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ABSTRACT: A model of a sort of system dynamics was developed to estimate the 

frequency and the extent of unusual weather-induced natural disasters in Costa Rica 

under the global climate change.  According to the five scenarios regarding the 

growth of global temperature and its variability, the extent of the disasters such as 

flood, landslide, sea surge and strong wind, together with the time variation of human 

risk originated from them were derived.  The ensemble average of calculation 

indicates the considerable enhancement of the damage which is imagined to occur 

along the coast lines in Costa Rica due to the sea surge, and the substantial increase of 

the extent of disasters and human risk which are certainly led by the growth of the 

temperature fluctuation.  The individual calculation also indicates that, since the 

extent of the climate anomaly becomes larger in future, the harmful influence on the 

economical activity and the social welfare must probably be increased by the disasters 

at the time of a large climate fluctuation.  The continuous allocation of budget to the 

disaster measures is strongly suggested for the future Costa Rica. 

KEY WORDS: weather-induced natural disaster; climate change; temperature variability; 

model; ensemble average; human risk; social welfare; Costa Rica  

 

1. Introduction 

Costa Rica had experienced more than 100 direct and indirect attacks of tropical 

cyclones and hurricanes during the last century (Lizano and Fernandez, 1996; Alvarado 

and Alfaro, 2003).  Whenever the attack of those phenomena had occurred, various 

types of disasters usually broke out to result in an enhancement of human risks 

(Grandoso, 1979; Fernandez and Vega, 1996; Chinchilla, 2009).  Although the natural 

disasters as flood and landslide which are directly related to abnormal meteorology are 
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thus so frequent in Costa Rica, the protection against those disasters along with the 

construction of disaster measures are far from the state of completeness at present. 

     Hegerl et al. (2007) have pointed out the possibility that the frequency and the 

strength of unusual meteorological phenomena may grow with the increase of global 

temperature.  Under such circumstance, the extent of natural disasters induced by the 

unusual meteorology will inevitably increase in almost every country in future (Milly 

et al., 2002).  There is no clear information, however, at what time in the future and 

with what extent of scale the disasters will take place in Costa Rica, although such an 

ambiguous situation is not limited solely for Costa Rica but common for all countries.  

It is not unreasonable, therefore, that Costa Rica has an intention to confront the 

difficulties from the global warming with the policy of adaptation as a long term plan 

(IMN, 2007). 

     Although the adaptation is vulnerable when unusual meteorological events 

suddenly occur in a large scale, it is still effective in general for the industry, the 

society and the human living in case of the gradual change of global climate.  Even in 

the adoption of adaptive strategy, however, it is necessarily required the quantitative, or 

at least qualitative estimation on some measurements regarding the weather-induced 

natural disasters which may take place in future.  Whether or not there exists such 

information must probably lead significant difference in making policies for future 

Costa Rica, and hence in what this country ought to be in future. 

     Under the condition of global warming, the probable increase of not only the 

average temperature but also the temperature variability has been pointed out to occur 

(Schar et al., 2004; Christidis et al., 2005; Trenberth et al., 2007; Hegerl et al., 2007).  

Namely, the fluctuation of average temperature becomes larger with time, and 
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therefore, unusually severe and extreme meteorological events possibly breaks out 

when an extremely high temperature occurs due to fluctuation.  Generally speaking, 

the relations among the meteorological variables are highly non linear and moreover 

the quantities seem to vary in a quite stochastic manner, being subject by various 

factors so that simple extrapolation is powerless in estimating future values. In this 

paper, a non-linear model is developed from the viewpoint of system dynamics to 

relate the atmospheric temperature as an index of global climate change and the 

unusual weather-induced natural disasters and by using it, the extent of the disasters 

and the human risk originated from them are estimated for the future Costa Rica. 

     In the next section, a model and its mathematical expression are described.  

Examples of numerical calculation are shown in Section 3 for the cases of ensemble 

average and independent, single calculation under given conditions.  Concluding 

remarks are made in Section 4.  

