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calculated unit tax rates in zones (subbasins). Let us simulate the path under the 

tax policy. Table 6- I I shows the path from the initial conditions. As externalities 

are considered through the tax appropriately imposed on developed floodplains, 

the path is really close to the optimal path. The local optimal path is corrected by 

the tax. 

27001 
27002 
27005 
27007 
27009 
27034 
27043 
27053 
27069 
27071 
27075 
27083 
27085 
27089 
27090 

Table 6-10. Unit tax rates on developedjloodplains 

0 

137.180 
1749.503 

-14.388 
337.116 

1102.948 
52.748 

131.806 
-7.971 

-34.020 
362.970 
-20.041 

1007.678 
50.865 

280.294 
-10.551 

Unit tax rate 
Subbasin (1990 UK£ 

per ha per year) 
27001 1030.94420 
27002 1202.78708 
27005 25037.64832 
27007 7547.76757 
27009 873.20209 
27034 10666.99101 
27043 4648.04262 
27053 24835.47271 
27069 12135.56239 
27071 7977.45707 
27075 12165.16123 
27083 2115.08188 
27085 12159.27972 
27089 1044.79636 
27090 12111.60695 

Table 6-11. Path under tax 

Control Variable [ v ] (ha) 

Time (t ) 
1 2 3 
0.300 0 0 
2.027 0 0 
0.000 0 0 
1.293 0 0 
1.672 0 0 
0.543 0 0 
0.291 0 0 
0.000 0 0 

-3.281 0 0 
1.779 0 0 

-2.111 0 a 
1.607 0 0 
0.906 0 a 
0.402 0 0 

-2.735 a a 

... 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

30 

0 
0 
0 
0 
a 
0 
a 
0 
0 
0 
0 
0 
0 
0 
0 
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State Variable r X 1 (ha) 

Time (t) 
0 1 2 3 ... 30 

27001 99.394 236.574 236.874 236.874 236.874 236.874 
27002 217.132 1966.635 1968.662 1968.662 1968.662 1968.662 
27005 14.388 0.000 0.000 0.000 0.000 0.000 
27007 155.264 492.380 493.673 493.673 493.673 493.673 
27009 308.466 1411.414 1413.086 1413.086 1413.086 1413.086 
27034 51.129 103.877 104.420 104.420 104.420 104.420 
27043 27.692 159.498 159.789 159.789 159.789 159.789 
27053 7.971 0.000 0.000 0.000 0.000 0.000 
27069 101.624 67.604 64.323 64.323 64.323 64.323 
27071 306.149 669.119 670.898 670.898 670.898 670.898 
27075 63.814 43.773 41.662 41.662 41.662 41.662 
27083 106.273 1113.951 1115.558 1115.558 1115.558 1115.558 
27085 60.063 110.928 111.834 111.834 111.834 111.834 
27089 35.183 315.477 315.879 315.879 315.879 315.879 
27090 67.094 56.543 53.808 53.B08 53.808 53.808 

6.5.2 Subsidy 

In principle, the function of subsidies is the same as that of Pigouvian tax, 

but their monetary flows are opposite. As we showed in Chapter 3, we provide 

individual landowners with the unit subsidy on natural floodplains (per ha per 

year), which is equal to the marginal external costs. Landowners have the 

incentive to keep or restore floodplains more because of subsidies. The unit 

subsidy rates are the same as the unit tax rates (see Table 6-10). Let us simulate 

the path under the subsidy policy. Table 6-12 shows the derived path from the 

same initial conditions. As externalities are considered through the subsidy 

correctly given to natural floodplains, the path is close to the optimal path. 



0 
27001 137.425 
27002 1750.917 
27005 -14.388 
27007 338.118 
27009 1104.261 
27034 53.183 
27043 132.044 
27053 -7.971 
27069 -36.719 
27071 364.414 
27075 -21.746 
27083 1009.029 
27085 51.565 
27089 280.618 
27090 -12.784 

0 
27001 99.394 
27002 217.132 
27005 14.388 
27007 155.264 
27009 308.466 
27034 51.129 
27043 27.692 
27053 7.971 
27069 101.624 
27071 306.149 
27075 63.814 
27083 106.273 
27085 60.063 
27089 35.183 
27090 67.094 
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Table 6-12. Path under subsidy 

Control Variable r v 1 (hal 

Time (t ) 
1 2 3 ... 
0.061 0 0 0 
0.538 0 a a 
0.000 0 0 0 
0.271 0 0 0 
0.361 0 0 0 
0.095 0 0 0 
0.045 0 0 0 
0.000 0 0 0 

-0.511 0 0 0 
0.338 0 0 0 

-0.364 a 0 0 
0.281 0 0 0 
0.186 0 0 0 
0.073 0 0 0 

-0.445 0 0 0 

State Variable [ X] (ha) 

Time (t ) 

1 2 3 ... 
236.819 236.880 236.880 236.880 

1968.049 1968.587 1968.587 1968.587 
0.000 0.000 0.000 0.000 

493.382 493.653 493.653 493.653 
1412.727 1413.088 1413.088 1413.088 
104.312 104.407 104.407 104.407 
159.736 159.781 159.781 159.781 

0.000 0.000 0.000 0.000 
64.905 64.394 64.394 64.394 

670.563 670.901 670.901 670.901 
42.068 41.704 41.704 41.704 

30 

0 
0 
0 
0 
0 
0 
0 
a 
a 
a 
0 
0 
a 
0 
0 

30 
236.880 

1968.587 
0.000 

493.653 
1413.088 

104.407 
159.781 

0.000 
64.394 

670.901 
41.704 

1115.302 1115.583 1115.583 1115.583 1115.583 
111.628 111.814 111.814 111.814 111.814 
315.801 315.874 315.874 315.874 315.874 

54.310 53.865 53.865 53.865 53.865 

6.5.3 Mix of Tax and Subsidy 

We can use the mix of the Pigouvian tax and subsidies for the same purpose. 

In essence, we should make individual landowners consider the marginal external 

costs when they change areas of developed floodplains. We can impose the unit 

tax (per ha per year) on the amounts of developed floodplains that exceed a 
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reference value and set the unit subsidy (per ha per year) on the amounts of 

natural floodplains that exceed the same reference value instead of setting the tax 

(subsidy) on all the developed floodplains (natural floodplains). In this case, the 

unit tax and subsidy rates are the same as before (see Table 6-] 0). 

We have several options for choosing the reference value. The choice of the 

reference value does not matter in tetms of the effectiveness of policies (social 

welfare). We can achieve the same result even if we set different reference values. 

Here, we choose the initial conditions as the reference values. This is one of the 

possible choices in reality. Private landowners can earn the subsidy (per ha per 

year) if they restore natural floodplains and they have to pay the tax (per ha per 

year) if they develop floodplains from the initial conditions. 

Let us simulate the path under the mix policy of tax and subsidy. Table 6-13 

shows the derived path. Likewise, the local optimisation is appropriately corrected 

by the mix policy. The path is close to the optimal path. 

Table 6-13. Path under the mix policy of tax and subsidy 

Control Variable [ y ] (ha) 

Time (t) 
0 1 2 3 ... 30 

27001 136.794 0.000 0.648 0 0 0 
27002 1747.989 3.530 0 0 a 0 
27005 -14.388 0.000 0 0 a a 
27007 336.408 1.696 0.111 0 0 0 
27009 1101.992 0.000 2.438 0 0 0 
27034 51.888 1.397 0 0 0 0 
27043 131.837 0.263 0 0 0 0 
27053 -7.971 0.000 0 0 0 0 
27069 -33.167 -4.115 0 0 0 0 
27071 362.031 2.686 0 0 0 0 
27075 -19.435 -2.707 0 0 0 0 
27083 1006.901 0.000 1.97 0.019 0 0 
27085 50.495 1.272 0 0 0 0 
27089 280.067 0.560 0 0 0 0 
27090 -9.807 -3.463 0 0 0 0 



Chapter 6. Policy Simulation 246 

State Variable [X 1 (ha) 

Time (t ) 
0 1 2 3 ... 30 

27001 99.394 236.188 236.188 236.836 236.836 236.836 
27002 217.132 1965.121 1968.651 1968.651 1968.651 1968.651 
27005 14.388 0.000 0.000 0.000 0.000 0.000 
27007 155.264 491.672 493.368 493.479 493.479 493.479 
27009 308.466 1410.458 1410.458 1412.896 1412.896 1412.896 
27034 51.129 103.017 104.414 104.414 104.414 104.414 
27043 27.692 159.529 159.792 159.792 159.792 159.792 
27053 7.971 0.000 0.000 0.000 0.000 0.000 
27069 101.624 68.457 64.342 64.342 64.342 64.342 
27071 306.149 668.180 670.866 670.866 670.866 670.866 
27075 63.814 44.379 41.672 41.672 41.672 41.672 
27083 106.273 1113.174 1113.174 1115.144 1115.163 1115.163 
27085 60.063 110.558 111.830 111.830 111.830 111.830 
27089 35.183 315.250 315.810 315.810 315.810 315.810 
27090 67.094 57.287 53.824 53.824 53.824 53.824 

6.5. 4 Marketable Permits 

As we discussed in Chapter 3, we can set marketable pennits as an 

alternative policy for price rationing policies such as taxes, subsidies and the mix 

policy. This policy rations quantities. The strengths of this policy are (I) to 

directly control the target level as long as individual owners abide by the rules, 

and (2) to achieve the target level at the least costs because individual landowners 

can transact the penn its in the market in each zone. 

We have two options for marketable pennits. To begin with, we set 

marketable pennits for development of floodplains (control variables). In the 

zones where the optimal level of developed floodplains is larger than the initial 

level, we can issue the amount of marketable pennits that is equivalent to the 

difference between the optimal and initial levels. Through the pennits, we can 

limit the development up to the optimal level. In this type of marketable pennits, 

we cannot issue any pennits in the zones where the initial quantity is larger than 

the optimal one. It implies that floodplain development is forbidden in such zones. 

However, we cannot provide the incentive to restore floodplains there. Table 6-14 
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shows the amount of marketable permits in zones. Let us simulate the path under 

the marketable permits, assuming that individual landowners observe the rules. 

Table 6-15 shows the path derived from the initial conditions. Controlling the 

quantity of development, the path is close to the optimal path only in the zones 

where pennits are issued. 

Table 6-14. Quantity of marketable permits for development 

Subbasin 
Permits for development 

(hal 
27001 137.47631 
27002 1751.55266 
27005 0 
27007 338.33163 
27009 1104.56468 
27034 53.26856 
27043 132.09539 
27053 0 
27069 0 
27071 364.70823 
27075 0 
27083 1009.30115 
27085 51.73270 
27089 280.69052 
27090 0 

Table 6-15. Path under marketable permits for development 

Control Variable [ v ] (ha) 

Time(t) 
0 1 2 3 ... 30 

27001 137.473 0 0 0 0 0 
27002 1751.550 0 0 0 0 0 
27005 0.000 0 0 a a 0 
27007 338.329 a a a 0 0 
27009 1104.562 a 0 a a 0 
27034 53.266 0 0 a 0 0 
27043 132.092 0 0 0 a 0 
27053 0.000 0 0 a 0 0 
27069 0.000 0 0 a 0 0 
27071 364.705 0 0 a 0 0 
27075 0.000 0 0 a 0 0 
27083 1009.298 0 0 0 a 0 
27085 51.730 0 0 0 a 0 
27089 280.688 0 0 0 a 0 
27090 0.000 a 0 0 a a 
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State Variable [ Xl (ha) 

Time (t ) 
0 1 2 3 ... 30 

27001 99.394 236.867 236.867 236.867 236.867 236.867 
27002 217.132 1968.682 1968.682 1968.682 1968.682 1968.682 
27005 14.388 14.388 14.388 14.388 14.388 14.388 
27007 155.264 493.593 493.593 493.593 493.593 493.593 
27009 308.466 1413.028 1413.028 1413.028 1413.028 1413.028 
27034 51.129 104.395 104.395 104.395 104.395 104.395 
27043 27.692 159.784 159.784 159.784 159.784 159.784 
27053 7.971 7.971 7.971 7.971 7.971 7.971 
27069 101.624 101.624 101.624 101.624 101.624 101.624 
27071 306.149 670.854 670.854 670.854 670.854 670.854 
27075 63.814 63.814 63.814 63.814 63.814 63.814 
27083 106.273 1115.571 1115.571 1115.571 1115.571 1115.571 
27085 60.063 111.793 111.793 111.793 111.793 111.793 
27089 35.183 315.871 315.871 315.871 315.871 315.871 
27090 67.094 67.094 67.094 67.094 67.094 67.094 

Table 6-16. Quantity of marketable permits for developed floodplains 

Permits for 
Subbasin developed floodplains 

(ha) 

27001 236.870 

27002 1968.685 

27005 0 

27007 493.596 

27009 1413.031 

27034 104.398 

27043 159.787 

27053 0 

27069 64.370 

27071 670.857 

27075 41.688 

27083 1115.574 

27085 111.796 

27089 315.874 

27090 53.846 

We can also set marketable permits for developed floodplains that 

landowners can possess (state variables). In this case, unlike the fonner case, we 

can force landowners to restore natural floodplains appropriately. If the amount of 

pennits is smaller than the initial level of developed floodplains, landowners have 

to buy pennits in the market in the same zone or to restore natural floodplains. In 

the zones where the total amount of permits is smaller than the initial total area of 

developed floodplains, landowners have to restore floodplains in total. Notice that 
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we need a rule that landowners should obey the permits from time t = 1 because 

they have no incentive to restore floodplains in early stages without any 

regulations. If marketable permits are set in an appropriate way, the optimal level 

can be achieved at the lowest costs because less efficient landowners can buy 

permits from more efficient ones in the market in each zone. Table 6-16 shows the 

amounts of marketable permits. Likewise, let us simulate the path under this 

marketable permits policy, assuming that landowners abide by the rules. Table 

6-17 shows the derived path. As we directly ration the quantities of developed 

floodplains, the path is close to the optimal path. This type of marketable permits 

is better than the previous type in that it can give the right incentive to restore 

floodplains. 

Table 6-17. Path under marketable permits for developed floodplains 

Control Variable r v J (ha) 

Time ( t ) 
0 1 2 3 ... 30 

27001 137.476 0 0 0 0 0 
27002 1751.553 0 0 0 0 0 
27005 -14.388 0 0 0 0 0 
27007 338.332 0 0 0 0 0 
27009 1104.565 0 0 0 0 0 
27034 53.269 0 0 0 0 0 
27043 132.095 0 0 0 0 0 
27053 -7.971 0 0 0 0 0 
27069 -37.254 0 0 0 0 0 
27071 364.708 0 0 0 0 0 
27075 -22.126 0 0 0 0 0 
27083 1009.301 0 0 0 0 0 
27085 51.733 0 0 0 0 0 
27089 280.691 0 0 0 0 0 
27090 -13.248 0 0 0 0 0 
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State Variable [X] (ha) 

Time (t) 
0 1 2 3 ... 30 

27001 99.394 236.870 236.870 236.870 236.870 236.870 
27002 217.132 1968.685 1968.685 1968.685 1968.685 1968.685 
27005 14.388 0.000 0.000 0.000 0.000 0.000 
27007 155.264 493.596 493.596 493.596 493.596 493.596 
27009 308.466 1413.031 1413.031 1413.031 1413.031 1413.031 
27034 51.129 104.398 104.398 104.398 104.398 104.398 
27043 27.692 159.787 159.787 159.787 159.787 159.787 
27053 7.971 0.000 0.000 0.000 0.000 0.000 
27069 101.624 64.370 64.370 64.370 64.370 64.370 
27071 306.149 670.857 670.857 670.857 670.857 670.857 
27075 63.814 41.688 41.688 41.688 41.688 41.688 
27083 106.273 1115.574 1115.574 1115.574 1115.574 1115.574 
27085 60.063 111.796 111.796 111.796 111.796 111.796 
27089 35.183 315.874 315.874 315.874 315.874 315.874 
27090 67.094 53.846 53.846 53.846 53.846 53.846 

6.5.5 Direct Controls 

We can directly control the level of developed floodplains by coerCIve 

regulations. Let us consider two options. First, like marketable permits for 

development, we impose quota (constraints) on development in the zones where 

the optimal level is larger than the initial level. However, landowners cannot 

transact them because they are not provided marketable permits but compulsory 

regulations. On the other hand, we force landowners to restore floodplains by a 

coercive regulation in the zones where the optimal level is smaller than the initial 

level. Assuming that landowners follow such regulations, we can obtain the same 

path as marketable pennits for developed floodplains. Under this type of direct 

control, however, it is dubious that it can be achieved at the lowest costs. The 

policy of marketable pennits is preferable to this regulation policy in this respect 

if the path is the same in reality. 

Second, policy makers can centrally control the level of developed 

floodplains in the catchment. In the beginning, policy makers buyout all natural 

floodplains in the zones where the optimal level is larger than the initial level, and 
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buyout the areas of developed floodplains that should be converted into the 

natural ones in the zones where the optimal level is smaller than the initial level. 

Then, policy makers can control floodplain development, and restore floodplains. 

In this case, policy makers can realize the optimal path. This policy is here called 

'buyout and central control'. 

6.5.6 Evaluation of Policy Scenarios 

We derived the paths under policy scenanos above. In this section, we 

discuss the choice of policy scenarios in terms of effectiveness, efficiency and 

equity. II 

To begin with, we discuss the effectiveness of policies under certainty. We 

basically focus on the effectiveness in our analysis. The effectiveness implies to 

what extent policies achieve the policy-maker's objective. That is to what extent 

they maximise social welfare over time. Thus, let us simulate and compare the 

values of social welfare among the policy scenarios. Table 6-18 shows the values 

of social welfare respectively. Under certainty, the policy scenarios except for 

marketable pennits for development are equivalent. As we mentioned, the policy 

of marketable penn its for development does not provide the right incentive to 

restore floodplains in the zones where the optimal level is smaller than the initial 

level. However, it is stilI better than no policies (local optimisation when 

externalities are not considered). 

II We will analyse and discuss the flexibility of policies in the context of irreversibility and 
uncertainty in Sections 6.6 and 6.7. 
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Table 6-18. Social welfare under certainty 

Scenario Social Welfare Rank 
Social Optimisation 1,059,544 1 
Buyout and 

1,059,544 
central control 1 

Marketable permits for 
1,059,544 1 developed floodplains 

Regulation 1,059,544 1 
Tax 1,059,544 1 
Subsidy 1,059,544 1 
Mix of tax and subsidy 1,059,544 1 
Marketable permits 

1,059,401 8 
for development 

Next, we discuss the efficiency of policies briefly. The efficiency of policies 

implies that the policy-maker's objective (maximisation of social welfare) can be 

attained 'at the lowest possible costs'. This depends on real situations, but we 

make some comments on this. The 'buyout and central control' policy seems to 

be costly because we need funds for buying out floodplains and it incurs 

management costs to control the development and restoration in the centralized 

system over time. Furthermore, we may need a legal coercive regulation to buy 

the needed amounts of floodplains at a reasonable price. As this is related to 

individual property rights, it seems to be politically difficult. Hence, considering 

the feasibility of this policy in reality, this policy looks too difficult to be carried 

out although it can realize the optimal path on the theoretical side. As for 

marketable permits, we need to design the efficient markets for them in each zone. 

