect to changes in SRF on geological timescales.
Therefore, many of them focused on steady state solutions, or on
transient/temporal regimes in perturb systems, until new steady
state conditions were achieved. Other researchers, although still
using constant SRF, have introduced a time delay factor into the
system, and reported the appearance of inherent self-sustained
oscillations, which were not caused by external forces (DeGregorio
et al., 1992; Nevison et al., 1999; Wood et al., 2006). Despite the
large amplitude oscillations that appeared in those researches,
their effects on climate regulation were averaged in time. There-
fore, the basic results of the original Daisyworld model in the above
studies were sustained in a mean climatic sense. However, in
addition to changes in geological timescales, fluctuations in SRF
occur in a variety of timescales (e.g., daily cycle, sunspot cycles, and
Milankovitch cycles). Despite the fact that these periodic changes
in SRF distribution may be canceled/averaged on geological time-
scale, their net effects on the climate regulation may not.

In this paper, we examine the effects of seasonal SRF on the
climate regulatory characteristics of life in a curvature planet, which
to the best of our knowledge, has not been studied yet. Most plants
are affected by seasonal variations. The main question in this paper
is whether the seasonal effects on habitability are average on time
(geological timescale) or not. If not, what are the connections
between seasonality and habitability or planetary regulation, natural
selection, and the ability to survive climate catastrophe at the edge
of habitable luminosity space. For that purpose, we added seasonal
SRF to the latitudinal-depended one-dimensional Daisyworld model
of Adams et al. (2003) [hereinafter AD03]. In order to check the
generality of our findings, we also conduct extensive sensitivity
analyses on various model parameters. These sensitivity analyses

are presented and discussed in the supplementary information
(hereinafter SI).

Our choice to focus on the seasonal cycle and not on other SRF
fluctuations, such as daily or Milankovitch cycles is not coin-
cidental and is driven by the separation of time scales. Most
plants do not change significantly over a daily cycle, which is
generally too short with respect to plants’ life-cycles. Addition-
ally, life cycles of most plants are much shorter than millennial
timescales, and they are barely affected by the slow changes in
solar radiation flux due to Milankovitch cycle. Milankovitch cycles
are relevant as they modulate the seasonality of solar radiation
(see discussion in Section 5) or as drivers of extreme climatic
events that potentially affect natural selection. Grasslands
(savanna, shrub, tundra) are among the largest ecosystems in the
world, covering 40.5 % of the terrestrial area excluding Greenland
and Antarctica (World Resources Institute, 2000, based on IGBP
data). Some plants in arid/savanna areas appear immediately after
short rain events and die as soon as the hot/dry season returns.
Even in subpolar Taiga region, trees have only short growing
season during summer. Moreover, seasonality affects dramatically
the distribution of solar radiation flux, especially in polar regions,
and exhibits different annual mean distribution of solar radia-
tion flux when compared to steady/constant distribution of SRF
(e.g., see Fig. 1). For those reasons, in the long run, seasonality
is expected to have an impact on the distribution of life and its
self-regulatory climate ability.

The paper is organized as follows: In Section 2 we review the
one-dimensional model of AD03, which now includes a time
dependent solar radiation flux forcing. To examine the seasonal
effect in our model with respect to the time-independent case,
and for the reader’s convenience, in Section 3 we review the main
findings of AD03 particularly relevant to our study, and present
the results of a one-dimensional model that is forced by a
constant latitudinal distribution of solar radiation flux similar to
the AD03’s model. In Section 4 we present and discuss the one-
dimensional model results when forced by a time-dependent
distribution of solar radiation flux forcing. In Section 5 the
possible effects of slower fluctuations of SRF on Milankovitch
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Fig. 1. (a) Daily average of the distribution of the solar radiation flux over one annual cycle as was calculated by Eq. (6) for L¼1 (in W m�2). The white line indicates the

planet’s declination given by Eq. (1). (b) Black – the annual mean of the distribution of the solar radiation flux that is shown in Fig. 1a, and in gray – the distribution of the

solar radiation flux when the planet’s declination is zero as is used in the time-independent model for L¼1.
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cycles time scale are examined experimentally, and are compared
to the seasonal effects. Our model is over simplifying a much
complex system and has many unrealistic features. In Section 6
we discuss the caveats and limitations of our model, and briefly
describe the sensitivity tests on the various model parameters
appear in the SI. We conclude in Section 7.

2. Model description

AD03 examined a one-dimensional Daisyworld model that
incorporated the basic properties of the curvature planet. Their
model was assumed to rotate perpendicularly to the plane of its
solar orbit. Thus, the solar radiation flux forcing was symmetri-
cally distributed, with the maximum radiation received at the
equator and decreasing poleward. Here, in order to include
seasonal variations in the distribution of the solar radiation flux,
we allow the rotation axis of the imaginary Daisyworld planet
(hereafter planet) to tilt over time in a sinusoidal function as
follows:

dðtÞ ¼�23:4 � sin
2pt

F

� �
: ð1Þ

where t is time, F is a periodic time equivalent to 1 year, and
23.41 is the maximal declination amplitude. The distribution of
the solar radiation flux on the top of the spherical planet is
determined by the sphericity and the orbital parameters of the
planet. To account for seasonal changes, yet keep it simple, we
overlook the variations in solar radiation flux due to the elliptic
planet’s orbit and use a constant value as would be received for
a circular planet’s orbit. In this case, the distribution of the
solar radiation flux is determined by the solar zenith angle Y as
follows:

R¼ 8SoL cosðYÞ when cosðYÞ40

R¼ 0 when cosðYÞr0 ð2Þ

where So is the solar radiation constant, and L is the solar
luminosity in the Watson and Lovelock (1983) model. The solar
zenith angle is calculated using the spherical law of cosines as
follows:

cosðYÞ ¼ sinðfÞsinðdÞþcosðfÞcosðdÞcosðhÞ ð3Þ

Here, f represents the latitude, dðtÞ is the declination angle that
is given by Eq. (1), and h is the hour angle. We remove the
dependency in the hour angle by averaging over 1 day as follow:

Rðf,tÞ ¼
1

2p

Z ho

�ho

R dh ð4Þ

where ho is the hour angle at the sunrise, or when Y¼ p=2. Thus
ho can be calculated from Eq. (3) to give:

cosðhoÞ ¼ �tanðfÞtanðdÞ ð5Þ

Last, the integral in Eq. (4) gives the daily average of the
distribution of the solar radiation flux as follows:

Rðf,tÞ ¼
4S

p
½ho sinðfÞsinðdðtÞÞþcosðfÞcosðdðtÞÞsinðhoÞ� ð6Þ

Despite the fact that we use a circular solar orbit rather than
an elliptical one, Eq. (4) accounts for the basic characteristics of
the seasonal distribution of the solar radiation flux on Earth
(Fig. 1a). We replace the constant incoming solar radiation
flux distribution of AD03 as shown in Fig. 1b (black line) with
Rðf,tÞ, thus the temperature TðtfÞ at time t and latitude f is now
given by:

Cp
@Tðf,tÞ

@t
¼ ð1�Aðf,tÞÞRðf,tÞ�sT4

ðf,tÞ

þ
D

cosðfÞ
@

@f
cosðfÞ

@Tðf,tÞ

@f

� �
ð7Þ

Eq. (7) is normalized to surface area. As in AD03, we include in
Eq. (8) an explicit latitudinal heat diffusion term expressed in
spherical coordinates (last term on the right hand side), which
also account for the latitudinal dependence of the surface area of
a sphere. In addition, as our forcing is on short timescales, we also
include a heat capacity Cp as in the models of Nevison et al. (1999)
and Wood et al. (2006). Similar to the model of AD03, s is the
Stefan–Boltzmann constant, Aðf,tÞ is the total albedo, and D is the
latitudinal heat diffusion rate coefficient. We note that time in the
original Daisyworld model (and probably in that of AD03) was
expressed in terms of daisy generation. Here, we examine
seasonal effects, and therefore, use time units of days in the
parameters R, s, and D (Table 1). For simple comparison with
AD03 results, we divide Eq. (7) by Cp, and replace all the
parameters on the right hand side with their values divided by
Cp as follows:

@Tðf,tÞ

@t
¼ ð1�Aðf,tÞÞS0oRn

ðf,tÞ�s0T4
ðf,tÞ

þ
D0

cosðfÞ
@

@f
cosðfÞ

@Tðf,tÞ

@f

� �
ð8Þ

where the tagged values are the original parameters divided by
Cp, and Rn

ðf,tÞ ¼ Rðf,tÞ=So. The rest of the model’s equations are
identical to those used in AD03, and are reviewed here for the
readers’ convenience.

For a given latitude and time, the mean planetary albedo is
determined by the proportional area covers of bare ground–aG,
white daisies—aW and black daisies–aB:

Aðf,tÞ ¼ AGaGþAWaWþABaB ð9Þ

where aGþaWþaB ¼ 1, and AG, AW, and AB denote the fixed
albedos of bare ground, white daisies, and black daisies, respec-
tively. For given latitude the equation for the daisies’ local
temperatures, growth rates, and hence cover areas are calculated
using the original zero-dimensional model of Watson and
Lovelock (1983). The local temperatures of white and black
daisies are given by:

Twðf,tÞ ¼ Tðf,tÞþqðAðf,tÞ�AW Þ

TBðf,tÞ ¼ Tðf,tÞþqðAðf,tÞ�ABÞ ð10Þ

where q is the implicit diffusion in the longitudinal direction. The
growth rates of daisies for a specific location and time are
functions of the quadratic difference between the optimal (C)
and the local temperatures as follows:

bW ðf,tÞ ¼ 1�dðC�TW Þ
2

Table 1
Parameter values used in the numerical model (units in parentheses): q is the implicit heat diffusion (K), AG, AB, AW - are bare ground, black and white albedos

correspondingly, C is the optimal temperature for daisy growth (K), d is the intrinsic growth rate (K�2 day�1), g is the daisies death rate (day�1), Cp is the heat capacity

(J m�2 K�1), s0 is the Stefan–Boltzmann constant divided by Cp (K�3 day�1), DL is the luminosity increment, and S0o is the solar constant divided by Cp (K day�1).

q AG AW AB C d g Cp s0 DL S
0

o

20 0.5 0.75 0.25 295.5 0.003265 0.3 86 400 5.6�10�8 0.005 917
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bBðf,tÞ ¼ 1�dðC�TBÞ
2

ð11Þ

where d is constant. Last, the proportional cover areas for each
type of daisy are given by:

@aW ðf,tÞ

@t
¼ aW ðf,tÞðð1�aW�aBÞbW ðf,tÞ�gÞ

@aBðf,tÞ

@t
¼ aBðf,tÞðð1�aW�aBÞbBðf,tÞ�gÞ ð12Þ

where g is a fixed mortality rate of the daisy populations.
Eqs. (8)–(12) conclude the Daisyworld model. This set of

equations is numerically solved, and the parameters used in the
model are listed in Table 1. To compare our model with the time-
independent model of AD03 we conduct two different experi-
ments, namely, 1Ds and 1Dns, where 1Ds is forced by a seasonal
distribution of solar radiation flux as indicated by Eq. (6), and
1Dns is forced by a time-independent distribution of solar radia-
tion flux similar to the model of AD03. In both experimental
setups, we assume that the luminosity values are changing
sufficiently slowly for the climate-biota system to reach a quasi-
steady state for any given luminosity value. Therefore, for any
given luminosity value (L) the model was run to a quasi-
equilibrium state in case of 1Dns, or until a repeating seasonal
cycle was achieved in case of 1Ds. The luminosity values were
increased gradually by an increment of DL, where, at each such
step, the previous solution was used as initial condition. In
addition, we put a minimum of 0.001 daisies’ cover areas ðaW ,BÞ

in all simulations for numerical stability reasons. Before we
consider the seasonal effect (Section 4), we review some of the
1Dns’ results, or when the seasonal effect had not been taken into
account.