 

2. A model of the influence of climate change on Costa Rica 

Climate change systematically influences not only on the direct matters related to the 

change itself but on the indirect subjects regarding the society, the economical activity 

and the daily life of the society, all of which occur in association with the climate 

change.  The influence of the climate change on the natural disasters in Costa Rica is, 

therefore, not limited only to the frequency and the extent of disasters, but to all the 

human-related subjects such as the damage of the industrial facilities, the decrease of 

the productivity together with the tax income of the nation, the increase of finance 

required for the disaster measures, the decrease of the quality of life and the increase of 

the disaster risk of the public.  In the case when the disbursement is made for the 
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disaster measures from the limited amount of national budget, the social welfare must 

partially be reduced in order to decrease, to some degree, the human risk from the 

natural disasters.  In modeling the influence of climate change, therefore, it is 

necessary to consider the circulation between the cause and effect among various 

factors of disasters and society.  Figure 1 shows a simple schematic diagram, 

according to which we try to develop a model to estimate the time evolution of those 

factors. 

----------------------------- 

Figure 1 

----------------------------- 

 

2.1. Meteorological model 

We introduce an exogenously given temperature Tt at a given time t at some imaginary 

point on the earth as only one parameter for the global climate change, called the 

representative temperature hereafter, which determines the conditions of weather in 

Costa Rica.  The following five scenarios are considered for the variation of the 

average of representative temperature and its variability. 

Scenario 1: The annually averaged representative temperature <T>t of the year t 

and its standard deviation σt from its mean value are constant throughout a reference 

time to 2100 and equal to those at the reference time : 

 <T>t =<T>o andσt=σo,                                              (1) 

where the suffix o indicates the reference time for which we take the year 2007.  

Scenario 2: The quantity <T>t increases linearly with time to 2100, but theσt is 

held constant as the value at the reference time : 
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)20072100()2007( �'���! �!� TtTT ot  and ot VV  ,                (2) 

where ΔT is the increment of temperature during the period. 

Scenario 3: Both the quantities <T>t andσt increase linearly with time to 2100 : 

)20072100()2007( �'���! �!� TtTT ot  and                       (3.1) 

)20072100()2007( �'��� VVV tot ,                                (3.2) 

where Δσ is the increment of the standard deviation. 

Scenario 4: The quantity <T>t linearly increases with time between the 

reference time and 2050 and becomes constant after 2050, whereas the σt is held 

constant from the beginning : 

),)20072050()2007(( TTTtTMINT oot '�!��'���!� !�  and ot VV  . (4) 

Scenario 5: Both the quantities <T>t andσt grow to increase up to 2050 and 

become constant after that, as is the case of the temperature in Scenario 4 : 

),)20072050()2007(( TTTtTMINT oot '�!��'���!� !�  and       (5.1) 

),)20072050()2007(( VVVVV '��'��� oot tMIN .                   (5.2) 

In what follows we set <T>o=17°C, ΔT=3°C, σo=Δσ=1.4°C, simply taking 

the values in Schar et al. (2004) and Trenberth et al. (2007) as reference values.  The 

value of <T>o does not influence on the final results in our model. 

Various types of disasters as flood and landslide have broken out in Costa Rica 

by the passage of unusual meteorological events as atmospheric depression and the 

hurricane.  The unusualness of these meteorological event is determined here by 

simply judging from the height of the representative temperature Tt.  The temperature 

Tt, which is stochastically determined, follows the Gaussian distribution f(Tt): 

^ `22 2)(exp
2
1)( ttt

t
t TTTf V

VS
�� .                                  (6) 

The more distant becomes the representative temperature from the average <T>t in the 
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positive direction, the severer the unusualness of the event is assumed to be. 

       As for the meteorological variables co-varying with the temperature, we 

introduce the average amount of precipitation per unit time XP, the time duration XH, 

the maximum wind velocity XV, all for the unusual weather during its attack on Costa 

Rica, and the extent of influence from the sea surge XS during the unusual weather 

which possibly increases due to the sea level rise originated from the global 

temperature rise.  By simply assuming the increase of these quantities with the 

representative temperature, we have 

)()()( 10 otiiotitii TTTTTXX DDD �| { ¦
�f

�f 

l

l
l                         (7) 

where the suffix i indicates the species of the variables (i=P, H, V, S) and the quantity 

Xi is the value normalized to the reference time.  The quantity liD  is a constant 

corresponding to the expansion coefficient for which we assume 

ii r� 5.00D   and  ii r� 5.01D .                                       (8) 

Here the quantity ri is a random number within a range [0,1] in the case of ensemble 

calculation, whereas ri =0.5 in the case of individual, single calculation. 

By using the meteorological variables we define the energy E of the unusual 

event as  

HV XXE � 3                                                        (9) 

where the factor XV
3 represents the energy dissipation, and by integrating the factor 

with respect to time, we obtain the energy of the event (Emanuel, 2005). 