In order to consider unidirectional spatial externalities, we need to divide the 

catchment into zones. The degree of taking account of externalities increases as 

the number of zones increases. However, if the areas of zones are not large 

enough to create efficient markets, the policy of marketable permits will be 

ineffective. We also need a legal foundation to define the property rights to 

transact permits and to ensure that the rights are enforceable. In addition, 

monitoring and penalties are critical for making landowners abide by permits. 

However, marketable permits enable landowners to achieve the optimal level at 

the least costs by the transactions of permits in the markets. Unlike marketable 

permits, this kind of cost-saving cannot be achieved in the regulation policy of 

quota on development and restoration. In addition, monitoring and providing 
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appropriate penalties are also crucial in regulations. On the other hand, the 

policies of tax and subsidy depend on decentralized system. The costs of 

implementing policies seem to be lower than marketable peImits and regulations. 

However, notice that we have to set different unit tax (subsidy) rates among zones 

in the catchment (zonal taxes). 

Finally, let us discuss the equity of policies shortly. The equity of policies 

implies that the policy-makers' objective (maximisation of social welfare) can be 

achieved without aggravating income distribution among members of society. 

There are a few comments. First, landowners should compensate for the external 

costs due to floodplain development. In this respect, the policies of tax, 

marketable permits and regulations function well because they impose costs on 

landowners. Second, however, landowners are compensated for opportunity costs 

of avoiding development under the policy of subsidy. In addition, landowners do 

not pay under the 'buyout and central control' policy. Third, it will be preferable 

if rich groups directly or indirectly incur the external costs. Landowners are not 

poor groups in that they possess lands. It is desirable that they should pay for the 

external costs. The policy of subsidy may be unacceptable at this point. 

6.6 Irreversibility and Constraints on Control 
Variables 

In this section we discuss constraints on control variables in general and , 

irreversibility of floodplain development. The irreversibility is shown by 

constraints on control variables, but it is shown by prohibitively high direct costs 

of floodplain restoration as well. We re-evaluate the policy scenarios under the 

constraints and irreversibility. 
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6.6.1 Constraints on Control Variables 

As we mentioned in Chapter 5, it takes time to develop and restore 

floodplains, which is referred to as the costs of time lag. We introduce the 

constraints assumed in Chapter 5 into the model. The constraints are: 

)7: =lO(ha)~y: ~y~ =lOO(ha) (for all i) 

To begin with, let us derive the optimal path (social optimisation) under the 

constraints. Figure 6-5 shows the path. Due to the constraints, it takes more time 

steps to converge to equilibrium. The level of the equilibrium is slightly different 

from that under no constraints, because the adjustment processes (paths) are 

different. The time lag costs change the optimal path. Comparing the values of 

social welfare, it turns out that the constraints are costs. Table 6-19 shows them. 

Obviously, the value of social welfare under no constraints is lager than that under 

the constraints. 

Figure 6-5. Optimal path under constraints on control variables 
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Table 6-19. Values of social welfare under constraints 

Social Welfare 
Optimal path under no constraints (base case) 1,059,544 
Optimal path under the constraints 1,057,121 

6.6.2 Analysis of Policy Scenarios under Constraints 

We discuss and evaluate the policy scenarios under the constraints. In so 

doing, we distinguish two cases. The first case is that policy-makers do not 

(exactly) know the constraints. The second case is that policy-makers exactly 

know the constraints. We qualitatively discuss policy scenarios respectively at 

first, and compare them in terms of social welfare. 

To begin with, we consider the tax policy. If policy-makers do not (exactly) 

know the constraints, they impose the same tax rates (see Table 6-10). Therefore, 

the tax rates are not optimal under such a situation. If they exactly know the 

constraints, they set correct new tax rates. Likewise, under the policies of subsidy 

and the mix of tax and subsidy, policy-makers set the same rates, which are not 

appropriate, if they do not exactly know the constraints. 

Let us discuss policies of marketable pennits. In the beginning, we discuss 
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the policy of marketable permits for development (quantity of control variables). 

If policy-makers do not know the constraints, they cannot issue correct amounts 

of permits. If they exactly know the constraints, they set the relevant quantity of 

permits. Next, we discuss the policy of marketable permits for developed 

floodplains (quantity of state variables). The problem is more complicated if 

policy-makers do not know the constraints. The problem that policy-makers 

cannot set the appropriate amounts of permits is the same. In addition, 

policy-makers immediately give penalties to landowners in the zones where the 

optimal level of developed floodplains is smaller than the initial level because 

landowners cannot immediately satisfy the requirements of permits due to the 

constraints. If landowners accept this marketable permits policy, the pressure of 

penalties make them restore floodplains as fast as possible. This process is close 

to the optimal path under the constraints. However, landowners try to refuse such 

a policy, and they have no incentive to tell policy-makers the correct value of 

constraints, because they can earn private net benefits if they tell the value of 

constraints that are smaller than the true ones. Hence, marketable permits for 

developed floodplains without relevant information might be politically infeasible. 

If policy-makers precisely know the constraints, they can set the appropriate 

deadlines for satisfying the requirements of permits. However, as the deadlines 

can be set only discretely in the unit of year, landowners still can earn private net 

benefits by decreasing the amounts of restoration in the early stages (first year) as 

long as they abide by the deadlines. Thus, social welfare is not maximised under 

this policy even if policy-makers have relevant information on the constraints. 

Let us discuss policy scenarios of direct controls. First, we discuss the 

regulation of quota on development and restoration. This policy has the same 

problems as marketable permits for developed floodplains if policy-makers do not 

know the constraints. Second, we discuss the 'buyout and central control' policy. 

Under this policy, it does not matter whether policy-makers know the constraints 

in advance or not. Eventually, they get the information on them after they buyout 

floodplains. If the policy is in reality feasible, it can realize the optimal path. 
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FinalIy, let us compare the values of social welfare among the policy 

scenarios in the two cases. Table 6-20 shows the values of social welfare when 

policy-makers do not know the constraints. Like the results of the analysis under 

certainty, the 'buyout and central control' policy is the best. The policies of tax, 

subsidy and the mix of them provide almost the same value as the social optimum 

although the rates are not exactly correct. 12 These policies are robust to the 

constraints (existence of time lag costs). The policy of marketable pennits for 

development provides the lowest value of social welfare, but it is stilI better than 

the local optimisation (not considering externalities at all). 

Table 6-20. Socia! welfare when policy-makers do not know constraints 

Scenario Social Welfare Rank 
Social Optimisation 1,057,121 1 
Buyout and 

1,057,121 1 central control 
Tax 1,057,121 1 
Subsidy 1,057,121 1 
Mix of tax and subsidy 1,057,121 1 
Marketable permits 

1,056,978 6 
for development 
Marketable permits for 

politically infeasible -
developed floodplains 
Regulation politically infeas ible -

Table 6-21. Socia! welfare when policy-makers know constraints 

Scenario Social Welfare Rank 
Social Optimisation 1,057,121 1 
Buyout and 

1,057,121 1 
central control 
Tax 1,057,121 1 

Subsidy 1,057,121 1 
Mix of tax and subsidy 1,057,121 1 
Marketable permits for 

1,057,118 6 
developed floodplains 
Regulation 1,057,118 6 
Marketable permits 

1,056,980 8 
for development 

Table 6-2 I shows the values of social welfare when policy-makers 

completely know the constraints. Likewise, the 'buyout and central control' 

12 The values are slightly smaller than the social optimum. 
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policy provides the largest value. However, interestingly, the policies of tax, 

subsidy and the mix of them (price rationing policies) are clearly preferable to the 

policies of marketable permits for developed floodplains and the regulation 

(quantity rationing policies). As we indicated, under the quantity rationing policies, 

there is a room for landowners to exploit private net benefits by decreasing the 

amounts of restoration in the first year even though policy-makers set the correct 

deadlines for satisfying the requirements of permits. Figure 6-6 shows the path 

under the policies of marketable permits for developed floodplains and the 

regulation in the zones where the optimal level is smaller than the initial level 

(restoration is needed). Unlike the optimal path, the amounts of restoration in the 

first year are not at the maximum level (the constraints are not binding). 

Figure 6-6. Path under quantity policies 
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6.6.3 Irreversibility 

The irreversibility is shown by constraints on control variables and/or 

prohibitively high direct costs of floodplain restoration. Under the irreversible 

situation that it is impossible or too expensive to restore natural floodplains, the 

overdevelopment of floodplains may prove costly. Once floodplains are 

overdeveloped, the non-optimal state perpetuates forever. 

To begin with, we concretely show this by an example in the case that the 

irreversibility is shown by constraints on floodplain restoration in the following. 

y: = O(ha) s y; s y~ = 100(ha) (for all i) 

Table 6-22 shows the values of social welfare. Obviously, social welfare 

deteriorates in the case of irreversibility because the non-optimal situations cannot 

be improved in the zones where the optimal level is smaller than the initial level. 

Based on the results, it is important to avoid risks of overdevelopment for 

choosing policies under irreversibility. This is related to the analysis of policy 

scenarios under uncertainty in Section 6.7. 

Table 6-22. Social welfare under irreversibility 

Social Welfare 

Optimal path under no constraints (base case) 1,059,544 
Optimal path under the constraints 1,057,121 
Optimal path under irreversibility 1,056,980 

Next, we discuss the case where irreversibility is shown by prohibitively high 

direct costs of floodplain restoration. We still have no precise information on the 

costs of floodplain restoration. Thus, let us assume that they become ten times as 

high as the base case in the following. 

D(l)=191463.7353/ if l <0. (6-4) 

Let us derive the optimal path under the situation, and calculate the value of social 

welfare. Table 6-23 shows the optimal path under this type of irreversibility. In the 

optimal path as the base case, floodplains are restored in five zones while they are 
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restored in only one zone under this type of irreversibility. Table 6-24 shows the 

value of social welfare. The value of social welfare under irreversibility is smaller 

than that under no irreversibility. 

Table 6-23. Optimal path under irreversibility (high costs) 

Time( t) 
0 1 2 3 ... 30 

27001 137.358 0.116 0 a 0 0 
27002 1750.549 0.930 0 0 0 0 
27005 -6.141 -2.285 0 0 0 0 
27007 337.862 0.487 0 0 0 0 
27009 1103.936 0.681 0 0 0 0 
27034 53.073 0.203 0 0 0 0 
27043 131.983 0.109 0 0 0 0 
27053 0 0 0 0 0 0 
27069 0 0 0 0 0 0 
27071 364.027 0.710 0 0 0 0 
27075 0 0 0 0 0 0 
27083 1009.224 0.076 0 0 0 0 
27085 51.349 0.400 0 0 0 0 
27089 280.539 0.149 0 0 0 0 
27090 0 0 0 0 0 0 

Time (t) 
0 1 2 3 ... 30 

27001 99.394 236752 236.868 236.868 236.868 236.868 
27002 217.132 1967.681 1968.611 1968.611 1968.611 1968.611 
27005 14.388 8.247 5.962 5.962 5.962 5.962 
27007 155.264 493.126 493.613 493.613 493.613 493.613 
27009 308.466 1412.402 1413.083 1413.083 1413.083 1413.083 
27034 51.129 104.202 104.405 104.405 104.405 104.405 
27043 27.692 159.675 159.784 159.784 159.784 159.784 
27053 7.971 7.971 7.971 7.971 7.971 7.971 
27069 101.624 101.624 101.624 101.624 101.624 101.624 
27071 306.149 670.176 670.886 670.886 670.886 670.886 
27075 63.814 63.814 63.814 63.814 63.814 63.814 
27083 106.273 1115.497 1115.573 1115.573 1115.573 1115.573 
27085 60.063 111.412 111.812 111.812 111.812 111.812 
27089 35.183 315.722 315.871 315.871 315.871 315.871 
27090 67.094 67.094 67.094 67.094 67.094 67.094 
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Table 6-24. Value a/social welfare in case a/irreversibility 

Social Welfare 
Optimal path (base case) 1,059,544 
Optimal path under irreversibility 1,059,405 

When we are faced with irreversibility, precautionary principles are 

important. It may be appropriate to introduce a safe minimum standard into the 

processes of floodplain development. How much we should put the margin for a 

safe minimum standard depends on the size and type of uncertainty. In this respect, 

we conduct sensitivity analyses and evaluate the policy scenarios under 

uncertainty in Section 6.7. 

6.6.4 Analysis of Policy Scenarios under Irreversibility 

Likewise, let us calculate the values of social welfare under the policy 

scenarios respectively and evaluate them. Under the first type of irreversibility 

shown by the constraints, the evaluation of the policy scenarios is quite similar to 

that under certainty (see Table 6-18). There are a few noticeable things. Under the 

policies of marketable permits and the regulation, landowners have no chance to 

exploit private net benefits by decreasing the amounts of restoration in the first 

year. Thus, social welfare under these policies does not deteriorate. In addition, 

the policy of marketable permits for development is equivalent to the policies of 

marketable permits for developed floodplains and the regulation of quota on 

development because of no restoration. Table 6-25 shows the values of social 

welfare. As a result, the policies are substitutable one another in terms of 

effectiveness (social welfare). 
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Table 6-25. Social welfare under irreversibility (no restoration) 

Scenario Social Welfare Rank 
Social Optimisation 1,056,980 1 
Buyout and 
central control 1,056,980 1 

Marketable permits for 
1,056,980 1 developed floodplains 

Regulation 1,056,980 1 
Marketable permits 

1,056,980 1 for development 
Tax 1,056,980 1 
Subsidy 1,056,980 1 
Mixottaxand subsidy 1,056,980 1 

Table 6-26. Social welfare under irreversibility (high costs) with no information 

Scenario Social Welfare Rank 
Social Optimisation 1,059,405 1 
Buyout and 

1,059,405 1 
central control 
Tax 1,059,405 1 
Subsidy 1,059,405 1 
Mixoftaxand subsidy 1,059,405 1 
Marketable permits 

1,059,398 6 
for development 
Marketable permits for 

1,059,027 7 
developed floodplains 
Regulation 1,059,027 7 

Next, we discuss the second type of irreversibility shown by prohibitively 

high costs of restoration. We distinguish the two cases. The evaluation of the 

policy scenarios is the same as that under certainty (see Table 6-18) if 

policy-makers have the information on the irreversibility. If not, the policies of tax, 

subsidy and the mix of them are better than the policies of marketable permits and 

the regulation (quantity rationing policies) because the optimal tax rates remain 

the same. The costs of restoration do not affect the unit tax rates (the marginal 

external costs). Under the quantity rationing policies, policy-makers will set 

inappropriate amounts of permits or quota if they cannot obtain relevant 

information. Moreover, interestingly, the policy of marketable permits for 

development is better than the policies of marketable permits for developed 

floodplains and the regulation. As policy makers do not care about restoration 

under the policy of marketable permits for development, the degree of 
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incorrectness about the amounts of permits is relatively small. Table 6-26 shows 

the values of social welfare. 

6.7 Uncertainty and Sensitivity Analysis 

In this section, we conduct the sensitivity of the policy outcomes to 

uncertainty. Practically, we calculate the sensitivity of the equilibrium to which 

the initial state converges, assuming that parameters or exogenous variables 

change by a certain percentage. We define the sensitivity (sv) as the following. 

sv= ~ = % change of X 
d% % change of a 

(6-5) 

where X is the size of developed floodplains in the equilibrium and a IS one 

of the parameters or exogenous variables. 

Then, let us simulate changes in social welfare under the policy scenarios, 

assuming that parameters or exogenous variables suddenly change by a certain 

percentage and that policy-makers cannot detect the changes or cannot change the 

values of policy variables immediately. We can interpret the assumption in a 

different way. That is, policy-makers cannot correctly know the values of 

parameters or exogenous variables, and they overestimate or underestimate them 

by a certain percentage when they set policies. Which policy scenario is more 

flexible and robust under these uncertain situations? 
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6.7.1 Sensitivity to Value of Ecosystem Services 

The value of ecosystem services cannot be given in real markets because of 

missing markets. Thus, the value is in itself a kind of decision variable. Practically, 

this relies on environmental valuations. The estimated value might be uncertain. 

In particular, we use a result of meta analysis of environmental valuation in our 

applied model. Hence, it is important to check the sensitivity to the value and 

evaluate the flexibility of policy scenarios. 

To begin with, it is difficult to treat the functional fonn (5-17) for the benefit 

function of ecosystem services in Chapter 5, because it contains three parameter 

values and the economic meaning of them is not clear. Then, let us mathematically 

simplify the functional form. Leaving out the log functions, we obtain the 

following simplified functional form. 

(6-6) 

Function (6-6) is equivalent to function (5-17). Thus, we can use function (6-6). 

This function fortunately includes only two parameter values, which are deeply 

related to the marginal opportunity cost of lost ecosystem services with respect to 

floodplain development (the marginal value of ecosystem services with respect to 

the size of natural floodplains). Here, we do the sensitivity analysis on the first 

parameter value (2704.868484). 

We are interested in the risk of overdevelopment. Thus, we assume that this 

parameter value increases by 50%. This implies that the marginal value of 

ecosystem services increases by 50%.13 As the knowledge of ecosystem services 

has been still limited, this amount of error seems to be plausible. Let us calculate 

the sensitivity values under the assumption. Table 6-27 shows the results. The 

sensitivity values are small. Even at the maximum, the optimal size of developed 

floodplains decreases by only 0.397% when the marginal value of ecosystem 

13 The marginal value is not constant with respect to the size of developed floodplains. Thus, to be 
precise, it implies that the marginal value for the same size of developed floodplains increases by 
50%. 
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services increases by 1 %. 

