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Abstract

This paper discusses an integrated model capable of dealing with spatial and
temporal heterogeneities induced by extreme events, in particular weather related
catastrophes. The model can be used for quite different problems which take explicitly
into account the specifics of catastrophic risks: highly mutualy dependent losses,
inherent scarcity of information, the need for long-term perspectives (temporal
heterogeneity) and geographically explicit analyses (spatial heterogeneity) with respect
to losses and gains of various agents such as individuals, governments, farmers,
producers, consumers, insurers, investors, and their decisions on coping with risks. We
illustrate emerging challenging decision-making problems with a case study of severe
floods in a pilot region of the Upper Tisza River. Specia attention is given to the
evaluation of a flood loss-spreading program taking explicitly into account location
specific distributions of agricultural and structural losses. This enables us to evaluate
premiums, insurance coverage, and governmental compensation schemes minimizing,
in asense, the risk of locations to overpay actual 1osses, risks of bankruptcy/insolvency
for insurers, and overcompensation of losses by the government. GIS-based catastrophe
models and stochastic optimization methods are used to guide policy analysis with
respect to location-specific risk exposures. We use specia risk functions in order to
convexity discontinuous insolvency constraints.

(JEL G22, G28, C61)"

Keywords: catastrophic risks, integrated catastrophe modeling, adaptation and
mitigation measures, insurance, stochastic optimization, insolvency, contingent credit,
CVaR.
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Integrated Modeling of Spatial and Temporal Heterogeneities and
Decisions Induced by Catastrophic Events

Tatiana Ermolieva, Giinther Fischer, and Michael Obersteiner

1. Introduction

Rising global temperature due to anthropogenic activities are expected to cause sealevel rise
and changes in the region-specific precipitation patterns and other local climate conditions.
Changing local climate could ater forests, crop yields, and hydrological cycles. It could also affect
human health, animals, increase occurrences of epidemic outbreaks, and disturb many types of
ecosystems. A magjor concern in the assessment of consequences of global climate change relates
to the possibility of increased frequency, severity, and duration of extreme natural events, such as
heat waves, precipitation events, droughts, etc. In 1998, natural catastrophes claimed 50,000 lives
and cost US$90 hillion throughout the world, according to a press release issued by Munich Re, a
leading international re-insurer (this dollar cost is the second highest total ever). The international
insurance industry paid US$15 billion of the total, the fourth highest amount ever. Hurricane
Mitch killed an estimated 11,000 people and displaced or injured 3,000,000 more in Honduras and
Nicaragua. Elsewhere, Hurricane George in the Caribbean and the Gulf of Mexico, Typhoon Vicki
in Japan, the heat waves in the United States, forest fires in Southern Asia and Russia, and the ice
storm in southeastern Canada caused grave suffering and losses. According to Munich Re, these
phenomena may in part be explained by the natural climate fluctuations of El Nifio and La Nifia.
The losses from natural and human-made catastrophes, Munich Re-insurance reports, will become
even more devastating: within the last three decades the direct damages from natura disasters
alone have increased nine-fold [8], [27], [29].

One of the main reasons for thisisthe current land use practices, which often do not account
for risks: theignorance of risks leads to the clustering of people and capital in hazard-prone areas
aswell asthe creation of new hazard-prone areas. For instance, it is estimated [28] that within the
next 50 years more than athird of the world population will live in seismically and volcanically

active zones.



This alarming human-induced tendency creates challenges and new scientific problems
requiring integrated approaches, new concepts and tools for risk-based land use planning and
catastrophic risk management. The existing approaches often ignore rare disasters of high
consequences, which require a variety of management strategies [3], [5], [7], [34], [37] and strong
cooperation of the burden sharing agents. Impacts of catastrophes cannot be properly evaluated on
aggregate levels. For example, aggregate worl dwide economic impacts of globa change may even
be considered as beneficial whereas some regions and even countries may be wiped out. The
modeling of spatial and temporal heterogeneity becomes a critical issue. For different world
regions extreme events have different loss and vulnerability scales. While the devel oped world has
the financial and technological means to cope with these events, for many developing countries
natural catastrophes may cause major shocks and disruptions meaning increased poverty, health
problems, decreased water quality and supply, etc. After the Millennium Summit in 2000 when
the heads of government from around the world agreed to commit time-bound goa's regarding
poverty, hunger, water, education, and health, the adequate treatment of catastrophic event became
especialy evident.

Following this discussion, the studies conducted by LUC project at IIASA structure the
issues related to Climate Change and Agricultural Vulnerability to integrate ecological-economic
analysis of climate change on the world food system. The analysis, in particular, includes
guantification of scales and location of hunger, international agricultural trade, prices, production,
land use, etc. It emphases that the climate change issue is global, long-term, and involves complex
interactions between climatic, environmental, economic, political, institutional, social, and
technologica processes. “Climate change will impact on social, economic, and environmental
systems and shape prospects for sustainable agricultural and rural development. Adaptation to
climate change is essential to complement climate-change mitigation, and both have to be central

to an integrated strategy to reduce risks and impacts of climate change,” say the authors of [18].

A recent IPCC Workshop on Changes in Extreme Weather and Climate Events (Beijing,
China, 11-13 June, 2002, [21]) has identified urgent research and modeling recommendations on
coping with climate change related catastrophes. They emphasized necessity of consistent
methods and software to encourage region—specific analyses of these extremes, development of
regional vulnerability indices, to produce coordinated approach to their management. In particular,

this concerns the sustained agricultural and rural development.