     In the numerical calculation, we introduce a discrete time span Δt which is 

much smaller than one year.  During every time span, we assume the occurrence of 

one hypothetical meteorological event which attacks Costa Rica.  Here the event of 
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that sort is defined as the one which is born under the temperature condition Tt ≧

<T>o.  Of those hypothetical ones, only the event born under the condition Tt > Te ( > 

<T>o) (called the disaster-inducible event, hereafter) is assumed to cause the 

weather-induced natural disasters in Costa Rica.  Although in this case the Te is to be 

determined by analyzing the observational data in the past (Lizano and Fernandez, 

1996; Alvarado and Alfaro, 2003), we suppose in what follows as ooe TT V�  for 

convenience, where σo is the previously defined standard deviation at a reference time.  

In this case the probability Pd for the disaster-inducible event to take place during Δt 

is given by 
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where erf(x) is the error function.  With increasing <T>t, Pd grows large to 

asymptotically become 1.0.  This indicates that the probability for Costa Rica to be 

attacked by the disaster-inducible event gradually increases with the increase of <T>t, 

which is not inconsistent with the observational trend (Pielke et al., 2003; Webster et 

al., 2005)  

     Figure 2 shows the feature of temperature variation corresponding to the 

hypothetical meteorological event for Scenarios 1, 2 and 5 where we take Δt=0.1 y.  

In this case the number of the attack of the disaster-inducible event on Costa Rica 

during the period from 2007 to 2100 is 146, 487 and 568, in average, for Scenarios 1, 2 

and 5, respectively.  The number 147 for the stationary Scenario 1 is not inconsistent 

with the number 158 for the hurricanes and tropical storms which influences on Costa 
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Rica during 1886 to1988 (Lizano and Fernandez, 1996).  

----------------------------- 

Figure 2 

----------------------------- 

 

2.2. Disaster model  

The natural disasters taken into account here are (i) flood caused by the overflow of 

rivers and the lack of drainage, (ii) landslide originated from the excessive rainfall, (iii) 

the disasters of coastal region due to the sea surge and the sea level rise due to the 

global warming, and (iv) the destruction of houses, buildings and social infrastructures 

caused by strong winds (Grandoso, 1979; Poncelet and Venegas, 1987; Montero and 

Salazar, 1991; Estado de la Nacion, 2007; Chinchilla, 2009).  We consider the extent 

of robustness at a time t against the disaster j for the Costa Rican territory and various 

facilities in Costa Rica as a whole, pj (Zj, t), where Zj which is defined below, is an 

indicator for the strength of meteorological event which induces the disaster j.  The 

quantity pj (Zj, t) is defined as the probability of robustness against the disasters.  In 

this case, the complement of this quantity to 1.0, that is 1.0 – pj (Zj, t), gives the 

probability for the disaster j to break out in Costa Rica due to the vulnerability of 

disaster measures when the disaster-inducible event with Zj attacks Costa Rica.   

The time variation of the quantity pj≡ pj (Zj, t) is given by 

jjjjjjjjjjj dZsqptspdZsqp
dt
d

³³ �;�� �
1

0
3

21

1

0
)()1()1(

W
E

EGE            (11) 

where β1, β2 and β3 are constants, qj≡qj (Zj, t) is the frequency of attack of the 

disaster-inducible event on Costa Rica per unit time, sj≡sj (Zj, t) is the area fraction of 

the territory which is influenced by the event with Zj, δ(t) is Dirack’s delta andδ
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(t)=1 when the disaster-inducible event attacks Costa Rica during [t, t+Δt] whereasδ

(t)=0 otherwise, Ξj is the contribution to the enhancement of robustness against the j 

by amending and maintaining the disaster measures by the nation and the local 

municipality, and τ is the life time for the protective facilities against the disaster.  

From the definitions of pj, qj and sj, the left hand side of Equation (11) represents the 

time variation of the quantity proportional to the frequency of occurrence of the 

disaster j in Costa Rica.  The first term on the right hand side, on the other hand, is the 

number of disasters which increases due to the destruction of protection facilities by 

the disaster-inducible event at the time t, the second one is for the enhancement of 

robustness, while the third term gives the increment of the disaster due to the 

degradation of the protection system with time. 