Table 6-27. Sensitivity to the value of ecosystem services 

SUbbasin Sensitivity value 0/0 change 
New Equilibrium 

Equilibrium (base) 
27001 -0.054 -2.679 230.524 236.870 
27002 -0.060 -2.992 1909.776 1968.685 
27005 - - 0.000 0.000 
27007 -0.098 -4.918 469.319 493.596 
27009 -0.041 -2.037 1384.243 1413.031 
27034 -0.188 -9.400 94.585 104.398 
27043 -0.075 -3.739 153.813 159.787 
27053 - - 0.000 0.000 
27069 -0.214 -10.682 57.494 64.370 
27071 -0.099 -4.931 637.778 670.857 
27075 -0.225 -11.248 36.999 41.688 
27083 -0.035 -1.758 1095.961 1115.574 
27085 -0.397 -19.833 89.624 111.796 
27089 -0.074 -3.706 304.167 315.874 
27090 -0.204 -10.224 48.341 53.846 

6.7.2 Analysis of Policy Scenarios under Uncertainty about Value 
of Ecosystem Services 

Let us derive paths under the policy scenarios and evaluate them in terms of 

social welfare under the uncertain situation that policy makers underestimate the 

value of ecosystem services by 50% (the same situation as Section 6.7.1). In this 

case, the paths under the policy scenarios are respectively the same as those under 

certainty because individual landowners do not care the value of ecosystem 

services and policy makers do not precisely know it. However, the value of 

ecosystem services changes in reality. Thus, let us evaluate the paths under the 

new value of ecosystem services. 

As the optimal size of developed floodplains changes, the amounts of 

marketable permits and the quantity of development and restoration that 

policy-makers set as regulations are not appropriate. As the marginal external 

value changes, the unit tax rates that policy makers set are not appropriate as well. 
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In this case, the 'buyout and central control' policy is also inappropriate because 

policy makers manage development and restoration based on the underestimated 

value. Which is more inappropriate under such a situation? Table 6-28 shows the 

values of social welfare. The results are the same as those under certainty. The 

policies are equivalent except for marketable permits for development. 

Table 6-28. Social welfare under uncertainty of the value of ecosystem services 

Scenario Social Welfare Rank 
Social Optimisation 1,063,566 1 
Tax 1,063,545 2 
Subsidy 1,063,545 2 
Mix of tax and subsidy 1,063,545 2 
Buyout and 

1,063,545 2 
central control 
Marketable permits for 

1,063,545 2 
delleloped floodplains 
Regulation 1,063,545 2 
Marketable permits 

1,063,385 8 
for dellelopment 

6.7.3 Sensitivity to Benefits of Developed Floodplains 

The benefit function of developed floodplains is crucial because it is only the 

function that positively evaluates floodplain development in the model. The 

sensitivity analysis to the parameter value in the function is important. The 

parameter value is estimated from economic rents of developed lands (land prices), 

but they fluctuate largely over time (see Table 5-35 in Chapter 5). As in the 

previous section, we focus on the risk of overdevelopment. We assume that the 

marginal (unit) benefits of developed floodplains decreases by 25%. This 

assumption is plausible because the average value during the five years 

1990-1994 decreases to the average value during the five years 1995-1999 by 

26.5% (see Table 5-35 in Chapter 5). Under the situation, let us calculate the 

sensitivity values. Table 6-29 shows the results. The sensitivity values are much 

higher than those in Section 6.7.1. In some zones, no development is optimal 
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under the new situation. Even at the minimum, the optima1 size of developed 

floodplains decreases by about 1 % if the benefits of developed floodplains 

decreases by 1 %. Thus, it is important to evaluate the flexibility of policies under 

uncertainty of the benefits of developed floodplains. 

Table 6-29. Sensitivity to the benefits of developed floodplains 

Subbasin Sensitivity value % change 
New Equilibrium 

Equilibrium (base) 
27001 1.089 -27.220 172.393 236.870 
27002 1.072 -26.791 1441.264 1968.685 
27005 - - 0.000 0.000 
27007 2.201 -55.016 222.040 493.596 
27009 1.076 -26.901 1032.914 1413.031 
27034 2.616 -65.389 36.133 104.398 
27043 1.513 -37.820 99.355 159.787 
27053 - - 0.000 0.000 
27069 4.000 -100.000 0.000 64.370 
27071 2.175 -54.364 306.149 670.857 
27075 4.000 -100.000 0.000 41.688 
27083 0.889 -22.219 867.704 1115.574 
27085 4.000 -100.000 0.000 111.796 

27089 1.065 -26.623 231.779 315.874 

27090 4.000 -100.000 0.000 53.846 

6.7.4 Analysis of Policy Scenarios under Uncertainty about 
Benefits of Developed Floodplains 

In this section we consider changes in social welfare under the assumption 

that policy makers overestimate the benefits of developed floodplains by 25% (the 

same situation as Section 6.7.3). This case is slightly different from the case in 

Section 6.7.2 in that individual landowners consider the change in the benefits of 

developed floodplains and change their economic behaviour. 

The situations of the policy scenarios here are the same as those under 

uncertainty of the value of ecosystem services. The unit tax rates are 

underestimated while the amount of permits and quota are overestimated. Table 

6-30 shows the values of social welfare. Interestingly, the 'buyout and centra1 



Chapter 6. Policy Simulation 270 

control' policy is the worst. This policy is a kind of planned economy system, and 

is susceptible to uncertainty. It is completely inflexible. The policies of marketable 

pennits for developed floodplains and the regulation (quantity policies) are worse 

than the policies of tax, subsidy and the mix of them (price policies). These 

findings imply that quantity-setting policies are relatively weak under uncertainty 

because these policies never use decentralized decisions by individual 

landowners. 

Table 6-30. Social welfare under uncertainty of 
the benefits of developedjloodplains 

Scenario Social Welfare Rank 
Social Optimisation 1,050,054 1 
Tax 1,050,035 2 
Subsidy 1,050,035 2 
Mix of tax and subsidy 1,050,035 2 
Marketable permits for 

1,049,014 5 
developed floodplains 
Regulation 1,049,014 5 

Marketable permits 
1,048,643 7 

for development 
Buyout and 
central control 

1,048,065 8 

6. 7. 5 Sensitivity to Precipitation 

Precipitation is an important exogenous variable for the expected cost 

function of flood risk. We have obtained the observed data on precipitation, but 

we have to estimate its exceedance probability. It is not necessarily certain and 

exact. In addition, it is said that we have the risk of climate change in the future. 

The volume and intensity of rainfalls may increase in the future. Therefore, tt is 

important to conduct the sensitivity analysis to precipitation. 

Hulme et al. (2002) provide a comprehensive analysis and prediction with 

some scenarios about climate change in the future in the UK. They predict that 
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winter precipitation increases while summer precipitation decreases by the 2080s 

and that the total volume has little change. We are interested in wetter winters in 

the future because our interests are in flood risk. "Winter precipitation increases 

for all periods and scenarios, although these increases by the 2080s range from 5 

to 15 per cent for the Low Emissions scenario, to more than 30 per cent for some 

regions for the Medium-High Emissions and High Emissions scenarios" (Hulme 

et ai., 2002). Based on the information, we assume that precipitation increases by 

20%. 

As precipitation is an exogenous variable, we have to calibrate the parameter 

values of the expected cost function of flood risk again. The followings are the 

calibrated functions when precipitation increases by 20% (see Appendix D-3 for 

details). 

27001 C'~27001 =30.04626(Xi
) +26152.53996,LX

j 
j=27005and27053 

j 

27002 C'~27002 =4.35800(Xi j + 3961.07442,LX} j=27043 
j 

27005 C~27005 = 151. 77984(X' j 
27007 C~27007 =8.11519(Xi

) + 5240.60216IXJ 
j=27034 

j 

27009 cw27009 =4.90695(X') +8033.70837IXi +6816.17875L Xk 

j k 

j = 27007 and 27034, k = 27069,27071, 27075,27085 and 27090 

27034 C i
=27034 = 16.59264(X i

) 

27043 Ci
=27043 = 34.94831(X'J 

27053 C=270S3 =9.04461(X') +868.37807IXj j=27005 
J 

27069 Ci~27069 = 26.48690(Xi
) 

27071 C=271J71 =6.22730(Xi j +5233.00159IX} 

27075 C i =27075 = 40.64391(X i r 
27083 C~27083 =7.63154(Xi j 
27085 Ci~27085 = 1O.40179(X i j 

j 

j = 27069, 27075, 27085 and 27090 
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27089 C=27089 = 27. 57896(XI Y + 463.50249I X j j = 27002 and 27043 
j 

27090 Ci
=27090 = 32.55725(X'Y 

Selhy c=Selby = 1665552.34 + 47. 74673I Xl j = All 15 subbasins 
j 

York C=York = 11661443.1 + 259.0927IXl j = 27001,27005,27007, 

Subbasin 

27001 
27002 
27005 
27007 
27009 
27034 
27043 
27053 
27069 
27071 
27075 
27083 
27085 
27089 
27090 

j 

27009,27034,27053,27069,27071,27075,27083,27085 and 27090 

Table 6-31. Sensitivity to precipitation 

Sensitivity value % change 
New Equilibrium 

Equilibrium (base) 
-0.465 -9.303 214.835 236.870 
-1.305 -26.091 1455.036 1968.685 

- - 0.000 0.000 
-1.915 -38.301 304.546 493.596 
-0.290 -5.796 1331.136 1413.031 
-3.409 -68.172 33.228 104.398 
-1.086 -21.728 125.068 159.787 

- - 0.000 0.000 
-1.686 -33.713 42.669 64.370 
-1.291 -25.826 497.599 670.857 
-1.709 -34.178 27.440 41.688 
-1.263 -25.250 833.889 1115.574 
-2.314 -46.274 60.063 111.796 
-1.287 -25.731 234.595 315.874 

-1.743 -34.866 35.072 53.846 

Based on the functions above, let us calculate the sensitivity values. Table 

6-31 shows the results. The size of developed floodplains in the equilibrium is 

sensitive to precipitation although they are variable among subbasins. At the 

maximum, the optimal size of developed floodplains decreases by 3.49% if 

precipitation volume increases by I %. Like the benefits of developed floodplains, 

uncertainty about precipitation is important for evaluating the effectiveness and 

flexibility of policy scenarios. 
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6.7.6 Analysis of Policy Scenarios under Uncertainty about 
Precipitation 

Finally, let us derive paths under the policy scenarios and evaluate them in 

terms of social welfare under the uncertain situation that precipitation increases by 

20% (the same situation as Section 6.7.5). 

Likewise, let us evaluate the policy scenarios. Table 6-32 shows the values of 

social welfare. The 'buyout and central control' policy is again the worst because 

of its inflexibility. The policies of tax, subsidy and the mix of them are preferable 

to the others. They have the advantages that they use decentralized decisions 

(adjustments) by individual landowners. 

Table 6-32. Social welfare under uncertainty a/precipitation 

Scenario Social Welfare Rank 
Social Optimisation 1,053,328 1 
Tax 1,053,202 2 
Subsidy 1,053,202 2 
Mixoftaxand subsidy 1,053,202 2 
Marketable permits for 

1,052,878 5 
dewloped floodplains 
Regulation 1,052,878 5 
Marketable permits 

1,052,610 7 
for dewlopment 
Buyout and 

1,051,984 8 
central control 

6.8 Linkage with Policy Implication 
from Static Decision Model 

The essential finding is that price policies are more robust to irreversibility 

and uncertainty than quantity policies. There are two reasons. First, price polices 

can utilise decentralized adjustment processes (decisions) of individual 

landowners (decision makers). Second, the appropriate unit tax (subsidy) rates do 

not change so much under uncertainty as compared with the optimal size of 
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developed floodplains (the quantity set by marketable permits or direct controls). 

The second point is related to the policy implication derived from the static 

decision model in Chapter 3. It tells that taxes are better than marketable permits 

if the absolute value of the slope of marginal private net benefit (MB) curve is 

larger than that of marginal external cost (MC) curve, and vice versa. The analysis 

in Chapter 3 assumes linear functions of MB and Me curves, which is slightly 

different from the situations in Chapter 6. We have a non-linear function for MC 

curve. Nonetheless, the essential proposition remains true for non-linear functions 

around the equilibrium. 

Table 6-33. Comparison of slopes between MB and MC curves 

Absolute value of slope of MB Absolute value of slope of Me 
(marginal private net benefit) (marginal external costs) 

27001 53.348 > 0.104 
27002 6.452 > 0.314 
27005 274.552 > 0.756 
27007 12.878 > 0.054 
27009 9.222 > 0.017 
27034 31.007 > 0.044 
27043 57.930 > 0.106 
27053 2.170 > 0.408 
27069 49.069 > 0.089 
27071 8.834 > 0.034 
27075 75.054 > 0.120 
27083 10.568 < 72.884 
27065 15.607 > 0.113 
27089 40.711 > 1.308 
27090 59.104 > 0.070 

Note: The Absolute value ofthe slope of Me curve is evaluated at the empirical equilibrium. 

Let us verify this under non-linear functions in the applied context. We can 

expect that MB curves are steeper than Me curves in most of subbasins because 

we obtain the result that taxes are better than marketable permits under uncertainty. 

We calculate the absolute values of the slopes of MB and MC curves. As MC 

curves are non-linear functions, the absolute values of the slopes of Me curves are 

evaluated at the empirical equilibrium to which the initial state converges. Table 

6-33 compares the slopes of MB and Me curves. In aI1 but Subbasin 27083, MB 

curves are steeper than Me curves. 
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This comparison of the slopes of the MB and MC functions is a consequence 

of the functional forms estimated for the individual equations which comprise MB 

and MC (expected cost of flood risk, etc.). Estimations of these functional 

equations are statistically strong and robust (see Chapter 5), adding evidence to 

our overall evaluation. Then, tax policies rather than quantity policies offer a more 

robust mechanism for dealing with the uncertainty surrounding floodplain 

development. 

6.9 Conclusion of Chapter 6 

Floodplain management is crucial for reducing the costs of flood risk. It will 

be costly if external costs are not appropriately considered. In real situations, there 

is the tendency that floodplains are overdeveloped in upstream zone in the Ouse 

catchment. Under such a situation, it is important to set an appropriate policy for 

floodplain management. 

Under certain situations, several policies such as tax, subsidy, the mix of 

them, marketable permits, a regulation and a central control work well. Under 

uncertainty and irreversibility, however, price rationing policies such as tax, 

subsidy and the mix of them are preferable to the other policies because the 

appropriate unit tax (subsidy) rates do not change a lot (as compared with the 

optimal size of developed floodplains) and because these policies use 

decentralized decisions by individual landowners (adjustments are possible). That 

is why they are more flexible and robust against uncertainty. 
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Chapter 7 

Conclusion 

7.1 Concluding Remarks 

In this thesis, we (1) define the appropriate social optimisation problem for 

floodplain management, (2) provide theoretical models for the static and dynamic 

problems, (3) develop an applied model and calibrate parameter values from data 

on the Ouse catchment, and (4) carry out simulations in the context of the Ouse 

catchment in order to evaluate several policy scenarios. The thesis attempts to 

make three main contributions. First, it has tried to improve understanding the 

essential problems of floodplain management (two types of environmental 

externalities). Second, it has tried to clarify the policy options for the optimal 

floodplain management. Third, it has explored methods for integrating the 

hydrology, ecology and economics of floodplains. 

Floodplains are multi-functional resources. They offer direct and indirect use 

values. They provide us with various ecosystem services. However, the way they 

are used generates environmental externalities. Our economic system does not 

have the way of recognizing and evaluating the indirect use values of many of the 

ecosystem services affected by decisions to develop floodplains in various ways. 

Without the appropriate policy interventions, the current condition of many 

floodplains will continue to deteriorate. Therefore, we develop an interdisciplinary 

integrated model that includes both direct and indirect use values in the optimal 

management of floodplains. The implications of this for different policy options 

are then tested through simulations. 

It is crucial to understand how ecosystem functions and human economic 
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activities interact, and how human economic activities are affected by the 

ecosystem's characteristics and policy instruments. It is often pointed out that 

interdisciplinary integrated models are needed for solving this type of problem 

(Bockstael et aI., 1995; Costanza and Farber, 2002). The models developed in the 

thesis make such an attempt. The models have two important features. First, they 

integrate a hydrological sub-model into an economic model on the choice between 

flood mitigation and the economic development of floodplains. Second, they 

make it possible to conduct an environmental and economic analysis of the flood 

risk implications of alternative floodplain development options. 

This thesis is intended to help local decision makers to improve floodplain 

management in the following respects. First, it shows how and what we should 

consider for the optimal management of floodplains. Second, it provides a 

simulation model by which we can evaluate alternative management policies. We 

can test them under uncertainty and irreversibility. Third, it offers guidance on the 

choice of policy options under currently available data in the context of the Ouse 

catchment. Fourth, it indicates what data we need for make better decisions 

(environmental, physical and economic data). 

Let us summanze the main findings. In the static model, the optimal 

conditions show that we should choose the size of developed floodplains so that 

the marginal benefits are equal to the sum of the marginal costs and the marginal 

external costs. The crucial point is that we must take account of environmental 

externalities. There are two types of externalities. First, the development of 

floodplains has opportunity costs in terms of lost ecosystem services. Second, the 

development of floodplains increases flood risks to people downstream (imposes a 

unidirectional spatial externality). Just as many environmental problems are 

related to externalities, the overdeveJopment of floodplains is also the problem of 

externalities. Interestingly, the conditions of the optimal steady-state equilibrium 

in the dynamic model are the same as the optimal conditions in the static decision 

model. However, the local stability analysis indicates that the optimal steady-state 

equilibrium is unstable. This implies that the optimal conditions derived from the 
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static model cannot be satisfied in the dynamic context. Related to the instability, 

there are a few noticeable things to keep in mind. First, if the equilibrium is a 

saddle, it is still possible to control the dynamical system. Unfortunately, however, 

it is unknown whether it is a saddle in such a three or more dimensional model. 

Second, more importantly, the results of the local stability analysis depend on the 

assumptions made about the concavity and convexity of the underlying functions, 

although there is interestingly a gap between static and dynamic models under the 

same assumptions. That is why it is important to implement policy simulations in 

the applied model in the concrete context. 

Certainly, we cannot derive concrete and practical guidance for policy from 

the theoretical models except that we should intemalise externalities. What we 

have been able to do is to use an applied model to evaluate a number of policy 

options for the Ouse catchment. These lead to three general conclusions. First, the 

impact of floodplain development on the expected cost of flood risk is large. 

Second, floodplains in upstream zones tend to be overdeveloped currently because 

of unidirectional spatial externalities. Third, price policies (e.g. the Pigouvian tax 

policy) function well to internalise external costs and attain the optimal path, and 

are robust to irreversibility and uncertainties. 

Related to the third point, let us give several interesting findings in more 

detail. 

I. Under uncertainty, both price and quantity instruments have the 

potential to internalise externalities and accomplish the optimal 

path. 

2. If there are constraints on floodplain development and restoration, 

quantity policies such as marketable permits and regulations do not 

work well. Individual landowners have the incentive to delay the 

necessary restoration as long as possible because they can exploit 

their private net benefits. 

3. Under irreversibility, price policies such as the Pigouvian tax and 

subsidies are relatively robust because the optimal tax and subsidy 
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rates remain the same. 

4. Under uncertainty about the value of ecosystem services, price and 

quantity instruments are equivalent, but they cannot always achieve 

an efficient outcome. 