3. 1Dns—no seasonal effect

In order to examine the seasonal effects, and enable a
straightforward comparison with the time-independent case,
we first ran the model without the seasonal effect (i.e., 1Dns).
This was done simply by replacing the solar radiation flux
distribution in Eq. (6) with a time independent solar radiation
flux distribution RðfÞ ¼ 4S=p cosðfÞ as in AD03. In this case, the
model results show strong spatial and diffusional effects, in
perfect agreement with the findings of AD03. Fig. 2 shows the
global temperature as a function of solar luminosity for two
different rates of latitudinal heat diffusion. In this figure, effec-
tive regulation is achieved when the daisy populations success-
fully modify the global temperature nearer to their optimal
temperature for survival (C), when compared to uninhabited
planet (black crossed line). Similar to the zero dimensional
model of Lovelock (1983a,b), life in both experiments success-
fully regulates the global temperature for a wide range of
solar luminosity values, via the albedo feedback mechanism.
The differences between the two experiments are attributed to
the different temperature gradients between the poles and the
equatorial regions (AD03). The inhomogeneous (latitudinal
dependent) solar radiation flux has a marked local effect:
because of the planet curve, equatorial regions receive higher
solar radiation flux than polar/high latitudes and, therefore, are
warmer. The diffusion of heat from equatorial to polar regions
reduces the temperature gradient in these directions. Therefore,
at lower rates of heat diffusion, the equatorial regions become
warm enough to sustain life in smaller values of luminosity, but
also expedite extinction at higher luminosity values.

The distributions of temperature and the daisies’ cover areas
under a gradual increase of solar luminosity values are shown in
Fig. 3 (here D0 ¼ 1 radians2 day�1). For luminosity values less than
L¼0.6 the temperature is too cold to support life everywhere.

At this stage, the temperature is only controlled by the distribu-
tion of the solar radiation flux and the latitudinal diffusion of
heat. At L¼0.6 the temperature becomes warm enough to
establish a small black daisy population at the equator. Because
of its lower albedo, this small population triggers a positive
feedback, increasing the equatorial temperature and transferring
more heat to polar/higher latitudes, when compared to the
uninhabited conditions. In-turn, the nearby equatorial regions
become inhabited by a new black daisy population, get warmer
and increase the heat transfer poleward, and so on (AD03).
Finally, this feedback allows an immediate expansion of black
daisy population and warming up to 7501 latitude (Fig. 3a–b),
where white/black daisy populations can be found everywhere
(including in the poles) at L� 1 (Fig. 3d). Soon after the increase of
solar luminosity values above 0.6 the black daisy population
disappears from equatorial latitudes and is gradually replaced by
a white daisy population that cools these regions (Figs. 3b–c).
At very high luminosity values ðLZ1:3Þ, the white daisy population
in the equatorial regions collapses. The equatorial regions become
hotter and transfer more heat to higher latitudes. Therefore,
once the population at the equator collapses the extinction of
the population spreads immediately to higher latitudes (Fig. 3d).
The daisy populations gradually become extinct from higher
latitudes with the further increase of solar luminosity, until only
a small population remains living in the polar regions (Fig. 3d).
A less intuitive result of the one-dimensional model is that
the daisy populations form ‘‘striped patterns’’ with only black or
white daisy patches (Figs. 3b–c). The two types of daisies at the
same latitude do not coexist, even at solar radiation flux intervals
at which coexistence is possible in the zero-dimensional model
of Lovelock (1983a,b) (i.e. for �54ofo54 when L¼1). The
striped pattern is a more stable form than coexistence because
it causes a more efficient transfer of heat between the patches
and, thus, increases the growth rates of both types of daisies.
More information on the creation mechanism and spatial dis-
tribution of the striped patterns, and on their sensitivity to
forcing, initial conditions and perturbations can be found in
AD03.
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global temperature is calculated using an area weighted average of temperature

ðTðfÞÞ over the entire sphere given by: TG ¼ 1=2
Pn

i ¼ 1 TðfiÞ9sinðpði�1Þ=nÞ

�sinðpðiþ1Þ=nÞ9, where fi ¼�p=nþði� 1
2Þp=n, and n is the number of grid points

along the latitudinal direction.
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4. 1Ds—the seasonal effect

The one-dimensional model of AD03 presented global climate
regulation characteristics and included strong spatial effects due
to the distribution of solar radiation flux (Section 3). Here we
examine whether seasonality, while consistently changing the
distribution of the incoming solar radiation flux (but not the
global mean solar radiation flux), can affect the climate regulation
by life. In addition to some expected seasonal variations in the
distributions of temperature and daisy populations, our model
results discussed in this section, indicate that seasonality also

affects the annual mean global dynamics and, thus, dramatically
affects the regulatory characteristics of life. We next discuss the
effect of seasonality on the annual mean global dynamics (tem-
perature and albedo) using a comparison of the results of 1Ds and
1Dns. The sources for the differences between the two experi-
ments are presented in the context of spatial-temporal distribu-
tions of temperature, populations, and solar radiation forcing in
Sections 4.1–4.4. In Section 4.5 we briefly discuss the effect of
seasonality on the striped pattern formation that was found in the
model of AD03. Last, the ability of life to reestablish after climatic
catastrophe is discussed in Section 4.6.
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global temperature is calculated using an area weighted average of temperature ðTðf,tÞÞ over the entire sphere given by: TG ¼/1=2
Pn

i ¼ 1 Tðfi ,tÞ9sinðpði�1Þ=nÞ

�sinðpðiþ1Þ=nÞ9St , where fi ¼�p=nþði�1=2Þp=n, and n is the number of grid points along the latitudinal direction. Here / St indicates annual time average operator.