     We define the variables Zj which relate the meteorological variables Xi to the 

extent of the disaster j as 

max)( fHfPf ZXCXZ �{                                             (12) 

max)( lll ZXCXZ HP �{                                              (13) 

max2 )( sSHsVs ZXXCXZ �{                                           (14) 

max2 )( wHwVw ZXCXZ �{                                                   (15) 

where the suffixes f, l, s and w respectively indicate the flood, the landslide, the sea 

surge and the strong wind, while the superscript max means the maximum value of the 

quantity.  The quantity Cj is the threshold values for Zj so that the hypothetical 

meteorological event results in the disaster j only when XP>Cf, XP>Cl, XV>Cs
1/2 and 

XV>Cw
1/2 are satisfied, respectively.   

The functional form of Zf and Zl in Equations (12) and (13) comes from the fact 
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that the extent of disaster of those types is roughly proportional to the total amount of 

rainfall, but that they do not take place in so far as the precipitation per unit time does 

not exceed a certain limited value.  The factor XV
2 in Zs and Zw, on the other hand, 

comes from the fact that the wind pressure is proportional to the square of wind 

velocity, and that the extent of the disaster of the types s and w is proportional to the 

wind pressure times the duration time of wind.  The Cs and Cw represent the extent of 

strength of the buildings and the infrastructure against the wind storm.  Since the 

event only with the temperature Tt >Te causes the disaster in Costa Rica, Cf=Cl=XP(Te) 

and Cs=Cw={XV(Te)}2 , where Xi(T) is given by Equation (7).   

     As for the function pj(Zj,t) in Equation (11), we assume the following 

mathematical formula: 

)exp(0.1
)exp()exp(

)exp()exp(
)exp(0.1

0.1),(
jjj

jjjj

jjj

jj
jj Zab

Zabb
abb

ab
tZp

��

��
�

��

��
�             (16) 

where aj≡aj(t) and bj≡bj(t) are functions of t.  The function qj(Zj,t) in Equation (11), 

on the other hand, is proportional to the probabilistic distribution function of Zj at t, 

Qj(Zj,t), which can be derived by the use of the variable Xi given by Equation (7) and 

the definition of Zj, Equations (12)~(15), under a given probabilistic distribution of 

temperature, that is Equation (6),  at a given time t : 

),(),( tZQCtZq jjj                                                  (17) 

where C is a constant whose value is determined by using the frequency of unusual 

meteorological events observed up to the reference time in Costa Rica (Lizano and 

Fernandez 1996; Alvarado and Alfaro 2003). 

     As for the function sj(Zj,t) in Equation (11), the following mathematical form is 

introduced: 
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^ ` 1)exp(0.1)(),( ���� { dcZZstZs jjjj                                 (18) 

where c and d are constants.  We have assumed here for simplicity the independency 

of sj from time, and also the constants c and d from the type of disaster.  Such 

assumptions are only due to the fact that the values of c and d are difficult to determine 

though they must actually depend on the disaster type, because the meteorological 

variables Xi considerably vary from region to region in Costa Rica (Fernandez and 

Vega, 1996).  In this paper we adopt the values c=0.2 and d=3.2 as default values so 

that sj(Zj→0)=0.05 and sj(Zj→1)=0.25. 

     To derive the values aj(t) and bj(t) in Equation (16), we discretize them with 

respect to time as aj
n≡aj(tn) and bj

n≡bj(tn) at t=tn, and aj
n+1=aj

n+Δaj and bj
n+1=bj

n+Δbj 

at t=tn+1. Assuming that dt
dp

dt
dq jj ��  , we discretize Equation (11) as 

n
j

n
j

n
j

n
j

n
j dZsqpp

t
)� �

'
���³ 5.05.011

0
)(1                                   (19) 

where Φn represents the value of the right hand side of Equation (11) at the time tn, 

and the superscript n+0.5 denotes the average of the values at tn and tn+1.  By making 

the Taylor expansion of pj
n+1 with aj and bj around pj

n, and taking up to the second term, 

we have 

nn
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(20) 

On the other hand, when we suppose the robustness of the protection system 

against disasters to be stationary in Costa Rica at the reference time to, that is, in a state 

negligible for the influence from the climate change, we have 

0),(
1

0
 ³ joj dZtZp

dt
d .                                               (21)         



 

 

13 

 

 

Hence 
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Therefore we have 

bjaj ab 3'�3� ' 00 .                                                (23) 