The main question in connection with catastrophes is management of the losses. Until
recently, losses were mainly absorbed by the immediate victims and their governments, [19], [24],
[25]. The insurance industry and its premium payers (and investors) also absorb a portion of
catastrophic losses, but even in the wealthy countries this share is relatively small. As currently
losses increase, governments are concerned with escalating costs for disaster prevention, response,
compensation to victims, and public infrastructure repair. It is important to increase the
responsibility of individuals and local governments for the risks of extreme events and their
consequences. Local governments may be more effective in the evaluation and enforcement of
loss-reduction and loss-spreading measures, but this is possible only through location-specific
analysis of potential losses, of the mutual interdependencies of these losses, and of the sensitivity
of location-specific losses to new land use and other risk management strategies. A number of
cruciad questions arise within this analysis, such as: What are optimal ways to ater location-
specific risk profiles by modification or/and reinforcement of structural measures such as dikes,
reservoirs, irrigation systems, etc? How to adapt the existing situation, in particular, land use
practices, redlocation of capital, etc., to the existing risk profile? What are optimal financial
strategies for mitigation and adaptation? Where is the balance between ex-ante “here-and-now”
and ex-post “wait-and-see” decisions? Reallocation of properties away from the risk prone areasis
an important option, which however for many regions may be practically infeasible (or feasible

only within the long-term horizon).

The scarcity of historical data is an inherent feature and a main challenge in dealing with
rare catastrophes and new strategies. Purely adaptive, learning-by-doing type of approaches may
be very expensive and dangerous. The role of models enabling the simulation of possible

catastrophes for designing mitigation and adaptation programs becomes a key task.

In what follows we discuss an integrated framework that enables to analyze spatial and
temporal heterogeneity of various agents (stakeholders) induced by mutually dependent losses
from extreme events. The model explicitly addresses the specifics of catastrophic risks: the lack of
information, the need for long-term perspectives and geographically explicit models, the
involvement of multiple “actors’ such as individuals, governments, farmers, producers,
consumers, insurers, re-insurers, and investors. The model combines geographically explicit data
on distribution of capital stocks and economic values in infrastructure and agriculture in a region

with a stochastic model generating magnitudes, occurrences, and locations of catastrophes. Using



advanced stochastic optimization techniques, the model alows to analyze robust optimal
portfolios of ex-ante (land use, structural mitigation, insurance) and ex-post (adaptation,
rehabilitation, borrowing) measures for decreasing regiona vulnerability measured in terms of
economic, financia, human losses as well as in terms of selected welfare growth indicators.The
approach is applied in a case study of severe floodsin aregion of the Upper Tisza River, Hungary.
A Monte Carlo type catastrophe model generates location specific random flood losses from an
infinite variety of catastrophic flood scenarios. Embedded in this model-based stochastic
optimization analyses are the spatial and temporal heterogeneities of locations (individuals),
insurers, and the government to give insights into the feasibility of fair flood management
programs by taking explicitly into account the burden sharing of these agents. Discussion of
similar issues with respect to catastrophic risks other than floods can be found in studies discussed
in [1-2], [11-16]. As it is shown in these studies, the technique implied in the model is becoming
increasingly important to governments, central and local, as they can better negotiate risks and
make decisions on alocation of properties, agricultural units, implementation of mitigation and
adaptation strategies. Also, it isimportant for insurance companies to make decisions on contracts,
premiums, and reinsurance agreements. It is also useful for disaster planning agencies, by
providing a more realistic evaluation of the spatial and temporal distribution of the potential

| 0sses.

The analysis of possible gains and losses from different arrangements of the program is a
multi-disciplinary task, which takes into account the frequency and intensity of hazards, the stock
of capita at risk, its structural characteristics, and different measures (in particular, engineering,
financia) of vulnerability. It requires the development of so-called catastrophe models [38].
Section 2 discusses the main features of a GlS-based catastrophe model developed for the Upper
Tisza pilot region that, in the absence of historical data, simulates samples of dependent potential
losses. Traditionally insurance and finance quantify extreme events in monetary units [10]. The
catastrophe model deals with events, which are non-quantifiable in this sense, and with
multivariate distributions of extreme values, i.e., with cases that are not treated within the
conventional extreme value theory. Section 3 discusses the shortcomings of the standard "if-then"
scenario analyses for catastrophic risk management and outlines general ideas of Adaptive Monte
Carlo Optimization (AMCO) proposed in [12], [13] to overcome these difficulties. This rather

general optimization technique is compared with AMC simulation as proposed in [32] to improve



the efficiency of the sampling. Section 4 describes a spatial and dynamic stochastic optimization
model for evauation of the flood loss-spreading program in the Upper Tiszaregion [16]. Similar
ideas of Adaptive Monte Carlo Optimization are used in [1], [2], [36]. The model results
emphasi ze the temporal and spatial heterogeneity of different winners and losers and the need for
the cooperation of agents in dealing with catastrophes. The point to make is that catastrophes do
not exist “on average”. We cannot treat a 50-year crash of an airplane as a sequence of discounted
flows of losses. the crash of one wheedl in the first year, another wheel in the second year and so
on. Catastrophic losses come as a “spike” in time and space, which calls for multi-agent actions.
In particular, the solution to catastrophic risk management, especially for small economies with
limited risk absorption capacity, cannot be accomplished (see discussion in [30] and, e.g., in [1],
[9]) without pooling of risk exposures. The analyzed in this paper scheme involves pooling of
risks through mandatory flood insurance based on location-specific exposures, partial
compensation to the flood victims by the central government, and a contingent credit to the pool.
This scheme encourages accumulation of regional capital to better “buffer” against the volatilities
of international reinsurance markets. In order to stabilize the insurance program we use
economically sound risk indicators such as expected overpayments by “individuals’ (cells of
flood-prone areas) and an expected shortfall of the mandatory insurance similar to our anaysis of
seismic risk programs (see [1], [2], [11], [14]). These indicators are used together with so-called
stopping times to orient the analysis towards the most destructive scenarios. The explicit
introduction of ex-post borrowing as a measure against insolvency permits approximating the
insolvency constraint by a convex optimization problem, whereas the use of the contingent credit
leads to the Conditional-Value-at-Risk (CVaR) type of risk measures. Section 5 specifies this
model further. Numerical experiments are based on real and modified data from the flood risk
studies in the Upper Tisza region, Hungary, [6], [16]. [20]. They indicate a strong dependence of
demand for contingent credit on the composition of other risk management measures. The
importance of such an integrated analysis was emphasized in [13], [23], [26]. This section also
illustrates that “if-then” type of analyses based just on the intuition (opinions) of “stakeholders”
may easily fail to produce robust strategies in the case of highly interdependent multivariate

distributions of catastrophic losses.