(b) Annual average of global total albedo results (calculated by Eq. (13)) for: black—1Ds, and gray—1Dns. Here D0 ¼ 1 radians2 day�1 is used for both 1Ds and 1Dns.

Fig. 3. The results of 1Dns for latitudinal distributions of (a) temperature, (b) black daisies cover area, (c) white daisies cover area, and (d) total area covered by both

daisies, as a function of luminosity values L (X axis). Here D0 ¼ 1 radians2 day�1.
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4.1. Global dynamics

The model results of the annual mean global temperature in
experiments 1Ds and 1Dns are presented in Fig. 4a. When the
seasonal effect is taken into account, the global temperature gets
warmer than the uninhabited planet at luminosity values of 0.5
(Fig. 4a, black line), when compared to only 0.6 in 1Dns (Fig. 4a,
gray line). Although the global temperature for Lr0:57 cannot be
considered as fully regulated, this warming indicates that the
daisies already affect the climate at this early stage. Nevertheless,
generally, the global temperature is less successfully regulated
when the seasonality is activated for three reasons: (1) the global
temperature is regulated over a smaller range of luminosity
values ð0:57oLo1:1Þ; (2) over the luminosity values for which
regulation does exist, the global temperature is much colder than
the optimal temperature, and continually increases with the
luminosity values rather than being sustained near a preferred
value; (3) while in 1Dns life always regulates the global tempera-
ture near the optimal temperature value, in several cases it does
the contrary in 1Ds. For uninhabited conditions the optimal
temperature is received for L� 1 (Fig. 4, black crosses), coinciding
with 1Dns results. Thus, life in 1Dns warms the planet for
Lo1 and cools it for L41, when compared to the uninhabited
conditions. For 0:85oLo1 life in 1Ds sustains even colder
conditions than the uninhabited conditions, despite the fact
that global temperature in the former approaches the optimal
temperature value.

The global temperature results match logically the annual
mean global albedo results (Fig. 4b). The annual mean global
albedos in Fig. 4b are calculated as follows:

AG ¼
/Aðf,tÞRðf,tÞSt

/Rðf,tÞSt

� �
f

ð13Þ

Here, ½ �f is an area weighted average over the entire sphere as it
is used for the calculation of the global temperature (Fig. 2), and
/ St is a yearly time average operator. The term in the square
brackets is a time weighted average of the total albedo with
respect to the distribution of the incoming solar radiation flux
Rðf,tÞ. Noticeably, this term promises that for any given time only
the latitudinal regions that are exposed to (nonzero) solar radia-
tion flux contribute to the calculation of AG , while non-exposed
regions are excluded (i.e., when Rðf,tÞ ¼ 0 as in the polar regions
during winter). The global albedo reflects the behavior of the
population in a given luminosity; when the local temperature
over most areas of the planet exceeds the optimal temperature,
the population is preferably white and the global albedo increases
above 0.5 (the bare ground albedo, Table 1) and vice versa. Both
experiments show a similar behavior of the global albedo but
with different phasing (Fig. 4b): at low luminosity values the
population is preferably black, thus the global albedo is less than
0.5. With the increase in luminosity values, the black daisy
population is gradually replaced by white daisy population and
the global albedo increases. At some luminosity value, the
population collapses and the global albedo approaches the bare
ground level. The ‘whiter’ population in 1Ds at luminosity values
between 0.6 and 1.1 (Fig. 4b) explains the colder global tempera-
ture in this region in 1Ds when compare to 1Dns (Fig. 4a). At off-
regulated range of luminosity values (Lr0:57 and LZ1:1) 1Ds

experiences less abrupt collapsing/establishing of population
compared to 1Dns (Fig. 4b) and explains similar differences in
the annual mean global temperature (Fig. 4a). However, as we
discuss in Section 4.3, the appearance of daisy populations in the
off-regulated regime in 1Ds is a model bias. Lastly, the more rapid
extinction of the population at L¼1.1 in 1Ds minimizes the range
of luminosities over which the global temperature is regulated.

4.2. Spatial-temporal dynamics

To understand the differences between 1Ds and 1Dns as
described in Section 4.1, we should consider the seasonal solar
radiation flux forcing and its impact on the distributions of
daisies’ populations and temperature. When the seasonality is
activated, the polar and the high latitude regions receive higher
solar radiation flux and equatorial regions receive less solar

Fig. 5. The results of 1Ds for daily averaged latitudinal distributions of tempera-

ture and daisies cover areas over one annual cycle as follows: (a) temperature,

(b) black daisies cover area, (c) white daisies cover area, and (d) total area covered

by both daisies. Here D0 ¼ 1 radians2 day�1 and L¼0.55.