Here the superscript 0 indicates the value at the reference time.  Assuming the 

relation betweenΔaj andΔbj at the reference time held also in a later time, that is, in 

the case of the robustness in an almost stationary condition when there exists no 

fluctuation in the representative temperature, we have from Equation (20) and 

Equation (23) with replacing Δaj
0 andΔbj

0 byΔaj andΔbj respectively 

b
n
a

n
ba

b
n

ja
3<�<3

3)
 '                                                (24) 

and 

b
n
a

n
ba

a
n

jb
3<�<3

3)�
 ' .                                              (25) 

     By using the function pj≡pj(Zj,t)≡pj(Zj,aj,bj) thus obtained, we define the extent 

of economical influence or the insurance loss from the disaster j, Λj, which originates 

from the disaster-inducible event with Zj as 

)()()0.1( tOtGZsp jjjj � /                                          (26) 

where G(t) and O(t) are respectively the gross national product (GNP) and the 

population at the time t both normalized to the reference values.  The factor Zj comes 

from the assumption that the physical extent of the destruction is proportional to Zj, 

whereas the multiplied factor G(t)O(t) gives the contribution from the economic and 

demographic growth in Costa Rica, in proportion to which the influence from the 
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disaster increases.  The value of G(t) is given in the following subsection, whereas the 

O(t) is estimated by extending the past trend of population growth into the future. 

     We furthermore define the human risk Rj originated from the disaster j and the 

total risk Rttl by using the function pj as 

jjjjjjjjj dZZtZQsqptRR ),()0.1()(
1

0³ � { ]                             (27) 

and 

)()( tRtRR
j jttlttl ¦ {                                                (28) 

where ςj is a constant whose values are determined by using the values of human risk 

at the reference time, whose values are determined rather arbitrarily as Rf =5×10-6, 

lR =1×10-5, Rs =1×10-7 and Rw =2.5×10-7, all in a unit of (year)-1 (Poncelet and Venegas, 

1987; Montero and Salazar, 1991).  Here the human risk is the probability of death for 

a person during one year by the disaster j.  The quantity Q(Zj,t) is the probabilistic 

distribution function of Zj which was introduced in Equation (17).  

 

2.3. Influence on Costa Rican society 

The damage to Costa Rican territory and the destruction of various facilities caused by 

the natural disasters is directly related to the decrease of industrial productivity.  Here 

we assume, for simplicity, that the flood induces the damage of farmland and pastures, 

together with the social infrastructure such as roads, bridges, water supply systems and 

power lines, while the landslide induces the damage of the social infrastructure, the sea 

surge damages of the social infrastructure such as harbor facilities and coastal 

buildings, and strong winds damage the social infrastructure, and houses and buildings.  

The extent of the economical loss for such social facilities is proportional to the 
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quantity Λj defined by Equation (26), and the industrial productivity decreases in 

proportion to the economical loss.  We further assume, for simplicity, that the 

influence on the primary industry is proportional to the extent of damage on the 

farmland and pastures, while the secondary industry to that extent on the social 

infrastructure, and the tertiary industry to the extent on houses and buildings, 

respectively.   

In this case we have 

^ ` '''

0111
1 /)(exp)( dttttgF

dt
dF

d

t

f WJ ��/� ³                               (29) 

^ ` ^ ` ''

0

''''
222

2 /)(exp)()()()( dtttttttgF
dt

dF
d

t

wsf WJ ��/�/�/�/� ³ l        (30) 

^ ` ^ ` ''

0

''
333

3 /)(exp)()( dtttttgF
dt

dF
d

t

ws WJ ��/�/� ³                       (31) 

where Fm (m=1, 2, 3) are the productivity of the m’th industry in a certain unit of 

money, gm are the growth rate of the industry in case of no disasters, γm  are 

constants, and τd is the time constant for the recovery of the territory and the 

facilities from the damage, for which we assumeτd=1.0 year independently on the sort 

of damage.  The GNP in Costa Rica is given by G(t)=F1(t)+F2(t)+F3(t), whereas the 

decrement caused by the disasters ΔG(t) is given by 

^ ` ^ ` ''

0 321 /)(exp)()()( dtttttG d

t

wswsff WJJJ ��/�/�/�/�/�/�/�' ' ³ l  

(32) 

So that the rate of decrease of productivity due to the disasters, L(t), is  

)(/)()( tGtGtL ' .                                                  (33)                