S. Under uncertainty about the benefits of developed floodplains, price 

policies get better results than quantity restrictions although they 

cannot completely achieve the optimal path. 

6. Under uncertainty about precipitation, price policies are better than 

other policies although they cannot completely accomplish the 

optimal path. 

In brief, price policies such as Pigouvian taxes are preferable in that they allow 

decentralized decisions (individual flexible adjustment processes) by landowners. 

7.2 Future Research 

In this section, we mention the limitations of this research and raise future 

research topics based on them. 

7.2.1 Interactions with Averting Behaviour 

We cannot cope with averting behaviour as a control variable in the applied 

model and simulations although we introduce it into the theoretical models. 

Indeed, averting behaviour plays almost the same role as floodplain development, 

but there are complex interactions between floodplain functions and averting 

behaviour. Ecosystem functions are not independent of averting behaviour. 

Averting behaviour may, for example, change hydrologic conditions and the 

physiochemical environment of floodplains. If so, the services offered by 

floodplains will change depending on the nature of averting behaviour. In this 
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case, we need more complex models including the interactions between 

floodplains' ecosystem functions and averting behaviour. In order to investigate 

this, we need to expand the models to include interactions between ecosystem 

services with averting behaviour. 

7.2.2 Ecological Economic Modelling 

In this research, we use vanous modelling techniques - mathematical 

optimisation, GIS, econometrics, hydrological modelling, and frequency analysis -

to carry out policy simulations using an applied model. In our model, we can treat 

environmental or physical parameters and variables. However, it is not really an 

integrated model of the hydrology, ecology and economics in that we cannot 

'directly' control relevant hydrological and ecological parameters and variables in 

the main model. We mainly use an economic model, which indirectly employs the 

outputs from hydrological and ecological sub-models. Ideally, we should integrate 

them evenly so that we can directly control both environmental and economic 

variables in the main model. If we could create interdisciplinary integrated models, 

it would be easier to discuss ecosystem processes in terms of economic values. 

7.2.3 Environmental Valuation 

Amongst the most important data for estimating ecological economic models 

are the values of ecological or environmental goods and services. In our research, 

we use the results of meta analysis on the values of ecosystem services of 

wetlands, but they are neither certain nor precise. We need more environmental 

valuation researches. This requires a method that is practical and easy to execute. 

Without appropriate valuations, we are unable to make integrated models more 

significant and meaningful. 
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Environmental or ecological restoration may, for example be an important 

option. Unless situations are irreversible, restoration is potentially one of the most 

effective options for managing environmental and ecological resources. However, 

if we have no relevant information on costs of restoration, we cannot make 

appropriate decisions from the economic point of view. Valuation of 

environmental or ecological restoration is an important research challenge for the 

future. 
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Appendix A 

Appendices of Chapter 3 

A-1 Convexity of Expected Cost Function of Flood 
Risk 

We show the conditions for the convexity of the expected cost function with 

respect to all the control variables. 

The second-order differential, d 2z, should be everywhere positive semidefinite 

for its convexity. The second-order differential can be expressed by a 2m x2m 

array. The coefficients of the array can be shown by the symmetric Hessian that is 

properly arranged. The Hessian is the following. 

ci Ci Ci Ci C,. Ci 

XjXi Xiai XiXll X,Xjm_1 xiah x/a im-I 

Ci C,. Ci Ci C i Ci 

aix,. aja,. a,xh a,Xjm_1 a1ah Qiajm_l 

Ci Ci Ci Ci Ci Ci 

Xh
X
' XJl a, xhxh Xli xlm_1 xli all xii aim _1 

/H/= Ci Ci C i C~. x Ci Ci 

X;'m_l xi XfPFJ_I Xi Xjm_IXfI lm-I lm-I Xjm_lah Xim_lajm·1 

Ci 

ahx, 
Ci 

all G, 
Ci 

ahxli 
Ci 

ah xlm _1 
Ci 

allah 
C i 

ajlGlm_l 

C i Ci Ci C~ x Ci 
C~ a 

ajm _Ix; alm __ 1aj alm _1 xi"! 1m-I Jm-I alm_IG il Jm-I Jml 

IHll,IH21,·· ·,IH2m l are its principal minors. 

Then, we need the condition that all the detenninants of 2m principal minors 

are non-negative for the convexity. 
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A-2 Meaning of Lagrange Multiplier 

The optimal value of Lagrange multiplier can be interpreted as the marginal 

utility of the size of floodplain. The Lagrange multiplier implies the imputed value 

or shadow price of the natural floodplain that can be developed. We 

mathematically show the reason why we can interpret the meaning of the 

Lagrange multiplier as such. 

To begin with, we assume that A', Xi and a i 
are the optimal values for 

all i. They can be expressed as a function of parameters L F (= (L~, L~,· . " L; )) 

(exogenous variables): A'(LF), xi(LF) and Zt(LF)' These optimal values 

satisfy the first-order necessary conditions (3-4), (3-5) and the constraint. 

U {dB + df _ ae i 

_ "ae} aq } _ A' = 0 (for all i) 
tr dX' (}X' ax' f;: aq ax' 

(A-2-1) 

u {- dg. _ ae
i 

_ "ae l ~} = 0 (for all i) 
1r ~, a-' i..J a a-I uG G }>i q a 

(A-2-2) 

E~ - x' = 0 (for all i) 

(A-2-3) 

z = U {7Z(X, a)} + f A' (E~ - Xi) 
1=1 

The function Z is a function of the parameters L F' Differentiating the 

function Z with respect to £F as a representative, 



= U Tn (dB + df _ ac k _ ael aq -)!J ayk 
1T ~ d,Xk d,Xk ~X-k L a a-k aiTi 

k-I U J>k q X LF 

+ AI + f a~ (L~ - yk) 
k~1 aLF 

= AI (because of (A-2-1), (A-2-2) and (A-2-3» 1 

Then, 

AI = az (= au J (for all i) ar ar F F 
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This implies that the Lagrange multiplier is the marginal utility of the size of 

floodplain. 

I The values of the parentheses are equal to zero. 
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A-3 Composite Concave Function 

If a function is a concave function of a concave function in relevant variables, 

it is a concave function in them. We will show the proof of the statement in the 

case that fits with the model we developed. Here, we focus on the case of two 

variables. 

Set the functions below. Both of them are continuous and twice differentiable 

with respect to relevant variables. 

W=U(Jr) 

where Jr = j(XI' X2) 

We assume that U(Jr) is concave III Jr and that j(XI ,X2) is concave III 

(Xl ,X2 )· 

u = dU >0 
1T dJr 

(A-3-1) 

(A-3-2) 

(A-3-3) 

(A-3-4) 
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Then, under the assumptions we show that U(;r) is concave in (Xl' X2 ) jointly, 

= (U trtrf..2 + U trf..IXU trtrfz2 + U tr/22)- (U trtrJ;12 + U trJ;J2 

~U;(J,J22 - h;)+U.u .. hl{(f, -h ~: J +UJ'(J,Jzz - h;)}> 0 

(from A-3-1, A-3-2, A-3-3 and A-3-4) 

Hence, U(;r) is concave in (Xp X2 ) jointly. 

• 
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Appendix B 

Appendices of Chapter 4 

B-1 General Form of System of 

Differential Equations 

We show a general fonn of the system of di fferential equations in case of two 

zones (4-25) with the process of deriving it. We use a mathematics software 

program, 'Maple version 8.00' because it is too complicated to calculate and 

arrange the differential equations by hand. Thus, we provide Maple codes as the 

process of derivation. We omit the final results for the purpose of saving many 

sheets of papers because they provide four long equations. You can obtain the 

results if you copy and paste the following codes into Maple and execute the 

worksheet. 

> with(student): 

> Dy J :=diff(D(y J ),y 1): 

> Dyy 1: =diff(Dy I ,y 1): 

> Dy2:=diff(D(y2),y2): 

> Dyy2:=diff(Dy2,y2): 

> Up:=diff(U(pi),pi): 

> Upp:=diff(Up,pi): 

> BXl :=diff(B(Xl),Xl): 

> BX2:=diff(B(X2),X2): 

> FX1:=diff(F(XI),XI): 

> FX2:=diff(F(X2),X2): 

> Gal:=diff(G(aJ),aJ): 

> Gaal:=diff(Gal,aJ): 



> Ga2:=diff(G(a2),a2): 

> Gaa2:=ditf(Ga2,a2): 

> MA I :=diff(M(A I ),A I): 

> MA2:=diff(M(A2),A2): 

> dCldXl :=diff(Cl(XI,A 1),Xl): 

> dCldAl:=diff(CI(XI,AI),AI): 

> dC2dX2:=diff(C2(X2,A2,h),X2): 

> dC2dA2:=diff(C2(X2,A2,h),A2): 

> dC2dh:=diff(C2(X2,A2,h),h): 

> dhdXI:=diff(h(XI,AI),XI): 

> dhdAI :=diff(h(XI ,AI),AI): 

> yl t:=diff(yl (t),t): 

> y2t:=diff(y2(t),t): 

> a 1 t=diff( a 1 (t),t): 

> a2t:=diff(a2(t),t): 

> 
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eq I :=Dyl *Upp*(BXl *yl+BX2*y2+FXl *yl+FX2*y2-Dyl *ylt-Dy2*y2t-Gal *a 

I t-Ga2 *a2t-MA 1 *a 1-MA2 *a2-dC 1 dX 1 *y I-dC2dX2 *y2-dC 1 dA 1 *a I-dC2dA2 * a2 

-dC2dh*dhdXI *y l-dC2dh*dhdAI *al)=Up*(delta*DyI-Dyyl *ylt-BXI-FXI +dC 

IdXl +dC2dh*dhdXl): 

> 

eq2:=Dy2*Upp*(BXl *yl+BX2*y2+FXl *yI+FX2*y2-DyI *ylt-Dy2*y2t-Gal *a 

H-Ga2*a2t-MAI *al-MA2*a2-dCldXl *yl-dC2dX2*y2-dCldAl *al-dC2dA2*a2 

-dC2dh *dhdXl *y l-dC2dh*dhdA I *al )=Up*( delta*Dy2-Dyy2 *y2t-BX2-FX2+dC 

2dX2): 

> 

eq3:=Gal *Upp*(BXI *yI +BX2*y2+FXl *yl +FX2*y2-DyI *ylt-Dy2*y2t-Gal *a 

It-Ga2*a2t-MAI *aI-MA2*a2-dCldXl *yl-dC2dX2*y2-dCldA 1 *al-dC2dA2*a2 

-dC2dh*dhdXI *yl-dC2dh*dhdAI *al)=Up*(deIta*Gal-Gaal *alt+MAl+dCldA 

1 +dC2dh*dhdA I): 
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> 

eq4:=Ga2*Upp*(BXI *yl+BX2*y2+FXI *yl +FX2*y2-Dyl *ylt-Dy2*y2t-Gal *a 

1 t-Ga2*a2t-MA 1 *al-MA2*a2-dCldXI *yl-dC2dX2*y2-dCldA 1 *al-dC2dA2*a2 

-dC2dh*dhdXI *yl-dC2dh*dhdAI *al)=Up*(delta*Ga2-Gaa2*a2t+MA2+dC2dA 

2): 

> solve( {eq 1 ,eq2,eq3,eq4}, {y It,y2t,al t,a2t}); 
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B-2 Derivation of Jacobian Matrix 

Let us show the process of deriving Jacobian matrix (4-35) in this appendix. 

To begin with, we consider the first row of the matrix. We focus on the first 

differential equation in the system of differential equations (4-29). 

Y;=I = jl(y/=I,y/=2,X/=I,X;=2)= ~~ 

We have to differentiate this with respect to relevant arguments. 

In the beginning, let us differentiate this in a genera] form and evaluate the 

derivative in the optimal steady-state solution (y:=1 ,y;=2, X;=I, X;=2) in order to 

make the calculation easy and simple. Substituting conditions (4-3 I), (4-32), 

(4-33) and (4-34) into NR\, we get NRI = O. Utilising NRI = 0, we can obtain the 

following. 

" " 
( .;=1)'/ =(NRIJ = (NR1) ·DN -NRI . (DN) _ (NRJ 

y, f.X DN f.X (DN)' f.X DN f,X 

(B-2-1 ) 

We set the followings. 

d
2
D {dF dB dD OCi=1 OC i=2} NR = - -. +0-.-+-.-+ _ 

II d( 1=2 \2 d)('=1 dX1=1 dvl=1 OX1=1 OX1-1 
Y1 J t t :n t 1 

= I=I( dD d
2 
D J(- dF _ dB + _OC_1_=1 + _aC_

i
_--
2
J 

NRI2 YI d i=1 (i=2 \2 dXi=1 dXi=1 OX1=1 OXi=1 
~ d~ J I I I 1 

( 
dD d

2
D J( dF dB aC

i
=2J 

+ y;=2 dy;=1 d(y;=2 r -dX;=2 - dX/=2 + ax;=2 

+_dD __ d_V_(_ dF _ dB +_OC_
i
_=2J 

d 1=1 d 1=2 dX1=2 dX1=2 aXi=2 Yt YI I t 1 
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+( dD J2( dF + dB _ 8C
1

=1 _ 8C
i=2J 

dy;=2 dX/=' dX;=' ax;=1 aX;=1 

Evaluating the derivative in (9:=1, ;;:=2, X:=\ X:=2 ), NRIJ = NR'2 = O. Then, we 

can further the calculation (B-2-1) by using these. 

Y'x 
y,X' DN 

, " , 
_ (U,J . NRIJ + U1r • (NRll ) + (U1rJ . NR12 + U1r1r • (NR'2) 

DN 
Y'x 

, , 
_ U 1r • (N Rll ) + U 1r1r • (N R'2 ) 

DN 

(B-2-2) 

Using equation (B-2-2) and the optimal steady-state solution (4-31), (4-32), 

(4-33) and (4-34), we can calculate the factors of the first row in the Jacobian 

matrix.' 

(B-2-3) 

8NRI2 
(": 8 1=' = 0) 

~l --x y,. 

U . 8NR
" 

+ U . 8NR'2 
1r 8 1=2 1r1r 8yl=2 

~l I =0 = 
DN 

(B-2-4) 

1 In addition, we can use dy~' I -dyd~2 = 0 , based on the assumption. 
1 y:=l=O f y;=' =0 
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(',' ~N~;l = aNR12 - 0) a 1=2 -
Yt -x Yt -x y, y,. 

u . aNRJI + U . aNR12 
1r axi=l 1r1r axi=l = ____ ~t ________ ~t_ 

ax i =l 
t yS DN 

Uff d 2D {d 2F d
2
B a2c i =1 a2c1

=2 } 

= DN . d{y;=2)' - d{X;=l) - d{X:=l) + a (x; =1 r + a(x;=l r 
(B-2-5) 

(',' aNR12 _ 0) 
ax;=' --

y,X 

U . aNR" +U 8NR12 
1r aX1=2 1r1r 8X1=2 U d 2 D a2c i=2 = ___ ---:.t _______ --!-t _ _ 1r -.,_...,-. ___ _ 

ax;=2 y,X DN - DN d{y;=2 r ax;=lax;=2 

(B-2-6) 

(,,' 8NR, 2 _ 0) 
aX1=2 --

t y,X 

Likewise, we can treat the second differential equation in the system of 

differential equations (4-29), 

(Y;-' j _ J NI~.)' I 
y,x DN 

y,X 

I I 

U
1r 

• (NR2J +U1r1r • (NIS2) 
DN 

yS 

(B-2-7) 

Using equation (B-2-7) and the optimal steady-state solution (4-31), (4-32), 

(4-33) and (4-34), we can calculate the factors of the second row in the Jacobian 
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matrix. 2 

u . 8NR21 + U . 8NR22 
7T 8 I=J 7T7T 8 i=1 

YI Yr =0 
DN 

= a 1=1 
YI --x y •• 

(B-2-8) 

U . 8NR21 + U . 8NR22 
7T ~ ,i=2 7T7T a ;=2 = VYr Yr = 

DN 

(B-2-9) 

(': a;~~2 = 0) 
YI --x y,. 

(B-2-10) 

(': 8N~2 -0) ax'=) --

I f,X 

(B-2-11) 

2 dD I dD In addition, we can use dyz=l = dyz=2 = 0, based on the assumption. 
t y/=l=O r y;=2=O 
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(0: 8NR22 - 0) 
8X,=2 _ 

t y,X 

It is easy to derive the factors of the third and fourth row in the Jacobian 

matrix. Hence, we can obtain the Jacobian matrix (4-35) from (B-2-3) - (B-2-6) 

and (B-2-8) - (B-2-11). 
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Appendix C 

Appendices of Chapter 5 

C-1 Visual Basic Code for Calculation of Baseflow 

Let us show the visual basic code on Microsoft Excel for the calculation of 

basetlow in this appendix. The raw data of daily discharge flow should be put 

from C 1 cell in the C column on a spread sheet of Excel. The following 

procedures are allocated to command buttons respectively. You can carry out all 

the code at a time as a general procedure if you adjust the variables appropriately. 

Procedure 1. Abstracting the minima 

The result will be shown in the column of 'D'. 

Private Sub CommandButton1_ClickO 

Dim i As Integer 
Dim a As Double 
Dim b As Double 
Dim c As Double 
Dim d As Double 
Dim e As Double 

For i = 1 To 1600 
If Cells(5 * i, 3)Value > 0 Then 

If Cells(5 * i - 4, 3).Value < Cells(5 * i - 3, 3)Value Then 
If Cells(5 * i - 4, 3).Value < Cells(5 * i - 2, 3)Value Then 

If Cells(5 * i - 4, 3).Value < Cells(5 * i - 1, 3)Value Then 
If Cells(5 * i - 4, 3)Value < Cells(5 * i, 3)Value Then 

Cells(5· i - 4, 4)Value = Cells(5 * i - 4, 3)Value 
Else 

Else 

Cells(5· i, 4).Value = Cells(5 * i, 3).Value 
End If 

If Cells(5· i - 1, 3).Value < Cells(5· i, 3).Value Then 
Cells(5· i - 1, 4).Value = Cells(5· i - 1, 3)Value 

Else 
Cells(5 * i, 4).Value = Cells(5· i, 3).Value 

End If 
End If 



Else 

Else 

Else 
If Cells(5 * i - 2, 3)Value < Cells(5' i - 1, 3).Value Then 

If Cells(5 * i - 2, 3).Value < Cells(5 * i, 3)Value Then 
Cells(5 * i - 2, 4)Value = Cells(5' i - 2, 3)Value 

Else 

Else 

Celis(5' i, 4).Value = Cells(5 * i, 3)Value 
End If 

If Cells(5 * i - 1, 3)Value < Cells(5 * i, 3)Value Then 
Celis(5' i - 1, 4)Value = Cells(5' i - 1, 3)Value 

Else 
Cells(5' i, 4)Value = Cells(5' i, 3)Value 

End If 
End If 

End If 

If Cells(5' i - 3, 3)Value < Cells(5' i - 2, 3).Value Then 
If Cells(5 * i - 3, 3). Value < Cells(5 • i - 1, 3). Value Then 

If Cells(5 • i - 3, 3)Value < Cells(5 • i, 3)Value Then 
Cells(5' i - 3, 4)Value = Cells(5' i - 3, 3)Value 

Else 

Else 
Cells(5 • i, 4)Value = Cells(5' i, 3)Value 

End If 
Else 

If Cells(5 • i - 1, 3)Value < Cells(5 * i, 3)Value Then 
Cells(5' i - 1, 4)Value = Cells(5' i - 1, 3)Value 

Else 
Cells(S' i, 4)Value = Cells(5' i, 3)Value 

End If 
End If 

If Cells(5' i - 2, 3)Value < Cells(5' i - 1, 3)Value Then 
If Cells(5 * i - 2, 3)Value < Cells(5 • i, 3)Value Then 

Cells(5' i - 2, 4)Value = Cells(5' i - 2, 3)Value 

Else 
Cells(5' i, 4)Value = Cells(5 • i, 3)Value 

End If 
Else 

If Cells(5 • i - 1, 3)Value < Cells(5 • i, 3)Value Then 
Celis(5' i _ 1, 4)Value = Cells(5 * i - 1, 3)Value 

Else 
Cells(S' i, 4)Value = Cells(5 • i, 3)Value 

End If 
End If 

End If 
End If 

Msg80x ("This procedure is over") 
Exit Sub 

End If 
Next 

End Sub 
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Procedure 2. Choosing the ordinates in blocks 

The result will be shown in the column of 'E'. 