Fig. 6. As in Fig. 5 but for L¼0.8.
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radiation flux, on annual average, when compared to the time-
independent case (Fig. 1b). Moreover, because they are continu-
ally exposed to sunlight (24 hours a day), the polar regions during
summer receive the highest daily average solar radiation flux over
one annual cycle (Fig. 1a). As a result, we would expect that the
polar and high latitudinal regions would become more important/
effective in climate regulation when compared to the time-
independent case. Figs. 5–9 show the daily averaged distributions
of temperature and daisy cover areas in different luminosities
between 0.55 and 1.15 in response to an annual cycle of solar
radiation flux forcing (as is shown, for example, in Fig. 1a for
L¼1). Similar to 1Dns the distributions of white and black daisies
adhere to the solar radiation flux and the latitudinal diffusion
of heat. However, unlike 1Dns, a small black daisy population
is first established at the poles during summer (already for
0:51rLr0:57) due to the highest solar radiation flux received
in those regions (e.g., Fig. 5). Because of its lower albedo, the black
daisy population warms the polar regions and, by diffusion,
transfers heat to lower latitudes, thus gradually causing a sum-
mertime bloom of black daisies, which reaches 7101 latitude
(Fig. 5). This bloom is not sustained for long. The darkness/low
solar flux radiation in winters in the polar/high latitudes drops
the local temperature beyond the habitable conditions at any
luminosity value (Figs. 5–9). Therefore, the daisy populations at
the poles disappear during winters and reappear during summers
when the solar radiation flux increases. Despite the fact that the
equatorial regions in 1Ds receive lower solar radiation flux, on
annual average (Fig. 1b), as a response to heat transfer from
higher latitudes the equatorial region becomes warm enough to
sustain a continuous population (which does not disappear over
one annual cycle) at L¼0.57 and for a smaller value than the
appearance of black daisy population in the equatorial regions in
1Dns at L� 0:6 (Fig. 3b). When the solar luminosity value
increases, the population gradually transfers from preferably
black to preferably white population, starting at the poles
and migrating to the equatorial regions. At L¼1.1, the white

population at the poles dies during the summer peak, when the
solar radiation flux is maximal (Fig. 8c). As a result, the polar
regions become extremely hot (Fig. 8a) and trigger a fast deserti-
fication reaching to the equatorial regions (Fig. 8c). At higher
luminosity values the entire population collapses, and an extre-
mely high temperature’s seasonality develops, as a sole result of
the solar flux forcing and the latitudinal diffusion of heat (Fig. 9).
At any given time, this situation allows habitable conditions only

Fig. 7. As in Fig. 5 but for L¼1. The white contours in Fig. 7d indicate the envelope

of population for L¼0.6 (inner contours), L¼0.8 (middle contours), and L¼1 (outer

contours).

Fig. 8. As in Fig. 5 but for L¼1.11.

Fig. 9. As in Fig. 5 but for L¼1.15. The reestablishment of population after the

summer conditions in the southern and northern hemisphere is a model bias

(Sections 4.3 and 4.6). Therefore, the presented conditions indicate a complete

extinction of life on the planet.
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within restricted latitudinal regions in which short-living popula-
tions of black daisies (facing toward the colder region) and white
daisies (facing toward the warmer region) can be established
(Figs. 9b-c). However, as we explain in the next section, these
conditions do not present realistic sustainable life conditions.
Therefore, the conditions presented in Fig. 9 indicate a complete
extinction of life on the planet.

4.3. Off-regulated regime of luminosity values

One feature of the Daisyworld model is that life is sponta-
neously created when the local temperature is at a minimal
threshold. The basic assumption behind this is that if a stable
habitable condition is achieved, the probability for a spontaneous
initiation of life is certain. However, a spontaneous initiation of life
might not be considered logical if habitable conditions are only
achieved at short intervals on seasonal time-scales, as occur for
Lr0:57 and LZ1:1 in 1Ds (e.g., Figs. 5 and 9). Even if such an event
should occur, life will become extinct whenever the temperature/
climate drop beyond the habitable conditions. Therefore, in such a
case, sustainable life will demand a high probability for sponta-
neous events of initiation of life every annual cycle. A more
reasonable criterion for a sustainable life in the one-dimensional
Daisyworld model is that a continuous existence of daisy popula-
tions occurs somewhere. In 1Ds this criteria is achieved for
luminosity values between L¼0.57 and L¼1.1, and coincides with
the range over which the global temperature is regulated (Section
4.1 and Fig. 4a). We therefore consider the existence of daisy
populations at off-regulated luminosity regimes (i.e., Lo0:57 and
L41:1), such as in Figs. 5 and 9, as a model bias. Therefore, while
the initiation and extinction of life occur first in the polar regions, a
global climate regulation exists only when the equatorial regions
become inhabited, similar to the time-independent case. However,
there is an asymmetry between the initiation of regulation at low
luminosity values (Fig. 5) and its termination at high luminosity
values (Fig. 8). The polar regions in 1Ds receive higher annual
average solar radiation flux when compared to 1Dns (Fig. 1b), but
similar to 1Dns these regions still receive the minimal annual
average solar radiation flux and cover a small portion of the
spherical-planet. Therefore, the high latitudes and polar regions
are limited in their ability to affect/regulate the global climate
when compared to equatorial regions. The expanding of initiation/
extinction of the daisy populations from the polar to equatorial
regions is only allowed because some pre-existing conditions
at the equatorial regions. Otherwise, this would happen in the
equatorial regions at slightly higher luminosity values. When
luminosity values are lower than 0.57 the equatorial regions are
uninhabited in both experiments (1Ds and 1Dns) and the prelimi-
narily warming of these regions is achieved mainly by direct solar
heating. This explains why the equatorial regions in 1Ds only
become inhabited at L¼0.57 and close to L¼0.6 in 1Dns and not
immediately after their establishment in the polar regions at
L¼0.5. Indeed, our calculation shows that habitable conditions at
the equator can be achieved for L¼0.59 without any contribution
of diffusion of heat from the higher latitudes. This indicates that
seasonality has little effect on the lower boundary of luminosity
value beyond which climate regulation exists, but it affects greatly
the upper bound as shown in Fig. 4. The daisies reach their upper
boundary of regulatory regime when the white daisies cover area
reaches its maximum, or when additional heating cannot be
compensated for by increasing the albedo. As noted in Section
4.1, for a given luminosity value the population in 1Ds tends to be
whiter than 1Dns (also Fig. 4b). As a result, the population already
reaches its limited regulatory conditions for lower luminosity
values at L¼1.1 (Figs. 4 and 8) when compared to L¼1.3 in 1Dns