     Annual amount of national budget in Costa Rica received as the tax, B(t), is 

proportional to the GNP; B(t)=ξ1G(t), ξ1 being a constant.  Assuming that a finite 

fractionξ2 of the B(t) is allocated for the social welfare, and that the fractionξ3 of the 
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budget of social welfare is cut for constructing some protective system against 

disasters, the factor Ξj in Equation (11) is given by 

)()1( 4321 tGjj [[[[[ � ;                                             (34) 

where ξ4 is an enhancement factor ofΞj by the flow of budget from the sectors other 

than the social welfare, and ξj is the fraction of the budget allocated for the measures 

against disaster j in the total amount of budget for the disasters.  We set in the 

following calculation asξf =ξl =0.4 andξs =ξw =0.1 as for example.  On the other 

hand, the amount of social welfare per capita, W(t), is given by 

)(/)()( 321 tOtGtW [[[ .                                              (35) 

     The values of constants appeared in the above mathematical formulae are 

generally determined so that the calculation toward the past direction fits most 

satisfactorily the past trend of various statistical quantities of Costa Rica.  The growth 

rates of some statistical quantities as the industrial productivity in the future is 

estimated from the data in the past.  Some values at the reference time such as the 

human risk and the frequency of unusual meteorological events which attack Costa 

Rica are given by averaging those quantities during several years in the past up to the 

reference time.  Only one parameter for every case of Scenarios 1~5 is the fractionξ3 

of the social welfare cut for preparing the protective measures of disasters.  The time 

step is set as Δt=0.1y and the ensemble average is taken as the average of 100 times 

trials with different random number series. 

 

3. Numerical calculation 

3.1. Ensemble average 

In the first place, the time evolution of the energy of unusual meteorological events is 
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shown in Figure 3 where we can see the increase of energy of only about 1.5 times the 

reference value in case of the temperature rise of 3°C with a constant standard 

deviation σ t , whereas 1.75 times that values in case of the increase of both 

temperature and σt. 

----------------------------- 

Figure 3 

----------------------------- 

     The quantity Λ j defined by Equation (26) is the insurance loss which is 

proportional to the payment of the insurance industry.  Figure 4 shows theΛj for the 

cases of flood and sea surge, as examples.  The rise of temperature by 3°C leads the 

insurance loss of ~102 times the reference value in case of flood and also landslide at 

2100, ~104 times the value in case of sea surge, and ~2×103 times the value with 

strong winds.  The gradual increase of the insurance loss with time in Scenario 1 is 

owed to the increase of the GNP and population. 

----------------------------- 

Figure 4 

----------------------------- 

     Figure 5 shows the time variation of the rate of decrease of GNP by the disasters, 

together with the variation of the amount of budget per capita for the social welfare.  

The increases of both the temperature and its standard deviation, as in the cases of 

Scenarios 3 and 5, usually bring the economical loss by several percent of the GNP in 

the latter half of this century, and therefore Costa Rica can scarcely make progress in 

the economical sense in these cases.  On the other hand, in case of a constant standard 

deviation of temperature, only about 1/10 the rate of those cases is lost in GNP so that 



 

 

18 

 

the economical growth is never obstructed.  The time trend of the social welfare per 

capita is somewhat similar to the trend of GNP.  The welfare realized at 2100 in case 

of Scenario 5 is only about 1/8 the level of the case of no global warming.  

----------------------------- 

Figure 5 

----------------------------- 

     Figure 6 shows the time evolution of the risk due to floods for the two cases (a) 

with the investment ofξ3 =0.1 to the protective facilities against disasters, and (b) 

without any investment for the facilities.  In case of Scenario 5, the growth of the 

GNP becomes least in the five scenarios considered here.  Hence, the monetary 

amount input for the disaster measures becomes least in case of Scenario 5 even if the 

finite fraction of GNP byξ3 =0.1 is invested for the measures, so that the human risk 

against the flood (and also against the other types of disasters) becomes maximum in 

Scenario 5.  From the comparison of the flood risks at 2100 under the conditions of  

ξ3 =0.1 and 0.0, we obtain the efficiency of the investment for the flood measures, ηf , 

defined by 3/)( [K ''{ kf Rkscenario as ηf(1)=4.7×10-5, ηf(2)=3.2×10-4, ηf(3)=6.0

×10-4, ηf (4)=2.9×10-4 and ηf (5)=5.1×10-4, where ΔRk is the decrement of the risk 

in Scenario k with the increment ofξ3 by Δξ3.  

----------------------------- 

Figure 6 

----------------------------- 

     Figure 7 shows the time variation of four types of risk in case of Scenario 5.  