Private Sub CommandButlon2_ClickO 

Dim i As Integer 
Dim j As Integer 
Dim k As Integer 

Dim a As Double 
Dim b As Double 
Dim c As Double 

j = 1 

Do While i <= 6000 And j <= 6000 And k <= 6000 

i = j 
Do While i <= 6000 

If Cells(i. 4)Value > OThen 
a = Cells(i. 4)Value 
Exit Do 

Else 
i = i + 1 

End If 
Loop 

j = i + 1 

Do While j <= 6000 
If CelisU. 4)Value > 0 Then 

b = CelisU. 4).Value 
Exit Do 

Else 
j = j + 1 

End If 
Loop 

k = j + 1 

Do While k <= 6000 
If Cells(k. 4)Value > 0 Then 

c = Cells(k. 4). Value 
Exit Do 

Else 
k=k+1 

End If 
Loop 

If 0.9 • b < a And 0.9 • b < C Then 
CelisU. 5)Value = CelisU. 4).Value 

End If 

Loop 

MsgBox ("This procedure is over. ") 

End Sub 
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Procedure 3. Linear interpolation 

The result will be shown in the column of 'F'. 

Private Sub CommandButton3_ClickO 

Dim i As Integer 
Dim j As Integer 
Dim k As Integer 

Dim a As Double 
Dim b As Double 
Dim c As Double 

j = 1 

Do While i <= 6000 And j <= 6000 

i = j 

Do While i <= 6000 
If Cells(i. 5).Value > 0 Then 

Else 

Cells(i. 6)Value = Cells(i. 5).value 
a = Cells(i. 5)Value 
Exit Do 

i = i + 1 
End If 

Loop 

j = i + 1 

Do While j <= 6000 
If CelisU. 5).Value > a Then 

Else 

CelisU. 6).Value = CelisU. 5).value 
b = CelisU. 5)Value 
Exit Do 

j = j + 1 
End If 

Loop 

c = (b - a) / U - i) 

If i <= 6000 And j <= 6000 Then 
For k = i + 1 To j - 1 

Cells(k. 6)Value = a + c * (k - i) 
Next 

End If 

Loop 

MsgBox (''This procedure is over. ") 

End Sub 
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Procedure 4. Modification of exceptional values 

The result will be shown in the column of 'G'. 

Private Sub CommandButton6_ClickO 

Dim i As Integer 
Dim j As Integer 

For i = 1 To 6000 
If Cells(i, 6).Value > 0 Then 

If Cells(i, 6)Value > Cells(i, 3)Value Then 
Cells(i, 7)Value :: Cells(i, 3)Value 

Else 
Cells(i, 7).Value = Cells(i, 6)Value 

End If 
End If 

Next 

MsgBox ("This procedure is over. ") 

End Sub 

Procedure 5. Calculating BFI 

The result will be shown in the cell 'A4'. 

Private Sub CommandButton4_ Click() 

Dim i As Integer 

Dim a As Double 
Dim b As Double 
Dim c As Double 

a=O 
b=O 

For i = 1 To 6000 

Next 

If Cells(i, 7)Value > 0 Then 
a = a + Cells(i, 7). Value 
b:: b + Cells(i, 3)Value 

End If 

c = a / b 

Cells(4, 1 )Value = c 

MsgBox ("This procedure is over") 

End Sub 
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C-2 Location of Measurement Sites 

The locations of the measurement sites are provided by as grid system (m), 

They are collected on the relevant maps by ArcGIS software program, Table C- J 

shows them, 

Table C-l, Location of the measurement sites 

Subbasin Name of Stations Location 
27001 Nidd at Hunsingore Weir 435059 456443 
27002 Wharfe at Flint Mil Weir 425979 445960 
27005 Nidd at Gouthwaite Resel"\A?ir 410745 472690 
27007 Ure at Westwick Lock 427383 478870 
27009 Ouse at Skelton 446140 463487 
27034 Ure at Kilgram Bridge 397973 489536 
27043 Wharfe at .Adding ham 398779 464658 
27053 Nidd at Birstwith 419019 463349 
27069 Wiske at KirbyWiske 432914 502574 
27071 Swale at Crakehill 434084 486579 
27075 Bedale Beck at Leeming 422791 490287 
27083 Foss at Huntington 463470 464529 
27085 Cod Seck at Dalton Bridge 441747 486083 
27089 Wharfe at Tadcaster 444830 445527 
27090 Swale at CaUerick Bridge 408154 497446 

York 460543 450684 
Selby 461610 432726 
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C-3 Data of Areas in Subbasins 

We calculate the areas of floodplains and the areas in each category of 

land-use in each subbasin by ArcGIS. Table C-2 shows the areas of subbasins and 

floodplains that we calculate. 1 Table C-3 shows the areas of categories of land-use 

in each subbasin that we calculate from LCM 1990 by ArcGIS. 

Table C-2. Areas o/subbasins andfloodplains 

Subbasin Name of Stations 
Area of Subbasin Area of Roodplain 

(Ila) (Ila) 
27001 Nidd at Hunsingore Weir 26,124.8 1,359.7 
27002 Wharfe at Flint Mil Weir 32,933.1 2,629.7 
27005 Nidd at Gouthwaite Reservoir 11,551.4 373.4 
27007 Ure at Westwick Lock 40,069.8 2,498.0 
27009 Ouse at Skelton 52,964.5 6,646.2 
27034 Ure at Kilgram Bridge 51,308.2 2,476.9 
27043 Wharfe atPddingham 42,824.3 1,402.5 
27053 Nidd at Birstwith 10,629.8 348.0 
27069 Wiske at KirbyWiske 23,264.6 1,338.2 
27071 Swale at Crakehill 26,199.7 3,621.6 
27075 Bedale Beck at Leeming 16,854.4 1,029.1 

27083 Foss at Huntington 13,870.1 1,119.7 

27085 Cod Beck at Dalton Bridge 20,710.4 1,152.2 

27089 Wharfe at Tadcaster 5,563.5 443.8 

27090 Swale at Catterick Bridge 49,410.6 1,632.8 

1 The areas of subbasins that we calculate are slightly different from those provided by NWA. 
CaJculating values of variables based on the data of areas, we use the one that is a basis of the 
variables. In addition, we calculate vaJues of variables by using the ratios of relevant areas. 
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Table C-3. Areas of each land-use category injloodplains (ha) 

10 category 27001 27002 27005 27007 27009 27034 27043 270 53 

1 Sea / 0.000 0.000 0.000 0.000 0.000 0.0 00 
Estuary 

0.0 00 0..0 00 

2 Inland 
Water 

2 226.9 2.74 84 168.737 51.003 6.697 25.32 7 144.755 0.8 80 

3 Beach & 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Coastal Bare 

0.000 

4 Saltmarsh 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

5 Grass Heath 108.96 2 267.487 5.185 129.793 17.174 70.0.51 72.74 8 50.052 

6 Mown/ 173.18 o 725.335 5.90 8 504.65 8 1213.97 6 396.93 1 117.34 8 68.514 

Grazed Turf 
7 Meadow / Verge / 136.89 1 253.883 46.54 1 332.331 1185.97 7 879.77 8 512.93 3 84.171 

Semi-natural 

8 Rough / 0.006 0.772 0.019 1.873 18.226 0.299 0.628 0.086 

Marsh Grass 

9 Moorland 0.000 9.533 37.486 10.187 0.000 106.201 110.398 14.547 

Grass 

10 
Open Shrub 0.000 3.816 7.463 14.745 0.000 10.903 24.555 7.936 

Moor 

11 
Dense Shrub 0.000 2.739 0.311 0.000 1.946 

Moor 
7.144 2.220 0.196 

12 Bracken 6.924 7.009 10.474 41.959 99.820 26.415 28.153 2.338 

13 
Dense Shrub 0.000 0.000 0.000 0.000 6.153 0.000 0.000 0.000 

Heath 

14 
Scrub / 0.040 2.254 0.000 3.851 6.331 0.000 0..000 0.778 

Orchard 

15 
Deciduous 78.138 321.376 18.405 299.385 158.187 221.611 84.782 37.146 

Woodland 

16 
Coniferous 3.558 29.491 0.760 35.522 34.990 18.947 7.449 1.498 

Woodland 
17 Upland Bog 0.000 0..032 0.709 1.872 0.000 2.884 2.036 0.355 

18 Tilled Land 713.951 463.419 37.780 798.162 3279.341 621.813 228.630 66.689 

19 Ruderal Weed 0.000 0.000 0.000 1.375 2.477 0.000 0.00.0 0.00.0 

20 
Suburt>an / 79.303 143.444 4.629 122.0.0.1 249.684 44.112 17.638 7.846 

Rural Development 

21 Continuous Urt>an 20..091 73689 9.759 33.263 58.782 7.0.18 10.054 0.125 

22 I nland Bare 13.373 29.905 3.490 42.525 112.964 2.422 5.869 0.001 

Ground 

23 F elled Forest 0.008 0.431 1.043 0.612 4.591 0.015 1.343 0.321 

24 L o\AAand Bog 0.000 2.367 2.175 2.493 2.854 17.0.79 11.774 1.057 

25
0 pen Shrub 17.889 56809 0.000 37.745 62.767 0.000 0..000 1.749 

H eath 

o U nclassified 4.599 8.963 12.532 25.505 125.166 22.913 19.467 1.726 

The table is continued to the next page. 
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Table C-3. Areas of each land-use category in floodplains (ha) [continue] 

10 Category 

1 Sea / 
Estuary 

2 Inland 
Water 

3 Beach & 
Coastal Bare 

4 Saltmarsh 
5 Grass Heath 

6 Mown/ 
Grazed Turf 

7 Meadow / Verge / 
Semi-natural 

8 Rough / 
Marsh Grass 

9 Moorland 
Grass 

10 Open Shrub 
Moor 

11 Dense Shrub 
Moor 

12 Bracken 

13 Dense Shrub 
Heath 

14 Scrub / 
Orchard 

15 Deciduous 
Woodland 

16 Coniferous 
Woodland 

17 Upland Bog 
18 Tilled Land 
19 Ruderal Weed 

20 Suburban / 
Rural De\elopment 

21 Continuous Urban 

22 Inland Bare 
Ground 

23 Felled Forest 
24 Lowland Bog 

25 Open Shrub 
Heath 

o Unclassified 

27069 27071 27075 27083 27085 27089 27090 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.000 26.446 0.000 0.000 2.570 0.000 0.459 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 
49.686 194.517 89.174 51.720 9.942 25.434 66.911 

473.975 707.355 285.256 188.484 346.488 123.492 154.878 

226.971 263.449 151.344 74.323 148.184 79.442 469.922 

0.892 0.125 0.458 0.123 0.000 0.307 1.117 

0.000 0.214 1.113 0.000 1.506 0.000 148.313 

0.223 0.000 2.170 0.000 2.016 0.000 29.173 

0.000 0.000 0.172 0.000 0.000 0.000 3.661 

29.704 30.063 0.418 19.379 89.288 0.522 36.518 

0.000 0.000 0.000 0.178 0.026 0.000 0.000 

0.500 0.455 1.117 0.125 0.237 0.885 0.000 

43.333 159.108 61.920 7.421 30.573 58.911 93.981 

0.545 12.314 0.190 0.113 1.210 9.493 4.803 

0.000 0.000 0.153 0.000 0.000 0.000 10.581 
382.732 1807.957 362.344 614.526 410.460 95.289 509.906 

0.200 0.000 0.000 0.624 0.000 0.000 0.000 

96.132 272.438 61.708 96.596 43.458 28.297 65.243 

5.493 33.710 2.107 9.677 16.605 6.886 1.851 

7.475 34.264 3.470 21.606 5.324 1.604 1.708 

0.516 0.250 0.000 0.125 0.064 0.000 0.945 
0.000 3.095 0.739 0.120 0.000 0.000 16.900 

17.669 52.907 3.075 23.808 38.455 11.346 0.000 

2.170 22.945 2.179 10.719 5.744 1.882 15.924 
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C-4 Width and Height of Floodplains 

We measure the width of height of floodplains by using ArcGIS software 

program based on the relevant vector data and DEM. Table C-4 shows the data. 

Table C-4. Width and height a/floodplains 

Height of Height of 
Width of Width of left elevation right Elevation 

Average 
Subbasin left right Average floodplain of left floodplain of right 

height floodplain floodplain width above riverbank above riverbank 
(m) (m) em) riverbank (m) riverbank (m) 

(m) em) 
27001 13.41 17.75 15.58 2 34 2 34 2 
27002 336.81 356.48 346.65 3 43 2 43 2.5 
27005 21.96 28.01 24.99 0 150 1 150 0.5 
27007 20.73 410.27 215.50 0 45 1 44 0.5 
27009 201.58 109.95 155.77 1 14 1 14 1 
27034 67.16 136.37 101.77 2 198 2 197 2 
27043 64.55 28.23 46.39 0 178 6 178 3 
27053 193.68 13.33 103.51 1 98 3 98 2 
27069 42.63 23.92 33.28 0 39 2 39 1 
27071 250.64 497.03 373.84 -1 26 3 24 1 
27075 4.78 29.66 17.22 0 54 4 54 2 
27083 19.02 157.57 88.30 0 19 2 19 1 
27085 74.41 66.09 70.25 3 39 2 39 2.5 
27089 28.23 230.77 129.50 6 9 8 9 7 
27090 51.26 14.47 32.87 3 158 4 159 3.5 

Note: Refer to Table C-I about the locations of the measurement sites. 
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C-5 Availability of Observed Data 

The data of gauged daily flow (GDF) , catchment monthly rainfall (CMR) 

and gauged monthly flow (GMF) are provided by National Water Flow Archive 

(NWA) (managed by CEH). Table C-5 shows the availability of the data. 2 

Table C-S. Availability of observed hydrological data 

Gauged Catchment Gauged 
Subbasin Name of Stations Daily Monthly Monthly 

Row Rainfall Row 
27001 Nidd at Hunsingore Weir 1935-2002 1991-2001 1991-2002 
27002 Wharfe at Flint Mill Weir 1955-2002 1991-2001 1991-2003 

1991-2002 
27005 Nidd at Gouthwaite ReseMir Missing in 1991-2001 1991-2002 

Mar 1999 
27007 Ure at Westwick Lock 1958-2002 1991-2001 1991-2002 

1969-2002 1991-2004 
27009 Ouse at Skelton Mssing in 1991-2003 Missing in 

Jul-Dec 1991 fILIg-Sep 2004 
27034 Ure at Kilgram Bridge 1991-2004 1991-2001 1991-2004 
27043 Wharfe at Mdingham 1991-2002 1991-2001 1991-2002 
27053 Nidd at Birstwith 1991-2002 1991-2001 1991-2002 

1991-2002 
27069 Wiske at KirbyWiske Mssing in 1991-2001 1991-2002 

29-30 Dec 2001 
27071 Swale at Crakehill 1991-2002 1991-2001 1991-2002 

1991-2002 

27075 Bedale Beck at Leeming 
Missing in 

1991-2001 1991-2002 
25 Feb - 8 Mar 
12-15 Mar 1999 
1991-1995 

27083 Foss at Huntington 
1997-2002 

1991-2001 1991-2002 
Missing in 
12 Nov 1 995 
1991-2002 
Missing in 1991-2002 

27085 Cod Beck at Dalton Bridge 2 fILIg-1 Sep 1992 1991-2001 Missing in 
4-31 Oct 1992 fILIg-Oct 1992 
16-17 fILIg 2002 

27089 Wharfe at Tadcaster 27 Jun 1991-2002 1991-2001 Jul 1991-2002 
27090 Swale at Catterick Bridge 17 Dec 1992-2004 1991-2001 Dec 92-04 

2 The recent data are being updated by CEH. 
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C-6 Linkage of Data between Rain and 
Hydrological Gauging Stations 

We convert the data of catchment monthly rainfall into the daily data by 

using the data of daily rainfalI based on the nearest rain gauging stations that are 

managed by MET Office. Table C-6 shows the linkage of the data between rain 

and hydrological gauging stations. Table C-7 provides the explanation of the data 

type that is included in Table C-6. 