(Fig. 4a). In fact, other than a thin patch of black daisy population

concentrated at the northern pole, the population is purely white
everywhere just before its extinction from the southern pole when
L¼1.1 (Fig. 8, day� 90). Therefore, when the population at the
polar region collapses, the diffusion of heat from polar to equatorial
region causes an immediate desertification down to the equatorial
regions (Fig. 8). To conclude the argument, we next explain the
sources for the ‘whiter’ conditions, which appear for 0:6rLr1:1
in 1Ds.

4.4. Regulated regime of luminosity values

The annual averages of latitudinal distribution of temperature
and daisies’ cover area in 1Ds are shown in Fig. 10. Despite the fact
that the polar/high latitudes in 1Ds receive higher solar radiation
flux on annual average when compared to 1Dns (Fig. 10a), these
latitudes are much colder in 1Ds (Fig. 10a), and therefore, respon-
sible for the colder global temperature in that case (Section 4.1 and
Fig. 4a). Whereas, in 1Dns the cover area of black daisies in the
polar region is maximal (0.7) in most luminosity values and, thus,
warm the polar regions (Fig. 3), in 1Ds the population in the polar
regions tends to be whiter (Figs. 10b and c), and its total cover area,
on average, is less than maximal (Fig. 10d). The seasonal amplitude
of the solar radiation flux increases poleward. As a result, extended
areas of the high latitudes/polar regions are only partially regulated
or affected by life (Section 4.2). In winter, the extremely cold
conditions existing in those regions due to darkness/low solar
radiation flux prohibit the establishment of daisy populations, and
therefore only the summer season is regulated. However, during
summer, the daisies experience a much higher solar radiation
flux that they would only receive at higher luminosity values in
the time-independent case (Section 4.3). Therefore, if regulation
existed consistently throughout the high/polar latitudes, this
would push the system to be more ‘black’ during winter and more
‘white’ during summer, compared to steady solar radiation flux
forcing. The extinction of daisies from those regions during winter,
therefore, replaces the potentially black population with bare
ground conditions and, thus, contributes more to the increase of
the albedo on annual average. Moreover, because of the higher
solar radiation flux during summer, the annual mean global albedo
(calculated by Eq. (13) is mainly affected by the summer conditions
while the winter season is a minor contributor. All the above

Fig. 10. Annual average of latitudinal distributions in 1Ds as function of lumin-

osity values L (X axis) for (a) temperature (1C), (b) black daisies cover area,

(c) white daisies cover area, and (d) total area covered by both daisies. Here D0 ¼ 1

radians2 day�1. The white contours in Fig. 10a indicate the temperature differ-

ences between 1Ds (as shown here in Fig. 10a) and 1Dns (as shown in Fig. 3a).

E. Biton, H. Gildor / Journal of Theoretical Biology 314 (2012) 145–156152



Author's personal copy

factors push the annual mean global albedo to higher values at a
given luminosity value (or to ‘whiter’ conditions) in the case of 1Ds

when compared to 1Dns as shown in Fig. 4b and, therefore,
explains both: (1) the colder conditions in the polar and high
latitudes and thus, the colder global temperature in 1Ds (Section
4.1 and Fig. 4a), and (2) the more rapid extinction of daisies at
lower luminosity value in 1Ds than compared to 1Dns (Section 4.3).
With the increase in luminosity values, the seasonal colder/
unregulated regions near the poles shrink and the fully regulated
regions, with temperatures close to the optimal value are extended
(white contours in Fig. 7d) until the sudden extinction of popula-
tion at L¼1.1 (Fig. 8d). The outcome is a gradual increase in global
temperature, approaching the optimal value, with the increase in
luminosity values (Fig. 4 and Section 4.1).

4.5. Striped pattern formation

An interesting feature of the one-dimensional Daisyworld
model of AD03 was the appearance of the striped patterns in
the distribution of daisies (Section 3 and Figs. 3b-c). A relatively
sharp striped pattern, as in the time-independent case, can be
generally found up to 7301 latitude, where, in higher latitudes
coexistence is allowed to some level, and therefore, the striped
patterns are less strict (e.g., Figs. 6b, 6c, and 11). In addition, the
stripes are locked in space over a significant time-interval
(Figs. 6b–c), suggesting that they are tolerant, to some level, to
variation in the solar radiation flux. The adjustment of the
population to seasonal radiation flux forcing can be explained
by the different heat flux components that contribute to the heat
balance in Eq. (8). The equatorial regions are continually inhab-
ited and the temperature is always close to the optimal value. In
addition, the seasonal modulation in the solar radiation flux is
minimal (Fig. 1a). These conditions, at the lower latitudes,
promise only minor changes in all heat flux terms that appear
in Eq. (8) (diffusion and radiative terms) and, therefore, allow the

adjustment of daisy distribution in the more stable, sharp striped
pattern. In contrast, the higher latitudes are only partially
regulated and experience a more extreme solar radiation flux
seasonality. Therefore, at higher latitudes the rate of change in the
solar radiation flux and/or the diffusion of heat demand a higher
rate of daisy adjustment when compared to equatorial regions,
and the daisies are generally in a transient situation that includes
coexistence forms. In fact, our model results show that, if for a
given distribution of solar radiation flux, the population
is allowed to adjust, sharp striped patterns appear everywhere
(e.g., Fig. 11). However, we note that the model solutions for the
transient and adjustment cases are not too far apart (Figs. 11a- b.
Particularly, in both cases the temperature is regulated near the
optimal value (Fig. 11c) and the global temperature differs only
by � 0:1 1C. A further mathematical analysis of the striped
patterns in the time-dependent case, as was done in AD03, is
beyond the scope of this paper.