2. The Integrated Catastrophe Management Model

As shown in Figures 1 and 2, the integrated catastrophe management model consists of two
major components: aflood catastrophe model and an economic multi-agent model. The economic
multi-agent model is, in general, a multiregiona stochastic dynamic welfare growth model. The
two main components integrate five modules: the "River" module, the "Inundation” module, the

"Vulnerability" module, the "Multi-Agent Accounting System”, and the "V ariability" module.

The River module calculates the volume of discharged water to the pilot region from
different river sections for given heights of dikes, given scenarios of their failures or removals, and
of rainfall runoff. The latter is modeled by upstream discharge curves, which can be significantly
affected by land-use practices. Thus, formally, the River module maps an upstream discharge
curve into the volume of water released to the region from various sections. The underlying sub-
model is able to estimate the volume of water discharged into the region under different
conditions, for example, if the rain patterns change, if the dikes are heightened, or if they are

strengthened or removed.

The Inundation module is a spatial GIS-based Inundation sub-model. For the pilot region it
contains 1500 by 1500 grid cells. This module maps water released from the river into levels of
standing water in each grid cell and thus it can estimate the area of the region affected by different

decisions.

The Vulnerability module maps spatial patterns of released water into economic losses. The
module calculates direct losses, but may include indirect ones due to possible cascading effects,
e.g., floods causing fires and their consequences. It also takes into account investments into loss
reduction measures, e.g., atered land use and flood preparedness measures. Thus it models

sensitivity of economic losses to changes (investments) in risk reduction measures.

The Multi-Agent Accounting System (MAAS) module maps spatial economic losses into
gains and losses of heterogeneous agents. These agents include the central government, a
mandatory catastrophe insurance (pool), an investor, and “individuals’ (cells). This module plays
a critical role in the integrated catastrophe management model since gains and losses, which are
the determinants of the regional welfare, and the way they are distributed, have a crucia impact on

the sustainable development and the overall growth of the region.



In conclusions, the five sub-models generate scenarios of spatidly and temporaly
heterogeneous losses and gains at different locations for specific scenarios of weather, dike
failures, risk reduction measures, and risk spreading schemes. Simulation shows that there are
significant uncertainties and a considerable variability in generated losses and gains. A 50-year
flood may occur in 5 days or in 70 years. Insurers are especially concerned about variability since
they may not have the capacity to cover very large losses. In an attempt to maintain their solvency,
they may charge higher premiums, which may result in overpayments by the insured.
Alternatively, insurers may undercharge contracts. Insurers are also concerned about loss-
reduction measures. A higher dike may fail and cause more damages in comparison to a dike
without modification. To reflect these possible outcomes, the Variability module, a Monte Carlo
model, transforms spatial probabilistic scenarios of rains, dike failures, risk reduction measures
and risk spreading schemes into histograms (probability distributions) of gains and losses,
underpayments and overpayments of agents (see Section 5). For example, it derives histograms of
direct losses at a location or a sub-region. In fact, the AMCO does not use explicitly these
distributions. It proceeds with its search for robust strategies in an evolutionary manner by
adjusting decisions at each step of an iterative procedure based on the randomly sampled gains and
losses.

* River Module

Rainfall Patterns;
Geo-Physical Data;
Dikes M odifications,
Failures;

L and-Use Practices

River Released
M odel W ater

 Spatial Inundation M odule
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Released W ater M odel W aters

Figure 1. Flood Catastrophe Model.
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Figure 2. Economic Multi-Agent Model.

3. Adaptive Monte Carlo Optimization

Combining spatial/tempora  catastrophe modeling with economic evaluation of
heterogeneous agents opens up possibility for "if - then" anayses, which allows the evaluation of
afinite number of policy alternatives. It is possible in a straightforward manner to evaluate quite
different policy options on the type and the level of different loss-reduction measures, say, land-
use modifications, location specific coverage by the insurance, arrangements of pools,
governmental compensation schemes, or various other financial instruments to spread losses at the
national and internationa level. However, such analyses may run quickly into huge and intractable
number of possible combinations. For example, an insurer in the region can have different policies
regarding the offered extent of coverage, say 0%, 10%, 20%, ..., 100%, i.e., atogether 11

aternatives. For only 10 locations the number of possible combinations is aready astronomical,

namely 10'. If running the sequence of modules would only take one second per instance, the
computer time required for complete evaluation would approach 100 years. Therefore, with 100

locations the straightforward “if-then” analysis aready runs into “eternity”. The same



computational complexity arises in dealing with location-specific land-use modifications,

premiums or investments in different segments of dikes.

Hence, the fundamental question concerns the identification and evaluation of a desirable
policy without the simulation of al possible options. The complexity of this task is due to
analytical intractability of stochastic catastrophe models, often precluding the use of standard
optimization methods, e.g., genetic algorithms. Therefore, in genera, we have to rely on stochastic
optimization methods [16], in particular, on the so-called Adaptive Monte Carlo Optimization
(AMCO) [12], [13]. “Adaptive Monte Carlo” [32] means a technique that makes on-line use of
sampling information to sequentially improve the efficiency of the sampling itself. We use AMCO
in arather broad sense, i.e. the efficiency of the sampling procedure is considered as part of more
general improvements with respect to different decisions and goas. The AMCO model for the
Upper Tiszaregion consists of three interacting blocks: (i) Feasible decisions, (ii) the Monte Carlo
Catastrophe model, and (iii) Performance indicators (Figure 3).