Table C-6. Linkage between rain and hydrological gauging stations 

Gauging Met Office Rainfall Approximate 
Data 

Station From Until 
Gauging Station Distance Type 

(km) 
J.AJ'.J,91 JUN,92 Long Marston South Park 8 WAD RAIN 
JUL,92 DEC,92 Mssing Data - -
J.AJ'.J ,93 JUN,98 Long Marston South Park 8 WADRAlN 

27001 JUL,98 OCT,98 Mssing Data - -
NOV,98 DEC,98 Long Marston South Park 8 WADRAlN 
J.AJ'.J ,99 MA.Y,99 Mssing Data - -
JUN,99 AUG,99 Long Marston South Park 8 WADRAlN 
SEP,99 DEC,99 Mssing Data - -
J.AJ'.J,91 JUN,92 Bramham 6 WADRAlN 
JUL,92 DEC,92 Mssing Data - -
J.AJ'.J ,93 DEC,97 Bramham 6 WAD RAIN 27002 
J.AJ'.J,98 OCT,99 Bramham 6 DLY3208 
NOV,99 NOV,99 Mssing Data - -
DEC,99 DEC,99 Bramham 6 DLY3208 
J.AJ'.J,91 JUN,92 Gouthwaite RESR a WAD RAIN 
JUL,92 DEC,92 Mssing Data - -
J.AJ'.J,93 MA.Y,98 Gouthwaite RESR 0 WADRAlN 27005 
JUN,98 JUL,98 Grimwith RESR 9 WADRAlN 
AUG,98 OCT,99 Gouthwaite RESR a WADRAlN 
NOV,99 DEC,99 Mssing Data - -
J.AJ'.J,91 JUN,92 Ripon SWKS 5 WADRAlN 
JUL,92 DEC,92 Mssing Data - -
J.AJ'.J ,93 FEB,99 Ripon SWKS 5 WAD RAIN 
Mt\R,99 MA.R,99 Lower Dunsforth 8 WAD RAIN 27007 
APR,99 MA.Y,99 Ripon SWKS 5 WAD RAIN 
JUN,99 JUL,99 Lower Dunsforth 8 WAD RAIN 
AUG,99 OCT,99 Ripon SWKS 5 WAD RAIN 
NOV,99 DEC,99 Mssing Data - -

The table is continued to the next page. 
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Table C-6. Linkage between rain and hydrological gauging stations (continue) 

Gauging 
Station From Until Met Office Rainfall 

Gauging Station 

JAN.91 JUN.92 York. komb Landing TRWKS 
JUL.92 DEC.92 Mssing Data 
JAN.93 FEB.93 York. The Retreat 
APR.93 MAY.93 York. komb Landing TRWKS 
JUN.93 JUL.93 York. The Retreat 

27009 AUG.93 MAR.94 York. komb Landing TR.WKS 
APR.94 MAY.94 York. The Retreat 
JUN.94 JAN.96 York. komb Landing TR.WKS 
FEB.96 MAR.96 York. The Retreat 
APR.96 OCT.99 York. komb Landing TRWKS 
NOV.99 DEC.99 Mssing Data 
JAN.91 JUN.92 Little Crakehall 
JUL.92 DEC.92 Mssing Data 

27034 JAN.93 FEB. 99 Little Crakehall 
rvtAR.99 MAR.99 Mssing Data 
APR.99 OCT.99 Little Crakehall 
NOV.99 DEC.99 Mssing Data 
JAN.91 JUN.92 March Gh)41 RESR 
JUL.92 DEC.92 Missing Data 
JAN.93 T\N\Y.98 March Gh~1 RESR 
JUN.98 JUL.98 Bolton .Abbey 
AUG.98 AUG.98 Chelker RESR 
SEP.98 OCT.98 Bolton .Abbey 

27043 NOV.98 DEC.98 March Gh)41 RESR 
JAN.99 FEB.99 Bolton .Abbey 
1'AAR.99 MAR.99 Chelker RESR 

APR.99 JUL.99 March Gh~1 RESR 
AUG.99 SEP.99 Bolton .Abbey 
OCT.99 OCT.99 Chelker RESR 
NOV.99 DEC.99 Mssing Data 
JAN.91 NOV.91 Birstwith Hall 
DEC.91 DEC91 Scargill RESR 
JAN.92 JUN.92 Birstwith Hall 
JUL.92 DEC.92 Mssing Data 
JAN.93 NOV.97 Birstwith Hall 
DEC.97 JAN.98 Scargill RESR 
FEB.98 MAR.98 Birstwith Hall 
APR.98 MAY.98 Scargill RESR 

27053 JUN.98 SEP.98 Harrogate 
OCT.98 OCT.98 Harlow Hill RESR 
NOV.98 FEB.99 Scargill RESR 
1'AAR.99 MAR.99 Harrogate 
APR.99 MA.Y.99 Birstwith Hall 
JUN.99 JUN.99 Harrogate 
JUL.99 JUL.99 Birstwith Hall 
AUG.99 OCT.99 Harrogate 
NOV.99 DEC.99 Mssing Data 

Approximate 
Distance 

(km) 

Data 
Type 

3 WADRAIN 
- -
7 WAD RAIN 
3 WAD RAIN 
7 WAD RAIN 
3 WAD RAIN 
7 WAD RAIN 
3 WAD RAIN 
7 WAD RAIN 
3 WAD RAIN 
- -
6 WAD RAIN 

- -
6 WAD RAIN 
- -
6 WADRAIN 

- -
4 WAD RAIN 

- -
4 WAD RAIN 
5 WAD RAIN 
5 WAD RAIN 
5 WAD RAIN 

4 WAD RAIN 

5 WAD RAIN 

5 WAD RAIN 

4 WAD RAIN 

5 WAD RAIN 

5 WADRAIN 

- -
2 WAD RAI N 

7 WAD RAIN 
2 WAD RAIN 

- -
2 WAD RAIN 

7 WAD RAIN 

2 WAD RAIN 
7 WADRAIN 
8 DL Y3208 
9 WAD RAIN 
7 WAD RAIN 
8 DL Y3208 
2 WADRAIN 
8 DLY3208 
2 WAD RAIN 
8 DLY3208 
- -

The table is continued to the next page. 
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Table C-6. Linkage between rain and hydrological gauging stations (continue) 

Gauging 
Station From Until 

Met Office Rainfall 
Gauging Station 

JMI,91 JUN,92 Thirsk South Villa 
JUL,92 DEC,92 rv1issing Data 
JMI,93 OCT,94 Thirsk South Villa 

27069 NOV,94 DEC,94 Leeming 
JMI,95 JAN,95 Thirsk South Villa 
FEB,95 MAR,95 Leeming 
APR,95 SEP,99 Thirsk South Villa 
OCT,99 DEC,99 Missing Data 

JMI,91 APR,92 Thirsk South Villa 
~Y,92 JUN,92 Dishforth Airfield (SArv'IOS) 
JUL,92 DEC,92 Mssing Data 
JAN,93 JAN,95 Dishforth Airfield (SArv'IOS) 
FEB,95 NOV,95 Dishforth Airfield (SArv'IOS) 
DEC,95 DEC,95 Thirsk South Villa 

27071 JAN,96 FEB,97 Dishforth Airfield (SArv'IOS) 
r-..AA,97 DEC,97 Thirsk South Villa 
JMI,98 APR,98 Dishforth Airfield (SArv'IOS) 
rvlAY,98 DEC,98 Thirsk South Villa 
JMI,99 FEB,99 Topcliffe rvET.OFFICE 
r-..AA,99 SEP,99 Thirsk South Villa 
OCT,99 DEC,99 Missing Data 

JMI,91 JUN,92 Leeming 
JUL,92 DEC,92 rv1issing Data 
JMI,93 DEC,95 Leeming 
JMI,96 APR,96 Little Crakehall 
~Y,96 FEB,97 Leeming 

27075 r-..AA,97 DEC,97 Little Crakehall 
JAN,98 APR,98 Leeming 
~Y,98 FEB,99 Little Crakehall 
r-..AA,99 MAR,99 Mssing Data 
APR,99 OCT,99 Little Crakehall 
NOV,99 DEC,99 Mssing Data 

JAN,91 JUN,92 York, Acomb Landing TR.WKS 
JUL,92 DEC,92 Mssing Data 
JAN,93 FEB,93 York, The Retreat 
r-..AA,93 tv\A.Y,93 York, Acomb Landing TR.wKS 
JUN,93 JUL,93 York, The Retreat 

27083 AUG,93 1\AAR,94 York, Acomb Landing TR.wKS 
APR,94 rvlAY,94 York, The Retreat 
JUN,94 JAN,96 York, Acomb Landing TR.wKS 
FEB,96 MAR,96 York, The Retreat 
APR,96 OCT,99 York, .Acomb Landing TR.WKS 
NOV,99 DEC,99 Mssing Data 

Approx imate 
Distance 

(km) 

Data 
Type 

7 WAD RAIN 
- -
7 WADRAIN 
8 WAD RAIN 
7 WADRAIN 
8 WADRAIN 
7 WADRAIN 
- -
7 WADRAIN 
5 WADRAIN 
- -
5 NCM 
5 WADRAIN 
7 WAD RAI N 
5 WAD RAIN 
7 WAD RAI N 
5 WAD RAIN 
7 WADRAIN 
6 WADRAIN 
7 WADRAIN 

- -
1 WAD RAIN 

- -
1 WADRAIN 
7 WAD RAI N 
1 WAD RAIN 
7 WAD RAIN 

1 WAD RAIN 

7 WADRAIN 

- -
7 WAD RAIN 

- -
3 WADRAIN 

- -
4 WADRAIN 

3 WAD RAIN 

4 WAD RAIN 
3 WAD RAIN 
4 WADRAIN 
3 WAD RAIN 

4 WADRAIN 
3 WAD RAIN 

- -

The tahle is continued to the next page. 
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Table C-6. Linkage between rain and hydrological gauging stations (continue) 

Gauging 
From Met Office Rainfall Approximate 

Data Until Station Gauging Station Distance 
Type (KM) 

J.AN ,91 JUN,9 2 Thirsk South Villa 5 WADRAIN 
JUL,92 DEC,9 2 Mssing Data - -
JAN,93 OCT, 9 4 Thirsk South Villa 5 WADRAIN 

27085 NOV,94 DEC,94 Dishforth Airfield (SMOS) 7 NCM 
JAN,95 JAN,95 Thirsk South Villa 5 WAD RAIN 
FEB,95 MAR,95 Dishforth I>jrfield (SMOS) 7 WAD RAI N 
APR,95 SEP,99 Thirsk South Villa 5 WAD RAIN 
OCT,99 DEC,99 Missing Data - -
JAN,91 JUN,92 Bramham 5 WADRAIN 
JUL,92 DEC,92 tv1issing Data - -
J.AN,93 FEB,98 Bramham 5 WAD RAIN 
MAR,98 JUN,98 Long Marston, South Park 7 WAD RAIN 
JUL,98 AUG,98 Bramham 5 WAD RAIN 

27089 SEP,98 NOV,98 Askham Bryan 8 DL Y3208 
DEC,98 DEC,98 Long Marston, South Park 7 WAD RAIN 
JAN,99 JAN,99 Bramham 5 DL Y3208 
FEB,99 OCT,99 Bramham 5 WAD RAIN 
NOV,99 NOV,99 Mssing Data - -
DEC,99 DEC,99 Bramham 5 DL Y3208 

JAN,91 JUN,92 Richmond, Green Howard RD 6 WAD RAIN 

JUL,92 DEC,92 Mssing Data - -
JAN,93 DEC,98 Little Crakehall 9 WAD RAIN 

JAN,99 JAN,99 Richmond, Green Howard RD 6 WAD RAIN 
27090 FEB,99 MAR,99 Little Crakehall 9 WAD RAIN 

APR,99 tlAAY,99 Richmond, Green Howard RD 6 WAD RAIN 

JUN,99 AUG,99 Little Crakehall 9 WAD RAIN 

SEP,99 OCT,99 Richmond, Green Howard RD 6 WAD RAIN 

NOV,99 DEC,99 Mssing Data - -

Note: The approximate distance is the distance between the hydrological gauging station and the Met Onice 
rainfall gauging station. It is automatically calculated on the BADC web site when we search thr the 
nearest Met Otlice rainfall gauging station on the basis of OS grid reterence. 

Table C-7. rype of rainfall data 

Data Type Comments Oescripition 

WADRAIN 
PreCipitation amount from daily Daily rainfall amounts from rainfall 

rainfall station. network. 

DLY3208 
Daily preCipitation amount from Elements from Metform 3208 -

ord inary cl imatolog ical station. fvbnthly Return of Daily Obs. 

Daily precipitation amount from Elements from National Climate 

NCM synoptic station (no 12-hour values Messages reports (including climate 

reported). reports pre 1982) -12 hourly. 

Source: Met Otlice - UK Land Surface Stations data from the British Atmospheric Data Centre (BADe) 
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C-7 Flow Comparison Graphs 

We calibrate the relevant hydrological parameter values based on the data in 

1993. Then, we check flow comparison graphs in 1994 as well. In this appendix, 

we show the results of the flow comparison graphs in 1993 and 1994. Figure C-l 

and C-2 shows them respectively. We use the software program HEC-DSS 

Microsoft Excel Data Exchange Add-In (USACE) for retrieving the data produced 

by the simulations on HEC-HMS. Using this, we can treat the data on Microsoft 

Excel as usual. 

Figure C-l. Flow comparison graphs in J 993 
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C-8 Data of Precipitation Frequency Analysis 

We carry out precipitation frequency analysis in the subbasins. This appendix 

gives all the results of it as histograms and probability diagrams. Figure C-3 

shows the histograms and probability diagrams in each subbasin. 

Figure C-3. Precipitation frequency analysis 
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e-g Results of Regressions 

27001 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_Ol Mean= 22694374.26 ,S.D.= 13822511.61 
I Model size: Observations = 60. Parameters = 2. Deg.Fr.= 58 I 
I Res I dua Is: Sum of squares= . 1227720622E+ 16, Std. Dev. = 4600825. 67880 I 
I Fit: R-squared= .891089. Adjusted R-squared = .88921 I 
I Mode I test: F [1. 58] = 474. 54, Prob va I ue = . 00000 I 
I Diagnostic: Log-L = -1004.6240. Restricted(b=O) Log-L = -1071.1406 I 
I LogAmemiyaPrCrt.= 30.716, Akaike Info. Crt.= 33.554 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of xl 
+---------+--------------+----------------+--------+---------+----------+ 

27. 17415683 
23654. 05790 

1. 1537273 
3126.6117 

23.553 .0000 560485.77 
7.565 .0000 253.79385 

27002 

27005 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_02 Mean= 9506357.442 ,S. D. = 5625251.480 I 
I Model size: Observations = 60, Parameters = 2, Deg.Fr.= 58 I 
I Residuals: Sum of squares= .2360285321E+15. Std.Dev.= 2017289.62974 I 
I Fit: R-squared= .873576, Adjusted R-squared = .87140 I 
I Model test: F[ 1, 58] = 400.77, Prob value = .00000 I 
I Diagnostic: Log-L = -955.1552, Restricted(b=O) Log-L = -1017.1987 I 
I LogAmemiyaPrCrt.= 29.067, Akaike Info. Crt.= 31.905 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SO_X02 3. 226024463 
XS 3562.368939 

.16633126 
538.61536 

19.395 .0000 1962517.3 
6.614 .0000 735.86611 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
IDep var. =C_05 Mean= 2161548.172 ,S.D.= 1147661.520 I 
I Model size: Observations = 60, Parameters = 1, Oeg.Fr.= 59 I 
I Residuals: Sum of squares= .2464536573E+14, Std. Dev. = 646311. 11948 I 
I Fit: R-squared= .682857, Adjusted R-squared = .68286 I 
I Mode I test: F [1. 59J = 127.04, Prob va lue = .00000 I 
I Diagnostic: Log-L = -887.3743, Restricted(b=O) Log-L = -921.8263 I 
I LogAmemiyaPrCrt.= 26.775, Akaike Info. Crt.= 29.612 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO X05 137. 2757863 4.8590471 28.252 .0000 13007.425 
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27007 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_07 Mean= 18843308.88 . S.D.= 11255499.19 

27009 

I Model size: Observations = 60, Parameters = .2, Deg. Fr. = 58 I 
I Residuals. Sum of sQuares= . 730433~185E+15, Std. Dev. = 3548758.44855 I 
, FI t . R-squared= .902276, Adjusted R-squared = .90059 , 
I Mode I test F [1. 58J = 535. 51. Prob va I ue = . 00000 , 
I Diagnostic: Log-L = -989.0458, Restricted(b=O) Log-l = -1058.8141 I 
, LogAmemiyaPrCrt.= 30.197, Akaike Info. Crt. = 33.035 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t) I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X07 6.438809849 .28174347 22.853 .0000 2084693.1 
XS 3138.368126 512.25298 6.127 .0000 1321.3177 

~----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_09 Mean= 121429938.2 ,S.D.= 71160439.53 
I Mode lsi ze: Observat ions = 60, Parameters = 3, oeg. Fr. = 57 I 
I Residuals: Sum of sQuares= . 2150059843E+17, Std. Dev. = 19421727.03954 I 
I Fit: R-sQuared= .928035, Adjusted R-squared = .92551 I 
, Model test: F[ 2. 57] = 367.53, Prob value = .00000 I 
, Diagnostic: Log-l = -1090.5117. Restricted(b=O) Log-L = -1169.4590 I 
I LogAmemi yaPrCrt. = 33.613. Akai ke Info. Crt. = 36.450 , 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
'Variable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of Xl 
+---------+--------------+----------------+--------+---------+----------+ 

4.610883010 
7049.527551 
6578.541221 

.20756005 
1730.4980 
2240.4825 

22.215 
4.074 
2. 936 

.0000 16370091. 

. 0001 3588. 9758 

. 0048 2589. 8980 

+-----------------------------------------------------------------------+ 
/ Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_09 Mean= 121429938.2 ,S.D. = 71160439.53 I 
I Model size: Observations = 60, Parameters = 4. Deg.Fr.= 56 I 
I Residuals: Sum of sQuares= .2125165434E+17, Std. Dev. = 19480601.31048 I 
I Fit: R-squared= .928868. Adjusted R-sQuared = .92506 I 
I Model test: F( 3. 56] = 243.76, Prob value = .00000 I 
I Diagnostic: Log-L = -1090.1623, Restricted(b=O) Log-L = -1169.4590 I 
I LogAmemiyaPrCrt. = 33.634, Akaike Info. Crt. = 36.472 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
'Variable, Coefficient I Standard Error It-ratio IP[/T/>t) I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SO_X09 
XS71 
XS07 
XSOI 

4.619711475 
6524. 761458 
5417.338154 
5530. 407879 

.20847440 
1852. 7274 
2665.6612 
6828.2373 

22.160 
3.522 
2.032 
.810 

. 0000 16370091. 