4.6. Can life be re-established after catastrophe?

The model results of 1Dns show that, even at very high
luminosity values, both types of daisies can still be found in the
high/polar latitudes, considerably above the luminosity value
which causes their extinction from the equatorial region at
L¼1.3 (Fig. 3). We calculate that in 1Dns, the daisies disappear
completely only when LZ2:25 (not shown). This ensures that
when the luminosity values on the planet drop again below the
vital conditions life would reestablished to pre-catastrophe status
from the population in the poles. As demonstrated in Fig. 9, when
seasonality is taking place, life becomes extinct everywhere once
it collapses at the poles during summer as follows: during the first
half of the year, the extremely hot conditions in the southern
hemisphere and the harsh winter conditions at the northern
pole allow only a restricted habitable region at the lower latitudes
of the northern hemisphere (e.g., Fig. 9, day� 90). When the
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summer conditions reach the northern hemisphere during the
second half of the year, this small population disappears and the
extinction of life is completed. Therefore, when seasonality is
activated, climate catastrophe becomes an irreversible process.
We note that the reestablishment of life after its extinction,
during summer conditions in the southern and northern hemi-
sphere, is a model bias (Section 4.3).

5. Response to Milankovitch cycles

The Milankovitch theory (Milankovitch, 1941) describes the
variations in solar insolation as function of time and latitude, due
to changes in orbital parameters: (1) the eccentricity of the Earth
orbit around the sun (with main periodicity of 100,000 years); (2) the
tilt of the Earth axis relative to the plane of orbit around the sun or
the obliquity (with main periodicity of 41,000 years); and (3) the
precession of the earth axis (main periodicity of � 23,000 years).
The total effect is rather complicated, but in general, these changes
are dominated by 23,000 and 41,000 years cycles at high latitudes.

These long-term variations in SRF also modulate the seasonal
cycle. So while the characteristic time scales of plants are much
shorter (Section 1), it is interesting to investigate the potential
response of the planet to these variations. To account for
Milankovitch-type forcing, for simplicity we add a modulation of
the seasonality with a simple sin components having a single
periodicity. We emphasize that as long as this periodicity is longer
than few thousands year, giving the ecological system enough time
to a equilibrate, the specific periodicity has only a quantitative
effect, not a qualitative one. Specifically, we replaced the present
day obliquity value in Eq. (1) (23.4 degrees), by a sin function
oscillates between 22.1 and 24.51 on a 41,000 years cycle.

The model was tested for a single value of solar luminosity
value (L¼1), while all the other model parameters were the same
as in the experiment 1Ds (summarized in Table 1). The model
results for the annual average of the global temperature varia-
tions over one obliquity cycle are shown in Fig. 12a, and the
obliquity cycle is presented in Fig. 12b. As it shown in this
figure, the temperature variations are inversely dependent on the
obliquity. In Section 4.1 we show that one of the main seasonal

effects is the reduction of global temperature with respect to the
non-seasonal case (Fig. 4a). Therefore, the results found here are
expected; the higher obliquity values strengthen the seasonal
effect and therefore, cool the global temperature, whereas the
lower values weaken the seasonal effect, and the global tempera-
ture gets warmer, or closer to the non-seasonal case. Noticeably,
the fluctuations of the global temperature caused by the obliquity
cycle are less than 1 1C in amplitude, comparably smaller than the
net reduction of 6–7 1C in 1Ds with respect to 1Dns results (Fig. 4a).
Moreover, as can be seen from Fig. 12(a) the temperature oscilla-
tions caused by the obliquity cycle are averaged on time. Therefore,
unlike the seasonal forcing, the obliquity cycle has no net effect on
geological timescales. The above results are, therefore, strengthen-
ing the focus in seasonal fluctuation of SRF as discussed in Section
1. Last, all our seasonal model results (including the results of the
sensitivity experiments that appear in the SI) were based on
present obliquity value of 23.41 that is close to the mean obliquity
value of 23.31, and therefore, represent reasonably well the mean
climatic conditions.

6. Caveats and limitations

There are few caveats and limitations that should be mentioned:
First, including seasonal forcing is a significant step towards

making the Daisyworld somewhat more realistic/semi realistic.
Yet, our model is over simplifying a much more complex system
and has many unrealistic features. Therefore, the findings regard-
ing the seasonal effect draw based on our model should be
considered introductory, with the caveat that they are based
on a highly simplified model. However, in many cases simple/
unrealistic models such as toy models and box models are used
for understanding qualitatively much more complicated natural
systems. In this section, using sensitivity analysis, we demon-
strate that at least in a very simplified model, our findings
pertaining the seasonal effect are robust. Therefore, our research
can help further investigation of the seasonal effect, when using
more sophisticate/realistic models.