Feadsble Catagrophe
Decidons Model

4

Indicators

A
A

Figure 3. The Adaptive Monte Carlo Optimization Model

The block “Feasible Decisions’ represents the set of all feasible policies, i.e., al technically,
legally and financially possible options for coping with floods. In general, they may include
atering heights of dikes, different levels of insurance coverage, land use modifications, crop
structure portfolio, etc. These variables affect performance indicators such as profits of farmers,
producers, consumers, insurers, underpayments or overpayments by the insured, costs, insolvency
and stability indicators.

The essentia feature is the feedback mechanism updating, based on evaluation of
performance indicators, decisions towards specific goals of agents. The updating procedure relies
on stochastic optimization techniques as is discussed in Section 5. Gains and losses are simulated

by the catastrophe model, causing an iterative revision of the decison variables after each



simulation run. In a sense, the AMCO procedure simulates in a remarkably smple and
evolutionary manner the learning and adaptation process on the basis of the smulated reversible
history of catastrophic events. This technique is unavoidable when the outcomes of the catastrophe
model do not have awell-defined anaytical structure.

4. The Stochastic Optimization Model

Stochastic optimization provides a framework for the iterative revision of decisions
embedded in the catastrophe evaluation model. These decisions influence the magnitude and
distribution of location-specific risks and contributions to the overal catastrophe losses. In the
model for the Upper Tisza region we use approaches similar to those adopted in [1-2], [13-15] for
seismic risks. The main ideais based on subdividing the study region into risk-homogeneous land

units, represented by grid-cells j =12,...,.m. These cells may correspond to a collection of

households at a certain site, a collection of locations (zones) with similar land-use structure, an
administrative district, or a grid with a segment of a gas pipeline. The choice of cells provides a
desirable representation of losses. In our case, the cells consist of the value of the physical

structures. Catastrophes, which are simulated by the catastrophe model, randomly affect different
cells and produce mutually dependent |osses Ltj at time t. These losses depend on various decision

variables. Some decisions reduce losses, say a dike, whereas others spread them at a regional,

national, and internationa level, e.g., insurance contracts, catastrophe securities, credits, and

financid aid. If x=(X;,X,,...,X,) isthe vector of decision variables, then losses Ltj inacell | at
time t are transformed into Ltj (X) . In the case of the Tisza river, for example, we can think of

L‘j (x) as L‘j being affected by the decisions of the insurance to cover losses from an interval

[X1,X;,] foracell j inthe case of aflood disaster at time t:

LS (%) = L —max{le,min[sz,Lth}+ Xjp + 10, (1)
where max{le,minlsz,Lth}—le are retained by insurance losses, and T[‘j is a premium
function. The variable x;; defines the deductible part ("trigger") of the contract and x;, defines

its"cap".
In the most general case, vector x comprises decision variables of different agents,

including government decisions, such as the height of a new dike or a public compensation

10



scheme defined by a fraction of total losses 3L, Ltj . The insurance decisions concern premiums

paid by individuals and the payments of claims in the case of catastrophe. There are complex
interdependencies among these decisions, which call for the cooperation of agents. For example,
the partial compensation of catastrophe losses by the government enforces decisions on loss
reductions by individuals and, hence, increases the insurability of risks, and helps the insurance to
avoid insolvency. On the other hand, the insurance combined with individual and governmental
risk-reduction measures can reduce losses, compensations and government debt, and can stabilize

the economic growth of the region and the wealth of individuals.

Let us now turn to considering a potential insurance system for Hungary and introduce some
important indicators. In the following we do not, for simplicity of notation, consider the most
genera situation, i.e., we consider only a proportional compensation scheme by the government,

proportional insurance coverages, and we do not use discount factors.

In this application the system is modeled until afirst catastrophic flood, which occurs within
a given time horizon. We define this time point as the stopping time. For the Upper Tisza region
this event is associated with the breaking of a dike, which may occur only after a 100-year, 150- or
1000-year flood. Hoods are characterized by upstream discharge curves and the probability of
breaking each of the three dikes. The occurrence of the first catastrophic flood significantly affects
the accumulation of risk reserves by the insurance, and total payments of individuals; for example,
a 100-year flood, with the break of adike, may occur in two years, and this may lead to significant

underpayments to insurance.

Let v be arandom (stopping) time to afirst catastrophe within atime interval [0,T], where

T is some planning horizon, say, of 10 or 50 years. If no catastrophe occurs, then T=T. Since 1
is associated with the break of a dike, the probability distribution of T is, in genera, affected by
some components of vector x, eg., by decisions on dike modifications, land use changes,

construction of reservairs, etc. Here, we discuss only the case when 1 does not depend on x.

Let LTJ- be random losses at location | at time t = 1. In our anaysis we assess the capacity

of a catastrophe insurance scheme in the upper Tisza region only with respect to financia loss-

spreading decisions. Let us use a special notation for the elements of the scheme suchas 7., ¢,

vV, d, Y. Let 7 denote the premium rate paid by location | to the mandatory insurance, then

11



the accumulated mutual catastrophe fund at time t including the proportional compensation

vy L by the government amounts to Ty T; +vyLj -y ¢,;L}, where 0« ¢;: 1, is the
j j [ [

insurance coverage for cell j. Thus, in this model we assume that the compensation to flood

victims by the government is paid through the mandatory insurance.

The stability of the insurance program depends on whether the accumulated mutual fund
together with the governmental compensation is able to cover claims, i.e., on the probability of

event:

e =Tym, +vyLi-y¢,L;=20. 2
J J J

The stability also depends on the willingness of individuals to accept premiums, i.e., with the
probability of overpayments:

& =1t —¢;L; 20, j=1.,m. (3

Apart from the compensation vy LTJ- (x) the government arranges a contingent credit y with afee
j

g to improve the stability of the mandatory insurance (pool) by transforming event (2) into (4):
=Ty +vy L) -y 6L} +y-Ttqy=0. (4)
j j j
Constraints (3), (4) describe the burden sharing within the program. Here we assume that the

mandatory insurance pays the fee tqy and receives acredit y, whereas the government pays back

the credit with theinterest rate yy, y > 1.