. 0009 3588. 9758 

.0469 2589.8980 

.4214 894.59143 
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+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_34 Mean= 40857205.41 . S.D.= 22551177.62 
I Model size: Observations = 60. Parameters = 1. Deg. Fr. = 59 I 
I Residuals Sum of squares= . 640912295IE+16. Std. Dev. = 10422533.40428 I 
I Fit: R-squared= .786397. Adjusted R-squared = .78640 I 
IModeltestF[ 1. 59]= 217.21. Probvalue= .000001 
I Diagnostic: Log-L = -1054.2009. Restricted(b=O) Log-L = -1100.5100 I 
I LogAmemiyaPrCrt.= 32.335. Akaike Info. Crt.= 35.173 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X34 15.50372215 .45933450 33.753 .0000 2269018.5 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_43 Mean= 21235821.35 . S.D.= 9508436.437 I 
I Model size: Observations = 60. Parameters = I. Deg.Fr.= 59 I 
I Residuals: Sum of squares= . I 523575579E+I 6. Std.Oev.= 5081664.57907 I 
I Fit: R-squared= .714377. Adjusted R-squared = .71438 I 
I Model test: F[ 1. 59J = 147.57. Prob value = .00000 I 
I 0 i agnost i c Log-L = -lOll. 1011. Restr i cted (b=O) Log-L = -1048.6935 I 
I LogAmemiyaPrCrt.= 30.899. Akaike Info. Crt.= 33.737 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[ITI>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

28. 96503911 .83776876 34.574 .0000 648268.17 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep var. = C_53 Mean= 53191.10199 . S. D. = 34241.71579 I 
I Model size: Observations = 60. Parameters = 2. Deg.Fr.= 58 I 
I Residuals: Sum of squares= . 1205334945E+ll. Std. Dev. = 14415.83746 I 
I Fit: R-squared= .825761. Adjusted R-squared = .82276 I 
I Mode I test F [1. 58] = 274.88. Prob va I ue = . 00000 I 
I Diagnostic: Log-L = -658.6842. Restricted (b=O) log-L = -711.1041 I 
I LogAmemiyaPrCrt.= 19.185. Akaike Info. Crt.= 22.023 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[ITI>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

1.085130743 
123. 9982608 

.60256411E-OI 
24.456539 

18.009 
5.070 

. 0000 32913. 926 

.0000 100.91424 
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27069 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
I Dep var. = C_69 . Mean= 16629034. 91 . S. D. = 10224777. 88 I 
I Model size. Observations = 60. Parameters = 1. Deg.Fr.= 59 I 
I Residuals. Sum of squares= .1644808973E+16. Std. Dev.: 5279973.31286 I 
I Fit. R-squared: .733341. Adjusted R-squared : .73334 I 
I Mode I test: F [1, 59): 162.26. Prob va lue : .00000 I 
I D I agnost I c Log-L: -1013.3980. Restr i cted (b=O) Log-L = -1053. 0516 I 
I LogAmemiyaPrCrt.: 30.975. Akaike Info. Crt. = 33.813 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X69 24.53457742 .89148864 27.521. 0000 545723.23 

27071 

27075 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable: none I 
I Dep. var = C_71 Mean: 29180477.83 . S. D. = 17541714. 73 I 
I Model size: Observations = 60. Parameters: 2. Deg.Fr.= 58 I 
I Residuals: Sum of squares: .1720480706E+16. Std. Dev. = 5446417.21203 I 
I Fit: R-squared: .905234. Adjusted R-squared : .90360 I 
I Model test: F( I. 58J: 554.03. Prob value: .00000 I 
I Diagnostic: Log-l = -1014.7474. Restricted(b:O) log-L = -1085.4376 I 
I LogAmemiyaPrCrt. = 31.054. Akaike Info. Crt.= 33.892 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP(ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

4.417190730 
4069. 885476 

.22133825 
449.32390 

19. 957 
9.058 

. 0000 4038213.7 

. 0000 2493. 8689 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable: none I 
I Dep. var. : C_75 Mean: 13744305.46 . S. D.: 8466511.286 I 
I Model size: Observations = 60. Parameters: 1. Deg.Fr.= 59 I 
I Residuals: Sum of squares= .1117603505E+16. Std.Oev.= 4352290.46420 I 
I Fit: R-squared: .735743. Adjusted R-squared = .73574 I 
I Model test: F( 1. 59]: 164.27. Prob value: .00000 I 
I Diagnostic: Log-L: -1001.8049. Restricted(b:O) Log-L = -1041.7298 I 

LogAmemiyaPrCrt.: 30.589. Akaike Info. Crt.= 33.427 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SO_X75 37.52708497 1.3589053 27.616 .0000 296156.24 
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27083 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
/ Dep. var. = C_83 Mean= 2426382.209 ,S. D.= 1498428.229 
/ Model size: Observations = 60, Parameters = 1, Deg.Fr.= 59 / 
/ Residuals Sum of squares= .3094102215E+14, Std. Dev. = 724171. 32243 / 
/ Fit: R-squared= .766433. Adjusted R-squared = . 76643 I 
I Mode I test: F [1. 59J = 193.60, Prob va lue = . 00000 / 
I Diagnostic: Log-L = -894.1991, Restricted(b=O) Log-L = -937.8277 / 
I LogAmemiyaPrCrt.= 27.002, Akaike Info. Crt. = 29.840 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio /P[ITI>tJ , Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SQ_X83 5.283970837 .17943430 29.448 .0000 378024.33 

27085 

27089 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep var. = C_85 Mean= 3964037.244 ,S. O. = 2529879.029 , 
I Model size: Observations = 60, Parameters = 1. Oeg.Fr.= 59 I 
I Residuals: Sum of squares= .8653277780E+14, Std.Oev.= 1211056.25420' 
I Fit: R-squared= .770845, Adjusted R-squared = .77085 , 
I Model test: F[ 1, 59J = 198.47, Prob value = .00000 I 
, Diagnostic: Log-L = -925.0523, Restr icted (b=O) Log-l = -969.2530 I 
I logAmemiyaPrCrt. = 28.031, Akaike Info. Crt.= 30.868 , 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
,Variable I Coefficient I Standard Error It-ratio IP[ITI>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

7.803441530 .26903611 29.005 .0000 414488.51 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_89 Mean= 2100439.905 ,S. O. = 1135195.792 I 
I Model size: Observations = 60, Parameters = 2. Oeg.Fr.= 58 , 
'Residuals: Sum of squares= .7973174590E+13. Std.Dev.= 370767.48431' 
I Fit: R-squared= .895133. Adjusted R-squared = .89333 , 
I Mode I test: F [1. 58J = 495.08. Prob va lue = .00000 , 
I Diagnostic: Log-L = -853.5191. Restr icted (b=O) Log-L = -921. 1710 , 
, LogAmemiyaPrCrt. = 25.679, Akaike Info. Crt.= 28.517 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
,Variable I Coefficient I Standard Error It-ratiO IP[IT1>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SQ_X89 20.35564286 
XS 342. 8375726 

.87812549 
35. 151949 

23.181 .0000 65359.427 
9.753 .0000 1944.2826 
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27090 

+----------------------------------------------- -----------------+ 
I Ordinary least squares regression Weighting variable = none 
I Oep var. = C_90 Mean= 30832102.50 ,S. D. = 14598822.59 
I Model size: Observations = 60, Parameters = 1, Deg. Fr. = 59 I 
I Residuals: Sum of squares= .4084947920E+16, Std. Dev. = 8320841.62952 I 
I Fit: R-squared= .675138, Adjusted R-squared = .67514 I 
I Mode I test F [1. 59] = 122.62, Prob va lue = ,00000 I 
I Diagnostic: Log-L =. -1040.6885, Restricted(b=O) Log-L = -1074.4192 I 
I LogAmemlyaPrCrt. = 31.885, Akaike Info. Crt. = 34.723 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[IT1>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X90 29.55194380 .96060440 30. 764 ,0000 891152. 11 

Selby 

York 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_SELBY Mean= 1577399.987 ,S. 0.= 370928.4745 I 
I Model size: Observations = 60, Parameters = 2, Deg. Fr.= 58 I 
I Residuals: Sum of squares= .4340093118E+13, Std. Dev.= 273549.24910 I 
I Fit: R-squared= .465354, Adjusted R-squared = .45614 I 
I Model test: F[ 1, 58J = 50.48, Prob value = . 00000 j 
I Diagnostic: Log-L = -835.2735, Restricted(b=O) Log-L = -854.0580 I 
I LogAmemiyaPrCrt.= 25.071. Akaike Info. Crt.= 27.909 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[IT/>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
Constant 899343. 7842 
XS 48.69045100 

101756.57 
6.8528564 

8.838 .0000 
7.105 .0000 13925.856 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_YORK Mean= 11891807.80 ,S.D.= 1766124.756 I 
I Model size: Observations = 60, Parameters = 2, Deg. Fr.= 58 I 
/ Residuals: Sum of squares= . 8304948312E+14, Std. Dev.= 1196615.07596 j 
I Fit R-squared= .548724, Adjusted R-squared = .54094 I 
I Model test: F[ 1. 58] = 70.52, Prob value = .00000 I 
I Diagnostic: Log-L = -923.8197. Restricted(b=O) log-L = -947.6900 I 
/ LogAmemiyaPrCrt.= 28.023. Akaike Info. Crt.= 30.861 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient / Standard Error It-ratio IP[jTI>t) I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
Constant 8477662.330 
XS 290.4259484 

434909.51 
34.583225 

19.493 .0000 
8.398 .0000 11755.649 



Appendix j) 332 

Appendix 0 

Appendices of Chapter 6 

0-1 Expected Cost Function of Flood Risk under 
Different Assumptions 

Protection against floods with 4% and more exceedance probability 

27001 C~27001 = 52. 18253(Xi) +45424.08264LX f 
j=27005and27053 

.I 

27002 C=c700c =5.97383(Xi) + 6603.299772: X.I j=27043 

f 

27005 C,"c27005 = 249.09306(X'} 

27007 C~27007 =1 1.5631 I(X') +6499.999682: Xf )=27034 
j 

27009 C~27009 = 9.04258(X' Y + I 1 991.506092: XJ+ 14274.496752: Xk 
j k 

j = 27007 and 27034, k = 27069,27071,27075, 27085 and 27090 

27034 Ci
=27034 = 29.97472(X'l 

27043 C'=27043 = 55.06877(X'1 

27053 C=27053 = 1.08513(Xi) + 123.998252: Xi )=27005 
j 

27069 C'=27069 = 47 .48196(Xi ) 

27071 C=27071 = 8. 79495(X; Y + 8111.081862: X j 

j 

27075 C;=27075 = 71.0672I(Xi) 

27083 CH7083 = 10. 55981(Xi)2 

27085 Cic27085 = 13. 79704(Xi r 

j = 27069, 27075, 27085 and 27090 

27089 C=27()X9 = 37.29225(X;)2 +634.35004LXi j=27002and27043 
j 

27090 C'=2709U = 56.02235(X' T 
Selby c=Selb

y = 1302679.815+ IOO.34526.IXJ j =AlI15 subbasins 
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York c=York:::: 14800517.68+594.5666162IX i j=27001, 27005, 27007, 
J 

27009,27034,27053,27069,27071,27075,27083,27085 and 27090 

Protection against floods with 10 % and more exceedance probability 

27001 C=2700} :::: 11S.62265(X') + 103265.9424IX.i j= 27005 and 27053 
.i 

27002 co::: 7002 ::::12.S5452(Xi
} +1421S.25946IX.i j=27043 

j 

27005 Cio27005 = 584.54491(Xi r 
27007 C=27007:::: 22.55078(X'} + 13709.86037I X.i j=27034 

j 

27009 C=2701l9 ::::21.66655(X'} +19221.56211IXJ +38920.03753IX
k 

j k 

j = 27007 and 27034, k = 27069, 27071, 27075, 27085 and 27090 

27034 C=27034:::: 67.80 163(Xi r 
27043 C=27043:::: 121.1068S(X' Y 
27053 C=27053 ::::1.08513(x1 +123.99825IXj 

j=27005 
j 

27069 C=27069:::: llO.65511(X i y 
27071 C=27071 ::::22.14088(XiJ + 19659.421232: Xj 

j 

27075 C=27075 ::::159.65159(Xi} 

27083 C=27083 = 20.03577(Xi)2 

27085 C=27085 :::: 28.41622(X') 

j = 27069, 27075, 27085 and 27090 

27089 C'=27089 :::: 78.28033(X i
} + 1377. 77230L Xi j = 27002 and 27043 

j 

27090 C=27090:::: 126.05450(Xi r 
Selby c=Se'bY ::::468506.1841+296.37153L:Xi j=AlI15subbasins 

York C=York = 23485840.16 + 1802.101472: X J j = 27001, 27005, 27007, 
i 

27009,27034,27053,27069,27071,27075,27083,27085 and 27090 



0·2 GAMS Codes 

Social Optimisation (base) 

$Title Model of Optimal Floodplain Management 
$Ontext 

Koichiro Mori 
Model I ing Hydrological. Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 

*------------------------------------------------
* Set time t. subbasins i and urban areas j 

*--------------------------------------------
Sets 

t time periods /1990*2020/ 
tfirst(t) first period 
i subbasins /501.502.505.507,509,534,543,553, 

569, 571, 575, s83, s85, 589, 590/ 
j urban areas /selby. york/ ; 

*------------------------------------------------
* The elements in the sets are strings. Thus, 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*---------------------------------------------

tfirst(t) = yes$(ord(t) eq 1) ; 
Display tfirst 
Display t ; 

*------------------------------------------------
* Set initial values etc. 
*-----------------------------------------
Parameters 

If(i) area of floodplains /501 1356.91346, 502 2402.75427, 
s05 204.67004, 507 2447.00171, 509 6639.46521, 
534 2451.61496, 543 1257.75186, 553 347.13385, 
s69 1338.21609, 571 3595.16936, 575 1029.10755, 
s83 1119.66767, 585 1149.58292, s89 443.79102, 
s901632.33813/ 

xO(i) initial state variables /501 99.3936l s02 217.13234, 
s05 14.38793, 507 155.26437, s09308.46632, 
s34 51.12944, 543 27.69161, s53 7.97054, 
569 101.624t 571 306.14877, s7563.81431, 
583 106.27285. s85 60.06330, s89 35.18348, 
s90 67.09430/ ; 
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*------------------------------------------------
* Set discount factor and common parameter 
* values in the functions. 
*------------------------------------------------

Scalars 
a~j adjustment factor for uti I ity function /1000000000/ 
dlsl periodic discount rate /0.05/ 
dis2 discount factor 
bl parameter 1 of ecosystem benefit function /0.55978/ 
b2 parameter 2 of ecosystem benefit function /8.48302/ 
b3 parameter 3 of ecosystem benefit function /-0.168/ 
fl parameter of FP development benefit function /14030.80048/ 
rl parameter of restoration cost function /19146.37353/ 
dl parameter of development cost function /1914.63735/ 

dis2 = l/(l+disO ; 

*------------------------------------------
* Calculate the discount factor in time t. 
*------------------------------------------------

Parameters 
dis3(t) discount factor in time t 

d i s3 (t) = d i s2** (ord (t) -1) 
Display dis3 ; 

*----------------------------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*------------------------------------------------

Scalars 
cOl_l parameter of flood cost function in 27001 /27.17415/ 
cOl_2 parameter of flood cost function in 27001 /23654.05790/ 
c02_1 parameter of flood cost function in 27002 /3.22602/ 
c02_2 parameter of flood cost function in 27002 /3562.36893/ 
c05 parameter of flood cost function in 27005 /137.27578/ 
c07_1 parameter of flood cost function in 27007 /6.43880/ 
c07_2 parameter of flood cost function in 27007 /3138.36812/ 
c09_1 parameter of flood cost function in 27009/4.61088/ 
c09_2 parameter of flood cost function in 27009 /7049.52755/ 
c09_3 parameter of flood cost function in 27009 /6578.54122/ 
c34 parameter of flood cost function in 27034/15.50372/ 
c43 parameter of flood cost function in 27043 /28.96503/ 
c53_1 parameter of flood cost function in 27053 /1.08513/ 
c53_2 parameter of flood cost function in 27053 /123.99826/ 
c69 parameter of flood cost function in 27069 /24.53457/ 
c71_1 parameter of flood cost function in 27071/4.41719/ 
c71_2 parameter of flood cost function in 27071 /4069.88547/ 
c75 parameter of flood cost function in 27075 /37.52708/ 
c83 parameter of flood cost function in 27083 /5.28397/ 
c85 parameter of flood cost function in 27085 /7.80344/ 
c89_1 parameter of flood cost function in 27089 /20.35564/ 
c89_2 parameter of flood cost function in 27089 /342.83757/ 
c90 parameter of flood cost function in 27090 /29.55194/ 
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csb_l parameter of flood cost function in Selby /B99343.7B42/ 
csb_2 parameter of flood cost function in Selby /48.69045/ 
cyk_l parameter of flood cost function in York /B477662.33/ 
cyk_2 parameter of flood cost function in York /290.42594/ ; 

*----------------------------------
* Define control and state variables. 
* Set other necessary variables. 
*------------------------------------
Variables 

xCi. t) area of developed floodplains 
yd(i. t) floodplain development 
yr(i. t) floodplain restoration 
nb(t) net benefit 
disnb(t) discounted uti I ity of net benefit 
z objective function 
eco(i. t) benefit of ecosystem services 
pro(i. t) benefit of developed floodplains 
rest(i. t) cost of floodplain restoration 
deve(i. t) cost of floodplain development 
risk(i. t) expected cost of flood risk in subbasin 
urisk(j. t) expected cost of flood risk in urban 

*-----------------------------
* Define equations in the model. 
*-------------------------------------
Equations 

ecosystem(i. t) benefit function of ecosystem services 
dfp(i. t) benefit function of developed floodplains 
r_cost(i. t) cost function of floodplain restoration 
d_cost(i. t) cost function of floodplain development 
fld_Ol (t) expected cost function of flood risk in subbasin 
fld_02(t) expected cost function of flood risk in subbasin 
fld_05(t) expected cost function of flood risk in subbasin 
fld_07(t) expected cost function of flood risk in subbasin 
fld_09(t) expected cost function of flood risk in subbasin 
fld_34(t) expected cost function of flood risk in subbasin 
fld_43(t) expected cost function of flood risk in subbasin 
fld_53(t) expected cost function of flood risk in subbasin 
fld_69(t) expected cost function of flood risk in subbasin 
fld_71 (t) expected cost function of flood risk in subbasin 
fld_75(t) expected cost function of flood risk in subbasin 
fld_83(t) expected cost function of flood risk in subbasin 
fld_B5(t) expected cost function of flood risk in subbasin 
fld_B9(t) expected cost function of flood risk in subbasin 
fld_90(t) expected cost function of flood risk in subbasin 
ufld_sb(t) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
ini (i. t) provision of intial conditions 
nconstl (i, t) natural constraints on development 
nconst2(i, t) natural constraints on restoration 
net(t) net benefit function in time t 
disnet(t) discounted uti I ity function of net benefit in time t 
motion(i,t) equations of motion 
welfare definition of objective function; 