The rapid increase of the risk from the sea surge is the outcome of the composite effect 

from the strengthening of the meteorological event and the sea level rise. 
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----------------------------- 

Figure 7 

----------------------------- 

     Figure 8 shows the time evolution of the total risk under the conditions of (a)ξ3 

=0.1, and (b) ξ3 =0.0.  From the comparison of the risks at 2100 in (a) and (b), the 

efficiency of the investment for reducing the total risk, ηttl(Scenario k), is estimated as 

ηttl(1)=1.8×10-4, ηttl(2)≈ ηttl(4) ≈1.5×10-3, and ηttl(3)≈ ηttl(5)≈3×10-3.  These values 

indicate that the greater is the risk for the scenario, the larger effect is brought to 

reduce the risk by investing a constant fraction of national budget for the disaster 

measures.  In other words, with increasing the risk, it becomes easier to reduce the 

human risk to a certain point.   

----------------------------- 

Figure 8 

----------------------------- 

3.2. Single trial of calculation 

Under the real situation of global warming, the meteorological variables and other 

statistical quantities regarding disasters, human activities and economics do never vary 

smoothly as the ensemble average shown hitherto.  Since, being subject by a certain 

distribution function, the representative temperature randomly varies, those quantities 

also randomly fluctuate around an ensemble average.  In such a situation, it is 

important to ascertain the width of the fluctuation for each quantity, which becomes 

useful information in making policies for the climate change. 

     To see the feature of fluctuation, Figure 9 (a), (b) and (c) show the examples of 

time evolution of the quantity Λj for the flood.  The extent of fluctuation of this 
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quantity is so remarkable that we can not imagine its real behavior from a simple 

ensemble average.  At the time when a largeΛf is realized by the fluctuation, Costa 

Rica suffers from a flood with an unusual extent of damage. 

----------------------------- 

Figure 9 

----------------------------- 

Figure 10 shows the time behavior of L(t), the rate of decrease of the 

productivity due to disasters relative to the GNP.  When the meteorological condition 

largely fluctuates to an extreme direction, the quantity L(t) increases and this greatly 

influences on the economics of Costa Rica to result in the prevention of its economical 

development.  Although the time required for the recovery from such a large scale 

disaster is assumed one year in our mode (τd =1y), the possibility was pointed out that 

the disaster in developing countries exerts unfavorable influence on the economical 

activity during two to three years after it (Wilbanks et al., 2007). 

----------------------------- 

Figure 10 

----------------------------- 

     Figure 11 shows the time variation of the total human risk Rttl(t).  Also in the 

case of risk, its fluctuation with time is so conspicuous that the human risk certainly 

becomes higher every time whenever the large scale disaster occurs in the future.  

----------------------------- 

Figure 11 

----------------------------- 
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4. Concluding remarks 

The frequency and the extent of disasters originated from the climate change are highly 

stochastic, and therefore we can not make any reliable estimation for them.  However 

as far as we investigate them by means of the ensemble average, the frequency and the 

extent of disasters seem to certainly increase hereafter in Costa Rica.  The unusual 

weather-induced natural disasters lead the impediment to the economical progress, the 

enhancement of human risk and the decrease of the extent of social welfare.  

Although it seems useless at a first glance to strengthen the measures against uncertain 

disasters and to invest the valuable national budget in the protective measures against 

disasters which are far from the national strength, we should note that it is just the right 

way, paradoxically, for leading the state of future economics not to be obstructed and 

for enhancing certainly the quality of life of the public in the future. 

     Regarding the extent of what amount of national budget should be invested in 

the protective measures against disasters, we can estimate it by using the value 

function, V(ξ3, t), for instance, defined as 

� �),(),(ln),( 333 tRtWtV ttl [[[  .                                       (36) 

The value ofξ3 which makes the function V(ξ3 ,t) maximum at any given time is 

shown in Figure 12, from which we can see that the amount corresponding to 25~30 

percent of the social welfare budget should be continuously invested in the disaster 

measures hereafter independently on the global warming scenario.  When we 

seriously consider the future progress of Costa Rican economy, it is necessary to make 

a positive anti-disaster policy, not an adaptive one, to continuously invest a certain 

amount of national budget in the disaster measures.  Although such a policy may not 

return any material benefit to the public, it can lead the definite decrease of human risk 
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from fatal disasters even if the direct effect of global warming does not attack Costa 

Rica in future. 