The difference between compensation vy LTJ- and contingent credit y is significant: the outflow
j

of feesis smooth, whereas the compensation of claims has a sudden impact at time 7, and without
y it may require a higher government compensation (greater v ) possibly exceeding the available
budget. Therefore, without ex-ante contingent injections of capital y the diversion of capital from
other government expenditures may occur.

Let us note that the budget constraint, which raises a general question on the optimal
dynamic management of the available budget in order to increase the stability of the mandatory

insurance and its efficiency. For example, besides the contingent credit, a reasonable option may

12



also be to invest some money in liquid assets. The main am of our analysis is narrower: the

evaluation of the mandatory insurance capacity and the demand for contingent credit.

Inequalities (3)—(4) define important events, constraining the choice of decision variables,
which determine the insurance program, i.e., the compensation rate v by the government,
coverage rates by the insurance company ¢;, premiums 7, and credit y with fee g. The
probability of events (3)-(4), i.e., overpayments by individuals and underpayments to the pool,

determine the stability (resilience) of the scheme. This can be expressed in terms of the

probabilistic constraint

Ple, > 0.6, <0]: p, (5)
where p isadesirable probability of the program’s failure (default), that occurs, say, only oncein
100 years. Constraint (5) is similar to insolvency constraint [35], a standard for regulations of the
insurance business. In stochastic optimization [17] constraint (5) is known as the so-called chance
constraint. Note, however, that this constraint does not account for the attained values of e, and
€3, what is important for the government, since it cannot walk away from the region in a distress.

The main goal in setting up the insurance scheme can now be formulated as the minimization of

expected total losses F(X) =EY (1-¢ j)LTj +vyy including uncovered (uninsured) losses by the
j

insurance scheme and the cost of credit yy, subject to chance constraint (5), where vector x
consists of the components 11, ¢, vy.

Constraint (5) imposes significant methodological challenges even in cases when 1(x) does
not depend on x and events (3)-(4) are defined by linear functions of decision variables (see
discussion in [17], p. 8, and in [13-15]). This constraint is of “black-and-white” character, i.e,, it
accounts only for aviolation of (3)-(4) but not for the magnitude of violation. There are important
connections between the minimization of F(x) subject to highly non-linear and possibly
discontinuous chance constraints (5) and the minimization of convex functions, which have

important economic interpretations. Consider the following function
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G(x) = F(x)+uEmax{O,zj¢jLTj “VY; LTj -1y —y+rqy}+ ©

where a,[3 are positive parameters.

It is possible to proof (see chapter 2 in [17] and more general results in [13-15]) that for

large enough o,B the minimization of function G(x) generates solutions x with F(x)
approaching the minimum of F(x) subject to (5) for any givenlevel p.

The minimization of G(x) as defined by (6) has a simple economic interpretation. Function
F(x) comprises expected direct losses associated with the insurance program. The second term

guantifies the expected shortfall of the program to fulfill its obligations; it can be viewed as the
expected amount of ex-post borrowing with afee o needed for this purpose. Similarly, the third

term can be interpreted as the expected ex-post borrowing with a fee B needed to compensate
overpayments. Obviously, large enough fees a, 3 will tend to preclude the violation of (3)-(4).

Thus, ex-post borrowing with large enough fees alows for a control of the insolvency constraints
(5). It is easy to see that the use of the ex-post borrowing (expected shortfall) in the second term of
G(x) in combination with the optimal ex-ante contingent credit y controls the CVaR type risk

measures. Indeed, the minimization of G(x) is an example of stochastic minimax problems (see

[17], chapter 22). By using standard optimality conditions for these problems we can derive the

optimality conditions for the contingent credit y. For example, assuming continuous
differentiability of G(x) which follows in particular from the continuity of underlying probability
distributions, it is easy to see that the optimal level of the credit y > 0 must satisfy the equation

aG_ 0] T T D_
—=y-aPp ¢;Lj-vyL; -15mM; >yg=0. (7)
oy O j j O

Thus, the optimal amount of the contingent credit is defined as a fraction of the random

variable 5 ¢;L; —vy L; —15y m; specified by the ratio y/a, which has to be less or equal 1.
] ] ]

Hence, the expectation in the second term of G(x) for optimal y istaken under the condition that
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y isaquantileof 5 ¢;L} —vy L; —13 m; . Thisisin accordance with the definition of CVaR [4],
] ] ]

[28]. More genera risk measures emerge from the optimality conditions of G(x) with respect to

premiums Tt;, ¢ .

The importance of an economically sound risk measure, such as expected shortfal, was
emphasized by many authors (see [4], [10], [22], [33]). Important connections of CVaR with the
linear programs were discussed in [4], [25]. Let us note that G(x) is aconvex function in the case
when T and LTJ- do not depend on Xx. In this case the stochastic minimax problem (6) can be
approximately solved by linear programming methods (see genera discussion in [11]). The main

challenge is concerned with the case when 1 and L' are implicit functions of x. Then we can
only use the Adaptive Monte Carlo optimization. Let us outline only the main idea of this

technique. More details and further references can be found in [12-15].