Second, our findings might depend to some extent on the
dimensions of our model. Longitudinal variations could be
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important for the potential survival of polar refugees, or for
habitability distribution, in general. Therefore, simulating 2D
spherical planet could be useful, but perhaps unnecessary for this
study. The daily average SRF at the top of the atmosphere is only
latitudinal dependent, while longitudinal variations in SRF at the
Earth’s surface are connected to the Earth’s topography (e.g.,
ocean/continent distribution), and atmospheric conditions (e.g.,
cloudiness). Including all these complexities in our model would
lead to an Earth system model, which is beyond the scope of this
study. Nevertheless, we would like to point out that latitudinal
variations in Earth surface temperature, as many other climatic
variables, are much more significant than longitudinal variations.
Therefore, focusing on the latitudinal variations, especially in
such a simplified model, may not be completely unreasonable.

Third, timescales in our model might be somewhat proble-
matic. Previous Daisyworld models focused on the evolution of
geological time (Section 1). Here, we examine whether the
evolution on geological timescales can be changed, when con-
sidering the seasonal fluctuations of SRF. As we mentioned in
Section 4.3, one unrealistic feature of the Daisyworld model is
that life is spontaneously created when the local temperature is at
a minimal threshold, and immediately perish when the tempera-
ture/climate drops beyond the habitable conditions. The basic
assumption behind this is that if stable/unstable habitable con-
ditions are achieved, on geological timescales, the probability for
a spontaneous initiation/immediate extinction of life is certain.
However, a spontaneous initiation/extinction of life, as occurred
in our model in the subpolar/polar latitudes (e.g., Fig. 6), might
not be considered logical at short time-intervals or on seasonal
timescales. Moreover, seasonal plants have a perfectly good way
of surviving seasons. Probably the best example is the vegetation
in the subpolar Taiga region that survives during the extremely
cold winter conditions in these regions. However, while extinc-
tion and reestablishing of population over seasonal timescales is
unrealistic, the situation in our model resembles the behavior of
widely common plants with short life cycle, (e.g., grasslands’
vegetation). Some plants in arid/savanna areas appear immedi-
ately after short rain events and die as soon as the hot/dry season
returns. Concerning specifically the winter extinction of daises in
polar and subpolar regions, in our study, we are mainly interested
in the ability of life to regulate climate. As we demonstrated in
Eq. (13), in polar and subpolar regions the plants can only
affect the global albedo and the Earth radiation balance during
summer (Section 4.1). Therefore, de-facto the extinction of daises
during winter in those regions has neither practical effects
on temperature-albedo-population values, nor on our main con-
clusion regarding the climate self-regulatory characteristic of life.
Therefore, despite this shortcoming of our model, the model
describes reasonably well the effects of habitability at polar/
subpolar region on the heat balance.

Last, we so far considered the seasonal effect when using specific
model parameters. Could the net seasonal effects we concluded
about habitability be limited to the model parameters, which
we used? For example, the seasonal temperature polarity at high
latitudes depends on the rate of heat transported between the
tropics and the poles (can be tuned by the parameter D), and
so is the habitability in these regions. However, the heat diffusion
transport itself is contingent on habitability, or on temperature
differences between well-regulated regions and regions of potential
extinction. Additionally, the model results might be sensitive to the
heat capacity (Cp) as was demonstrated before for zero dimensional
and two dimensional Daisyworld models (DeGregorio et al., 1992;
Nevison et al., 1999; Wood et al., 2006). Finally, the regulatory
capacity of plants, or their ability to increase the planetary albedo at
the upper luminosity threshold, is probably dependent on how
much bare ground is permitted in the system (proportional to 1�g).

We conduct a sensitivity analyses for all above key model
parameters, and the results of the different experiments are
discussed and presented in the SI. Qualitatively, the seasonal
effects were repeated with a wide range values of the different
model parameters, demonstrating that, at least in this simplified
model, our findings so far have been robust (SI). Specifically, for
any given value of death rate ðgÞ, heat diffusion coefficient ðD0Þ, or
heat capacity (Cp), under seasonal forcing there is (1) a net
reduction in global temperature, (2) a narrowing of the luminos-
ity interval over which climate regulation is feasible, and (3)
the probability that life will survive climate catastrophes at the
edge of habitable parameter space is reduced (SI, Fig. S1).
The main reason being that the SRF is the only external forcing
in the system, while other terms that appear in Eq. (8), such as
latitudinal heat diffusion, long wave radiation emission, and
daisies population that affects the albedo, all adjust or respond
to this forcing. Therefore, as we show in the SI, while changing the
model parameters can quantitatively affect the model results,
it cannot affect the above seasonal effects qualitatively.

7. Conclusion

We examined the seasonal effects in a one-dimensional Daisy-
world model. Seasonality affects dramatically the distribution of life
and, therefore, its ability to self-regulate climate. Because the
seasonal amplitude of the solar radiation forcing increases poleward,
the high/polar latitudes are only partially regulated, with its popu-
lation extinct during winter and reestablishes during summer, on a
yearly base. During summer, the daisies in the high/polar latitudes
are experiencing higher solar radiation flux as they only receive at
much higher luminosity values in the time-independent case and,
therefore, become extinct at lower luminosities when compared to
the time-independent case. At the same luminosity value, the
population in the lower latitudes is already fully white and, there-
fore, reaches its maximal regulatory capacity. As a result, the higher
heat transfers from the polar region due to the extinction of
population in the poles cannot be compensated by transferring to
whiter population, and the entire population, in all latitudes,
collapses. Overall, the seasonality reduces significantly the range of
luminosity values at which life successfully regulates climate, and
due to the extreme cold condition during winter at the poles, the
global climate/temperature is colder than the optimal temperature.
In addition, the more stable stripped pattern found in AD03 is more
abounded in lower latitudes, where the climate is relatively stable,
while in more perturbed climatic conditions, at higher latitudes,
coexistence form is allowed. Lastly, once the population at the poles
collapses, desertification expands to all latitudes. Therefore, such a
catastrophe becomes an irreversible process.
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