----------------------------- 

Figure 12 

----------------------------- 

     When the sea level rise really takes place in future due to the global warming, 

we should note hereafter the conspicuous growth of the extent of sea surge-induced 

disaster on the coastal region of Costa Rica.  The sea surge, whose influence has not 

been seriously considered in Costa Rica, leads not only the damage of the coastal 

infrastructure, the harbor facilities, the fishing industry, the tourist attractions and the 

ecological systems along the coastline, but also the backward flow of sea water 

towards the upstream of rivers which induces the inundation along the rivers, the 

intrusion of sea water into the underground water, and so on.  An anti-disaster policy 

specified to the coastal region is urgently needed in Costa Rica. 

     When we speak of the estimation of weather-induced natural disasters in future 

Costa Rica, it is absolutely deficient the data of the frequency of occurrence and the 

extent of disasters in relation to the condition of unusual meteorological events.  

Explicitly it is needed the information which links the natural disaster and the weather 

in spite of the fact that the disaster to be considered is just the weather-induced natural 

disaster.  It is highly desirable, therefore, to accumulate that type of data hereafter and 

to reanalyze the data in the past. 

     Although we intended to specify Costa Rica in our model, it is the so-called 

one-point approximation which does not take into account the expansion of the 

territory and the difference of the disasters and the meteorology from region to region.  
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Our model can only estimate the average trend of Costa Rica as a whole.  To make an 

estimation of the disaster risk for each local region, that is, to make a hazard map in 

Costa Rica, therefore, it is required to collect the data for each local region and to 

develop a model which includes the interaction among local regions. 

     In our model we have simply assumed as the zero’th approximation that the 

meteorological conditions of the unusual event which attacks Costa Rica are 

determined only by the global temperature at some unspecified, representative position, 

and it is recognized that this may be a very simple assumption.  The occurrence of 

inundation in Costa Rica may be subject also to the state of sea water in the north 

Atlantic and the eastern tropical Pacific oceans (Solano et al., 2002).  Although it 

does not seem to exist a consistent relation between the rise of sea surface temperature 

and the hurricane intensity (Emanuel, 2005), there exists a correlation between the 

precipitation in Costa Rica and the sea surface temperature of the Atlantic Ocean 

(Aguilar et al., 2005).  Before improving our model, it is necessary to include the sea 

surface temperature as another parameter, and more urgent researches are needed to 

clarify the relation between the indexes of the global climate change and the 

meteorological variables in Costa Rica.      
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Figure Captions 

Figure 1.  Schematic diagram regarding weather-induced natural disasters in Costa 

Rica.  Two grayish boxes of the disaster risk and the social welfare are the 

factors used to determine the value function, Equation (36).  

Figure 2.  Time variation of the temperature corresponding to the hypothetical 

meteorological events for (a) Scenario 1, (b) Scenario 2, and (c) Scenario 5.  

Small closed squares are the temperature at a given time averaged over the five 

points of time around the one considered. 

Figure 3.  Time evolution of the energy of hypothetical meteorological events 

normalized to the reference value. 

Figure 4.  Time evolution of the extent of economical influence Λj for (a) j =flood, 

and (b) j =sea surge, both for the case ofξ3 =0.1.   

Figure 5.  Time evolution of (a) the decreasing rate of GNP by disasters, and (b) the 

amount of budget per capita allocated for the social welfare normalized to the 

reference value, both for the case ofξ3 =0.1. 

Figure 6.  Time evolution of the risk due to the flood for the cases of (a) ξ3 =0.1, 

and (b) ξ3 =0.0. 

Figure 7.  Time evolution of the four types of human risk in case of Scenario 5 with 

ξ3 =0.1. 

Figure 8.  Time evolution of the total risk for the cases of (a) ξ3 =0.1, and (b) ξ3 

=0.0. 

Figure 9.  Time evolution of the extent of economical influence by the floodΛflood  

for the cases of (a) Scenario 1, (b) Scenario 2, and (c) Scenario 5.  Note the 

difference of the unit of ordinate of these figures from each other. 
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Figure 10.  Time evolution of the rate of decrease of productivity due to the disasters 

relative to GNP for (a) Scenario 2 and (b) Scenario 5.  Note the difference of the 

unit of ordinate among these figures. 

Figure 11.  Time evolution of the total risk for the cases of (a) Scenario 1, (b) 

Scenario 2, and (c) Scenario 5, all for the case ofξ3 =0.1.  Note the difference of 

the unit of ordinate among these figures. 

Figure 12.  Time evolution of the optimum value ofξ3 which makes the value 

function maximum.  Five cases from Scenarios 1 to 5 are simultaneously drawn 

on this figure. 
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