Assume that vector x incorporates not only risk management decision variables but also
includes components affecting the efficiency of the sampling itself (for more detail see [12], [13],
[32]). An Adaptive Monte Carlo procedure searching for a solution minimizing G(x) of type (6)

starts at any reasonable initial guess x0. It updates the solution iteratively at steps k =0J1,..., by

k+1

the rule  xK* = xX —pkE", where numbers p, > 0 are predetermined step-sizes satisfying the

condition Epk =00, Epﬁ =o . For example, the specification p, =1/(k- 1) would suit.
k=0 k=0

Random vector Ek is an estimate of the gradient G, (x) or itsanalogs for the non-smooth function

G(X) . Thisvector is easily computed from random observations of G(x) . For example, let GK be

k

a random observation of G(x) a x=x" and G¥ be a random observation of G(x) at

x = XK +6khk. The numbers &, are positive, &, - 0, k - «, and h* is an independent
observation of the vector h with elements independent and uniformly distributed on [- 1]

components. Then &K can be chosen as &X =[(ék —Gk)lékjh". The forma analysis of this

method, in particular for discontinuous goal functions, is based on general ideas of the stochastic

guasigradient methods (see [17] and further referencesin [13-15]).
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5. Numerical Experiments

In this section we discuss some numerical experiments using data collected in the Upper
Tisza region. The main purpose of the following discussion is the illustration of the proposed
model rather than the numerical results of our findings. Therefore, in what follows we use some
simplified assumptions.

The case study region consists of 1500 x 1500 grid-cells. For each grid there are data on the
property value and vulnerability of its content. For policy anaysis these grid-cells are further
aggregated into 40 locations/municipalities.

In the numerical experiments we analyzed outcomes under different assumptions suggested

by various stakeholders involved in these studies, in particular, policies on premiums T,

j =1,...,m, where m is the number of locations, in our case m=40. These assumptions reflect

different views of stakeholders on potential flood loss sharing programs in the region. We show
that they significantly affect spatia and tempora heterogeneity of individuas, the insurance, and
the government. In these experiments the demand for government intervention is modeled as the
demand for the contingent credit, whereas the burden sharing by individuals and the insurance
pool are defined by the distribution of constraint vector e and the distribution of the left hand side
of stability constraint (5). Here we discuss only the following two options for premium
calculation:

1. Premiums calculated according to the actuarial principle based on location-specific
average losses.

2. “Fair’ robust premiums calculated by minimization of function (6). This takes into
account the distribution of losses for each location, and considerations of fair prices
defined by (3), (4).

Flood occurrences are modeled according to specified probabilities [31] of heavy rainfall
events and dike breaks. There are three dikes located along the pilot river branch. Each of them
may break with some probability in 100-year, 150-year, and 1000-year flood. Here we only take
into account structural losses. The simulation time horizon is 50 years. The number of random
simulations (scenarios) per experiment is 10000. A contingent credit in our model is introduced to
stabilize equation (2) in correspondence with equation (4). The demand for credit (the burden of
the government) is, therefore, defined by negative values of indicator e or e; for optimal
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solutions ¢, 7.; minimizing (6) for y =0 and given v. This defines also the lack of capacity

(the burden sharing) for the mandatory insurance. Figures 4 and 5 illustrate the results of the

experiments with v =0.25, y=0. The horizontal axis shows the tota demand for contingent
credit, negative e, whereas the vertical axis shows the number of simulations and the cumulative

probability.

In practical calculations (see[1], [2], [11], [12] and Section 5) histograms for constraints (5)
caculated simultaneously with the minimization of (6) provide a signal for increasing or
decreasing “penadlties’ (risk factors) a, B to achieve a satisfactory level p. Intuitively, greater
vaues a, B lead to constraints (5) with smaler p. On the other hand, this may considerably
reduce insurance coverage of catastrophic exposures. The trade-off between these two effects can

be resolved by using some additiona criteria, e.g., political considerations or purely visua

character of histograms, which cannot be formalized in generd.

According to our experiments, the premium for the first option equals on average (per
location and year) 0.87 million HF (Hungarian Forint) (exchange rate: one HF equals 0.003302
US dollars). As we can see from Figure 4, the inflow of premiums is not enough to compensate

the losses, since e, is often negative, which defines a certain safety (solvency) level p for

constraint (5). It is clear that in more than 2000 scenarios out of 10000 of simulated catastrophic
events the mandatory insurance lacks the capacity to cover losses. This calls for a more significant
intervention by the government (burden sharing) through either increasing the leve of
compensations v, and/or through the contingent credit. These premiums lead to considerable

overpayment by locations (Figure 6).

Location-specific optima premiums improve the situation. Figure 5 illustrates the changes
in the total demand for contingent credit by using the optimal premiums calculated from the
minimization of (6) for the same v=0.25, y=0, a and 3. The model suggests a premium rate
on average (per location and year) equal to 0.83 million HF, which is lower than in the first case.
Figure 5 shows that the demand for contingent credit is significantly reduced (fewer negative

values on the horizontal axis).
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Optimal premiums improve also overpayments per year (Figure 6, 7), i.e., the distribution of

zmax{o,mj —¢jLTj }/ T computed from the third term of G(x). Figures 8, 9 show the
j

distribution of uninsured losses computed from the first term of G(X). It is evident (Figure 9) that
the optimal premiums adjust location-specific coverage of flood losses in order to reduce
insolvencies (negative e in Figure 4) and overpayments. In the numerical experiments we used
0 = [3=0.1 as parameter values. Figures 10, 11 show further reductions of overpayments and the
demand for contingent credit for o = 3=0.05, which are, in fact, due to further adjustment of

location-specific coverages and premiums.
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sharing and mitigation strategies, e.g., heightening of the dikes, alternative shares of insurance
coverages, etc. Here, we do not discuss these scenarios in detail. Nevertheless, they are worth
mentioning. Similarly to premiums, for each aternative set of policies, the model estimated (in the
form of histograms) gains and losses of al agents. For example, Figure 12 shows the insurer’s
reserve when the dikes were heightened (and actuarial premiums). Figure 13 shows the outcomes

for the insurer when premiums where assumed actuarial and the insurer’s coverage decreased from
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A main limitation of such scenario analysis, as discussed in Section 3, is that the evaluation
of alternative policies does not take into account goals and constraints of agents, e.g., insolvency
constraints of insurers, incomes of individuas, etc. Thus, the approach does not answer the
guestion of policies’ robustness.

The computer program (optimization part) was implemented using the mathematical
software package MATLAB on a DELL GX240 personal computer. The solution time for 40 land
units and 10000 iterations (scenarios) is about 10 minutes. The optimization procedure is easily
restarted from different initial solutions, for new compositions of units, and distributions of
random parameters. The solution time slightly changes with the number of decision variables and
random parameters. It may increase with the increase of N (unreasonably large N may cause
degeneracy of G - level sets) and it also depends on the scarcity of catastrophes. Important is that
the computation time can be further reduced by implementing the so-called fast versions of the

Monte Carlo simulations.

6. Concluding Remarks

In the pilot study of flood risk management in the upper Tisza region, we analyzed spatial
and tempora heterogeneities that are typically induced by catastrophes. Main features of these
heterogeneities are: spatiadl and tempora distributions and dependencies between losses;

involvement of various agents in coping with catastrophes - local and central governments,

20



households, farmers, investors, insurers, financial markets, multiple goals, constraints, and
perceptions of these agents with respect to catastrophes. The temporal heterogeneity in our
experiments was modeled with respect to random time occurrence of the first catastrophic flood
(the stopping time). We used a spatially explicit GIS-based model for policy-oriented treatment of
catastrophes in which we accounted for spatial and temporal distribution of structural and
agricultural values in the studied region, regiona vulnerability to catastrophic floods, stability
constraints and loss indicators for different stakeholders with regard to catastrophes. The main
challenge addressed within the stochastic model addressed was the identification of robust
combinations of location specific ex-ante and ex-post mitigation and adaptation strategies
decreasing regional vulnerability measured in terms of structural and agricultural damages and,

thus, sustained welfare growth of the region.

In particular, we illustrated the applicability of the proposed model to analyze and improve
gpatial and temporal outcomes for individuals (locations), for the insurance pool and the
government with respect to assumptions on location specific insurance premiums. We
demonstrated that heterogeneous optimal premiums can decrease location-specific overpayments
and aso increase the stability of the insurance pool. In the experiments, the demand for a
contingent credit indicates the need for additional government intervention, i.e., additiona burden
sharing by taxpayers to cover losses induced by catastrophic floods. As experiments show, another
important issue is to perform the flood risks analysis with respect to spatial patterns of land-use
decisions. For instance, deforestation or afforestation affect discharge curves of the catastrophe
model, i.e., the frequencies of catastrophic floods, and their severity. Similar effects can result
from other land use decisions, e.g., building of reservoirs (flood retention areas), the
transformation of agricultural land to industrial complexes, the sealing of land surfaces, or changes
in the alocation of capital values, in particular, settlementsin risk prone areas.

Changing flood frequencies, as discussed in this paper, could also result from regiona or
globa climate change. A future research chalenge will be to extend the proposed AMCO
approach to other risk-related fields of globa change policy analysis.

Global change is the expression of a broad set of cumulative and interlocking changes in
technological, economic, social and environmental conditions [39]. These changes alter locally

varied profiles of risks and vulnerabilities. They appear to create more intense and more frequent
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episodes of extreme events, and they may change and intensify exposure to various forms of risk,
e.g., disease vectors and occurrence of epidemic outbreaks. A characteristic feature of global
change impacts and adaptation/mitigation efforts is their spatial diversity and dependency. The
main message here is that heterogeneity and uncertainty are abundant and essential. For adequate
treatment of the resulting complex decision problems, spatially explicit and dynamic stochastic
modeling approaches, as discussed here, can provide innovative and flexible tools for identifying

robust and fair (with regard to multiple stakeholders) policy responses.

References

1. Amendola A., Ermoliev, Y., Ermalieva, T., Gitits, V., Koff, G., Linnerooth-Bayer, J. A
Systems Approach to Modeling Catastrophic Risk and Insurability, Natural Hazards Journal,
Vol. 21, Issue2/3, 2000.

2. Amendola, A., Ermoliev, Y., Ermolieva, T. Earthquake Risk Management: A Case Study for
an Italian Region, Proceedings of the Second EuroConference on Global Change and
Catastrophe Risk Management: Earthquake Risks in Europe. IIASA, Laxenburg, Austria, 6-9
July, 2000.

3. Arrow, K. The Theory of Risk-Bearing: Small and Great Risks, Journal of Risk and
Uncertainty, 12, 1996, pp. 103-111.

4. Artzner, P., Delbaen, F., Eber, J-M., Heath, D. Coherent Measures of Risk, Mathematical
Finance, Volume 9, No. 3, 1999, pp. 203-228.

5. Borch, K. Equilibrium in a Reinsurance Market, Econometrica, 30 (3), 1962, pp. 424-444.

6. Browers, L. Food Risk Management Policy from An Insurance Perspective, Submitted to
Stockholm University for the Degree of Licentiate of Philosophy, Report Series 02-008, SSN
1101-8526, ISRN SU-KTH/DSV/R-02/8-SE, May 16, 2002.

7. Catastrophes, Infrastructure and Poverty, Options, Int. Inst. For Applied Systems Anaysis
(IMASA), Laxenburg, Austria, 1999.

8. Climate Change and Increase in Loss Trend Persistence, Press Release, MunichRe., Munich,
1999.

9. Cummins, J., D., Doherty, N. Can Insurers Pay for the “Big One”? Measuring Capacity of an
Insurance Market to Respond to Catastrophic Losses, Working Paper, Wharton Risk
Management and Decision Processes Center, University of Pennsylvania, Philadelphia, PA,
1996.

22



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Embrechts, P., Klueppelberg, C., Mikosch, T. Modeling Extremal Events for Insurance and
Finance, Applications of Mathematics, Stochastic Modeling and Applied Probability, Volume
33, Springer Verlag, Heidelberg, 2000.

Ermolieva, T., Ermoliev, Y., Norkin, V. Spatial Stochastic Mode for Optimization Capacity
of Insurance Networks Under Dependent Catastrophic Risks: Numerical Experiments, [1ASA
Interim Report IR-97-028, Int. Inst. for Applied Systems Anaysis, Laxenburg, Austria, 1997.

Ermolieva, T. The Design of Optimal Insurance Decisions in the Presence of Catastrophic
Risks, [IASA Interim Report IR-97-068, Int. Inst. for Applied Systems Analysis, Laxenburg,
Austria, 1997.

Ermoliev, Y., Ermolieva, T., MacDonald, G., Norkin, V. Insurability of catastrophic risks: the
stochastic optimization model, Optimization Journal, Volume 47, 2000, pp. 251-265.

Ermoliev, Y., Ermolieva, T., MacDonad, G., Norkin, V. Stochastic Optimization of
Insurance Portfolios for Managing Exposure to Catastrophic Risks. Annals of Operations
Research, 99, 2000, pp. 207-225.

Ermoliev, Y., Ermolieva, T., MacDonad, G., Norkin, V. Problems on Insurance of
Catastrophic Risks, Cybernetics and Systems Analysis, Volume 37, No. 2, 2001.

Ermolieva, T., Ermoliev, Y., Gaambos, I. Integrated Approach to Catastrophic Food
Management: Summary of the Modeling Efforts, Draft Report to the 2" Meeting of the
Advisory Committee, IIASA Research Project “Flood Risk Management Policy in the Upper
TiszaBasin: A System Analytical Approach”, December 11, 2000.

Ermoliev, Y., Wets, R. (eds.) Numerical techniques of stochastic optimization. Computational
Mathematics, Springer-Verlag, Berlin, 1988.

Fischer, G., Shah, M., Van Véethuizen, H. Climate Change and Agricultural VVulnerability,
2002.

Froot, K. The Limited Financing of Catastrophe Risk: and Overview, Harvard Business
School and National Bureau of Economic Research, 1997.

Hanson, K. Managing Natural Catastrophe Loss: Simulation of Policy Strategies, Submitted
to Stockholm University for the Degree of Licentiate of Philosophy, Report Series 02-011,
SSN 1101-8526, ISRN SU-KTH/DSV/R-02/11-SE, September, 2002.

IPCC Workshop on Changes in Extreme Weather and Climate Events, Workshop Report,
Beijing, China, 11-13 June 2002.

Jobst, N., Zenios, S. The Tail that Wags the Dog: Integrating Credit Risk in Asset Portfolios,
Journal of Risk Finance, 2001.

23



23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Kleindorfer, P., Kunreuther, H. The Complementary Roles Of Mitigation and Insurance in
Managing Catastrophic Risks, Journal of Risk Analysis, forthcoming.

Kunreuther, H., Linnerooth-Bayer, J. The Financial Management of Catastrophic Flood Risks
in Emerging Economy Countries, Proceedings of the Second EuroConference on Globa
Change and Catastrophe Risk Management: Earthquake Risks in Europe 11ASA, Laxenburg,
Austria, 6-9 July, 2000.

Linnerooth-Bayer, J., Amendola, A. Globa Change, Catastrophic Risk and Loss Spreading,
The GENEVA PAPERS on Risk and Insurance, 25:2, 2000, pp. 203-219.

Mayers, D., Smith, C. The Interdependencies of Individua Portfolio Decisions and the
Demand for Insurance, Journal of Political Economy, Volume 91, NO. 2, 1983, pp. 304-311.

Milly, P., Wetherald, R., Dunne, K., Delworth, T. Increasing Risk of Great Floods in
Changing Climate, Nature 415, 2002, pp. 512-514.

National Research Council. National Disaster Losses: A Framework for Assessment,
Committee on Assessing the Costs of Natura Disasters, Washington D.C., National Academy
Press, 1999.

Palmer, T., Raisanen, J. Quantifying the Risk of Extreme Seasonal Precipitation Eventsin a
Changing Climate, Nature 415, 2002, pp. 512-514.

Pollner, J., Catastrophe Risk Management: Using Alternative Risk Financing and Insurance
Pooling Mechanisms, Finance, Private Sector & Infrastructure Sector Unit, Caribbean Country
Department, Latin America and the Caribbean Region, World Bank, 2000.

Proposa for the Project on Hood Risk Management Policy in the Upper Tisza Basin: A
System Analytical Approach, I1ASA Risk, Modeling and Society Project, A-2361 Laxenburg,
Austria in collaboration with Stockholm University and the Hungarian Academy of Sciences,
2000.

Pugh, E.L. A Gradient Technique of Adaptive Monte Carlo, SIAM Review 8(3), 1966, pp.
346-355.

Rockafellar, T., Uryasev, S. Optimization of Conditional Vaue-at-Risk, The Journa of Risk,
Volume 2, NO. 3, 2000, pp. 21-41.

Rundle, Turcotte, Klein (eds.). Reduction and Protection of Natura Disasters, Addison-
Wesley, 1996.

Stone, JM. A Theory of Capacity and the Insurance of Catastrophe Risks, Parts 1 and 2. The
Journa of Risk and Insurance 40, 1973, pp. 231-244 and 339-355.

Tatano, H., Dinh Phuc, N., Okado, N. Customizing Earthquake Insurance: A Japanese Case
Studies, Proceedings of the 2™ Annual IIASA-DPRI (Disaster Prevention Research Institute,

24



Kyoto University, Kyoto, Japan) Meeting, Inst. For Applied Systems Analysis, Laxenburg,
Austria

37. Thomas, F. Principles of Floodplain Management, Proceedings of the NATO Advanced
Study Institute on Defense from Floods and Floodplain Management, Dorndrecht, The
Netherlands, Kluwer Academic Publishers, 1994.

38. Walker, G. Current Developments in Catastrophe Modelling in: N.R. Britton and J. Oliver
(Eds.), Financial Risks Management for Natural Catastrophes, Brisbane, Griffith University,
Australia, 1997, pp. 17-35.

39. German Advisory Committee on Global Change, 1993. World in Transition: Basic Structure
of the Global Man-Environment Relationship. Berlin, Germany.

25