Appendix D 336 



Appendix 1) 337 

ecos~stem ( i , t) .. eco ( i, t) =e= b 1 * ( I f (i) -x (i , t) ) *exp (b2+b3* I og ( I f ( i) -x (i , t» ) 

dfp(l, t) .. pro(i, t) =e= fl*x(i, t) : 
r_cost(i,t) .. rest(i,t) =e= rl*yr(i,t) : 
d_cost(i,t) .. deve(i,t) =e= dl*yd(i,t) : 
f I d_Ol (t) .. risk C 501' ,t) =e= cOLI * (x C sOl' , t) **2) + 

cOl_2*(xC 505', t)+xC 553', t» 

f I d_02 (t) .. r i 5k C 502' ,t) =e= cOLI * (x C 502' , t) **2) + 
cOL2*x C s43' ,t) : 

f I d_05 (t) .. r i 5k C 505' ,t) =e= c05* (x C s05' , t) **2) : 
f I d_07 (t) .. r i 5k C 507' ,t) =e= c07 _1 * (x C 507' , t) **2) + 

c07 _2*x C 534' ,t) : 

fld_09 (t) .. r i5kC 509', t) =e= c09_1*(xC 509', t) **2) + 
c09_2*(xC 569', t)+xC 571', t)+xC 575', t)+ 

xC 585', t)+xC 590', t»+ 
c09_3*(xC 507', t)+xC 534', t» 

f I d_34 (t) .. r i 5k C 534' ,t) =e= c34* (x C 534' , t) **2) : 
f I d_ 43 (t) .. risk C 543' ,t) =e= c43* (x C 543' , t) **2) : 
fld_53(t) .. ri5kC 553', t) =e= c53_1*(xC 553', t)**2)+ 

c53_2*xC s05' ,t) : 

f I d_69 (t) .. r i 5k C 569' ,t) =e= c69* (x C 569' , t) **2) : 
fld_71Ct) .. r i5kC 571', t) =e= c7Ll*(x(' s71', t)**2)+ 

c71_2*(x(' 569', t)+xC 575', t)+ 
xC' 585', t)+xC590', t» 

fld_75 (t) .. r iskC s75', t) =e= c75*(xC 575', t)**2) : 
f I d_83 (t) ., risk C s83' ,t) =e= c83* (x C s83' , t) **2) : 
f I d_85 (t) .. risk C s85' ,t) =e= c85* (x C s85' , t) **2) : 
fld_89(t) .. risk('s89',t) =e= c89_1*(xCs89',t)**2)+ 

c89_2*(xC s02', t)+xC s43', t» 

f I d_90 (t) .. risk C s90' ,t) =e= c90* (x C s90' , t) **2) : 
uf I d_sb (t).. ur i 5k C se I by' ,t) =e= csb_l+csb_2* (x (' 501' , t) +x C s02' , t) + 

xC s05', t)+xCs07', t)+xC s09', t)+xC 534', t)+ 
xC 543', t)+xCs53', t)+xC 569', t)+xC 571', t)+ 
xC 575' ,t)+x C s83' ,t)+xC s85' ,t)+xC 589' ,t)+ 

xC 590', t» : 
ufld_yk(t) .. uriskCyork', t) =e= cyk_l+cyk_2*(x(' 501' ,t)+xCs05', t)+ 

X(' s07', t)+x(' 509', t)+xC s34', t)+ 
xC s53', t)+x(' 569', t)+xC 571', t)+ 
xC s75', t)+xC 583', t)+xC s85', t)+ 

xC s90' , t) ) 

ini (i, tfirst) .. xCi, tfirst) =e= xO(i) : 
nconst 1 (i , t) ., yd ( i ,t) = I = If ( i ) -x ( i, t) : 
nconst2 (i , t) ., yr (i ,t) = I = x (i, t) : 
net (t).. nb (t) =e= sum (i, eco (i, t» +sum (i, pro (i, t» -sum (i, rest (i, t»-

sum(i, deve(i, t»-sum(i, risk(i, t»-sum(j, uriskU, t» 

disnet(t) .. disnb(t) =e= dis3(t)*2*«nb(t)+adj)**(1/2» 
mot ion (i, t+ 1) .. x (i, t+ 1) =e= x (i, t) +yd ( i, t) -yr (i, t) 

welfare .. z =e= sum(t,disnb(t» 

Model floodplain /all/ : 
option doml im :: 1000000 : 
option resl im :: 5400 : 
floodplain. iterl im = 10000000 : 



*------------------------------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a smal I value to the lower bounds so that 
* we can avoid function evaluation errors 
* in the procedures in GAMS. 

*------------------------------------------------

x. lo(i. t) = 0.0001 : 
x. up(i. t) = If(i)-O.OOOI 
yd. lo(i. t) = 0.0001 
yr.lo(i.t) =0.0001: 

*------------------------------------------------
* Attempt to solve the problem. 
*--------------------------------------------
Solve floodplain maximizing z using nip 

Tax (base) 

$Title Model of Optimal Floodplain Management 
$Ontext 

Ko i ch i ro Mor i 
Modell ing Hydrological. Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 

*----------------------------------------------
* Set time t. subbasins i and urban areas j 

*------------------------------------------------

Sets 
t time periods 11990*20201 
tfirst(t) first period 
i subbasins IsOl. s02. 505. s07. s09. s34. s43. s53. 

s69. 571.575.583. 585. 589. s90/ 
j urban areas Iselby. york/ : 

*------------------------------------------------
* The elements in the sets are str ings. Thus. 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*------------------------------------------------

tf i rst (t) = yes$ (ord (t) eq 1) : 
Display tfirst 
Display t : 
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*------------------------------------------------
* Set initial values et~ 
*-----------------------------------------------
Parameters 

If(i) area of floodplains /501 1356.91346. 502 2402.75427. 
505 204.67004. 507 2447.00171. 509 6639.46521. 
534 2451.61496. 543 1257.75186. 553 347.13385. 
569 1338.21609. 571 3595.16936. 575 1029.10755. 
583 1119.66767. 585 1149.58292. 589 443.79102. 
590 1632.33813/ 

xO(i) initial state variables /501 99.39369. 502 217.13234. 
505 14.38793. 507 155.26437. 509 308.46632. 
534 51.12944. 543 27.69161. 553 7.97054. 
569 101. 6242. 571 306.14877. 575 63.81431. 
583 106.27285. 585 60.06330. 589 35.18348. 
59067.09430/ 

txr(i) tax rate /501 1030.9442.502 1202.78708.505 25037.64832. 
s07 7547. 76757. 509 873. 20209. 534 10666.99101. 
s43 4648.04262. s53 24835.47271. s6912135.56239. 
s71 7977. 45707. 575 12165.16123. s83 2115.08188. 
s85 12159.27972. s89 1044.79636. s90 12111.60695/ : 

*------------------------------------------------
* Set discount factor and common parameter 
* va lues in the funct ions. 
*----------------------------------------
Scalars 

adj adjustment factor for uti I ity function /1000000000/ 
disl periodic discount rate /0.05/ 
dis2 discount factor 
f1 parameter of FP development benefit function /14030.80048/ 
rl parameter of restoration cost function 119146.37353/ 
dl parameter of development cost function 11914.63735/ : 

dis2 = 1/(I+disf) ; 

*---------------------------------------------
* Calculate the discount factor in time t. 
*--------------------------------------------

Parameters 
di53(t) discount factor in time t 

dis3(t) = dis2**(ord(t)-l) 
Display dis3 : 

*---------------------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*--------------------------------------------

Scalars 
cOl_' parameter of flood cost function in 27001 /27.17415/ 
c02_1 parameter of flood cost function in 27002 /3.22602/ 
cOS parameter of flood cost function in 27005/137.27578/ 
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c07_1 parameter of flood cost function n 27007 /6.43880/ 
c09_1 parameter of flood cost function n 27009/4.61088/ 
c34 parameter of flood cost function n 27034/15.50372/ 
c43 parameter of flood cost function n 27043 /28.96503/ 
c53_1 parameter of flood cost function n 27053 /1.08513/ 
c69 parameter of flood cost function n 27069/24.53457/ 
c71_1 parameter of flood cost function n 27071 /4.41719/ 
c75 parameter of flood cost function n 27075 /37.52708/ 
c83 parameter of flood cost function n 27083 /5.28397/ 
c85 parameter of flood cost function in 27085 /7.80344/ 
c89_1 parameter of flood cost function in 27089 /20.35564/ 
c90 parameter of flood cost function in 27090 /29.55194/ 
csb_1 parameter of flood cost function in Selby /899343.7842/ 
cyk_1 parameter of flood cost function in York /8477662.33/ ; 

*------------------------------------------------
* Define control and state variables. 
* Set other necessary variables. 
*---------------------------------------
Var iab I es 

xli, t) area of developed floodplains 
yd(i, t) floodplain development 
yr(i, t) floodplain restoration 
tx (i, t) tax 
nb(t) net benefit 
disnb(t) discounted uti I ity of net benefit 
z objective function 
pro(i, t) benefit of developed floodplains 
rest(i,t) cost of floodplain restoration 
deve(i, t) cost of floodplain development 
risk(i, t) expected cost of flood risk in subbasin 
urisk(j, t) expected cost of flood risk in urban 

*-----------------------------------------
* Define equations in the model. 
*--------------------------------------
Equations 

dfp(i, t) benefit function of developed floodplains 
r_cost(i, t) cost function of floodplain restoration 
d_cost(i, t) cost function of floodplain development 
tax(i, t) tax function 
fld_01 (t) expected cost function of flood risk in subbasin 
fld_02(t) expected cost function of flood risk in subbasin 
fld_05(t) expected cost function of flood risk in subbasin 
fld_07(t) expected cost function of flood risk ·n subbasin 
fld_09(t) expected cost function of flood risk n subbasin 
fld_34(t) expected cost function of flood risk n subbasin 
fld_43(t) expected cost function of flood risk n subbasin 
fld 53(t) expected cost function of flood risk n subbasin 
fld-69(t) expected cost function of flood risk n subbasin 
fld=71 (t) expected cost function of flood risk n subbasin 
fld 75(t) expected cost function of flood risk n subbasin 
fld-S3(t) expected cost function of flood risk n subbasin 
fld-S5(t) expected cost function of flood risk n subbasin 
fld-S9(t) expected cost function of flood risk n subbasin 
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fld_90(t) expected cost function of flood risk in subbasin 
ufld_sb(t) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
ini (i, t) provision of intial conditions 
nconstl (i, t) natural constraints on development 
nconst2(i, t) natural constraints on restoration 
net(t) net benefit function in time t 
disnet(t) discounted uti lity function of net benefit in time t 

motion(i,t) equations of motion 
welfare definition of objective function 

dfp(i, t) .. pro(i, t) =e= fhx(i, t) : 
r_cost(i,t) .. rest(i,t) =e= rl*yr(i,t) 
d_cost(i,t) .. deve(i,t) =e= dl*yd(i,t) 
ta x ( i , t) .. tx ( i ,t) =e= tx r (i) *x (i, t) : 
fld_Ol(t) .. riskCsOl',t) =e= cOl_l*(xCs01',t)**2) 
f I d_02 (t) .. risk(' s02' ,t) =e= cOL h (x C s02' , t) **2) 
f I d_05 (t) .. risk C s05' ,t) =e= c05* (x C s05' , t) **2) ; 
f I d_07 (t) .. risk C s07' ,t) =e= cOL 1 * (x C s07' , t) **2) 
f I d_09 (t) .. risk (' s09' ,t) =e= c09_1 * (x C s09' , t) **2) 
f I d_34 (t) .. risk (' s34' ,t) =e= c34* (x C s34' , t) **2) : 
f I d_ 43 (t) .. risk C s43' ,t) =e= c43* (x C s43' , t) **2) : 
f I d_53 (t) .. risk C s53' ,t) =e= c53_1 * (x C s53' , t) **2) 
f I d_69 (t) .. risk C s69' ,t) =e= c69* (x (' s69' , t) **2) ; 
fld_71 (t) .. riskC s71', t) =e= c7Ll*(xC s71', t)**2) 
fld_75(t) .. riskC s75', t) =e= c75*(x(' s75', t)**2) 
fld_83(t) .. riskC s83', t) =e= c83*(x('s83', t)**2) : 
f I d_85 (t) .. risk (' s85' ,t) =e= c85* (x (' s85' , t) **2) : 
f I d_89 (t) .. risk (' s89' ,t) =e= c89_1 * (x (' s89' , t) **2) 
f I d_90 (t) .. risk (' s90' ,t) =e= c90* (x (' s90' , t) **2) 
ufld_sb(t) .. uriskC selbY', t) =e= csb_1 : 
ufld_yk(t) .. uriskC'york', t) =e= cyk_l : 
ini (i, tfirst) .. xCi, tfirst) =e= xO(i) : 
nconst 1 (i , t) .. yd ( i ,t) = I = If (i) -x (i, t) : 
nconst2 (i , t) .. yr (i ,t) = I = x (i, t) : 
net (t) .. nb (t) =e= sum (i, pro (i, t» -sum (i, rest (i, t)) -sum (i, tx (i, t»-

sum (i , deve (i, t» -sum (i , risk (i, t) ) -sum (j, ur i sk (j, t» 

d i snet (t) ., d i snb (t) =e= d i s3 (t) *2* «nb (t) +adj) ** (1/2» 
mot i on ( i, t+ 1) .. x (i , t+ 1) =e= x (i, t) +yd (i, t) -yr( i, t) 

welfare .. z =e= sum(t,disnb(t» 

Model floodplain /al 1/ : 
option doml im = 1000000 : 
option resl im = 5400 : 
floodplain. iterlim = 10000000 

*------------------------------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a small value to the lower bounds so that 
* we can avoid function evaluation errors 

* in the procedures in GAMS. 
*------------------------------------------------

x.lo(i, t) = 0.0001 ; 
x.up(i,t) = If(i)-0.0001 
yd.lo(i,t) = 0.0001 : 

Appendix n 341 



yr. lo(i, t) = 0.0001 : 

*----------------------------------
* Attempt to solve the problem. 
*--------------------------------------
Solve floodplain maximizing z using nip 

Subsidy (base) 

$Title Model of Optimal Floodplain Management 
$Ontext 

Ko i ch i ro Mor i 
Model I ing Hydrological. Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 

*-------------------------------------------
* Set time t. subbasins i and urban areas j 

*---------------------------------------
Sets 

t time periods /1990*2020/ 
tfirst(t) first period 
i subbasins IsOl. 502. 505. 507. s09. 534. 543. s53. 

s69. s71. 575.583. 585. s89. 590/ 
j urban areas /selby. yorkl ; 

*--------------------------------------------
* The elements in the sets are strings. Thus. 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*----------------------------------------
tf i rst (t) = yes$ Cord (t) eq 1) 
Display tfirst 
Display t ; 

*-----------------------------------------------
* Set initial values etc. 
*---------------------------------------------

Parameters 
If(i) area of floodplains /501 1356.91346. 502 2402.75427. 

s05 204.67004. 507 2447.00171. 509 6639.46521. 
534 2451.61496. 543 1257.75186. 553 347.13385. 
s69 1338.21609. 571 3595.16936. 575 1029.10755. 
583 1119.66767. 585 1149.58292. 589 443.79102. 
590 1632.33813/ 
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xO(i) initial state variables /501 99.39369, 502 217.13234, 
505 14.38193, 501 155.26431, 509 308.46632, 
534 51. 12944, 543 21.69161, 553 1.97054, 
569 101.6242, 511 306.14877, 575 63.81431, 
583 106.27285, s85 60.06330, s89 35.18348 
s9067.09430/ ' 
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ssr(i) subsidy rate /501 1030.9442,502 1202.78708,505 25037.64832 
507 1547.76157, 509 813.20209, 534 10666.99101, ' 
543 4648.04262, 553 24835.47271, 569 12135.56239, 
571 7977.45707, 575 12165.16123, s832115.08188, 
585 12159.27972, s89 1044.79636, s90 12111.60695/ ; 

*-----------------------------
* Set discount factor and common parameter 
* values in the functions. 
*-----------------------------------
Scalars 

adj adjustment factor for uti I ity function /1000000000/ 
dis1 periodic discount rate /0.05/ 
dis2 discount factor 
fl parameter of FP development benefit function /14030.80048/ 
rl parameter of restoration cost function /19146.37353/ 
dl parameter of development cost function /1914.63735/ 

dis2 = l/(l+disl) ; 

*------------------------------------
* Calculate the discount factor in time t. 
*------------------------------
Parameters 

dis3(t) discount factor in time t 

d i 53 (t) = d i 52** (ord (t)-1) 
Display dis3 ; 

*------------------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*------------------------------------
Scalars 

cOl_1 parameter of flood cost function in 27001 /21.17415/ 
c02_1 parameter of flood cost function in 21002 /3.22602/ 
c05 parameter of flood cost function in 27005 /131.27578/ 
c07_1 parameter of flood cost function in 27007 /6.43880/ 
c09_1 parameter of flood cost function in 27009 /4.61088/ 
c34 parameter of flood cost function in 27034/15.50372/ 
c43 parameter of flood cost function in 21043 /28.96503/ 
c53_1 parameter of flood cost function in 27053 /1.08513/ 
c69 parameter of flood cost function in 27069 /24.53457/ 
c71_1 parameter of flood cost function in 27071 /4.41719/ 
c75 parameter of flood cost function in 27075 /37.52708/ 
c83 parameter of flood cost function in 27083 /5.28391/ 
c85 parameter of flood cost function in 27085 /7.80344/ 
c89_1 parameter of flood cost function in 27089 /20.35564/ 



e90 parameter of flood cost function in 27090/29.55194/ 
csb_1 parameter of flood cost function in Selby /899343.7842/ 
cyk_1 parameter of flood cost function in York /8477662.33/ ; 

*--------------------------------
* Define control and state variables. 
* Set other necessary variables. 
*------------------------------------
Variables 

xCi, t) area of developed floodplains 
yd(i, t) floodplain development 
yr(i, t) floodplain restoration 
ss (i, t) subs idy 
nb(t) net benefit 
disnb(t) discounted uti I ity of net benefit 
z objective function 
pro(i, t) benefit of developed floodplains 
rest(i, t) cost of floodplain restoration 
deve(i, t) cost of floodplain development 
risk(i,t) expected cost of flood risk in subbasin 
urisk(j, t) expected cost of flood risk in urban 

*---------------------------------
* Define equations in the model. 
*----------------------------------
Equations 

dfp(i, t) benefit function of developed floodplains 
r_cost(i, t) cost function of floodplain restoration 
d_cost(i, t) cost function of floodplain development 
subsidy(i, t) subsidy function 
fld_01 (t) expected cost function of flood risk in subbasin 
fld_02(t) expected cost function of flood risk in subbasin 
fld_05(t) expected cost function of flood risk in subbasin 
fld_07(t) expected cost function of flood risk in subbasin 
fld_09(t) expected cost function of flood risk in subbasin 
fld_34(t) expected cost function of flood risk in subbasin 
fld_43(t) expected cost function of flood risk in subbasin 
fld_53(t) expected cost function of flood risk in subbasin 
fld_69(t) expected cost function of flood risk in subbasin 
fld_71 (t) expected cost function of flood risk in subbasin 
fld_75(t) expected cost function of flood risk in subbasin 
fld_83(t) expected cost function of flood risk in subbasin 
fld_85(t) expected cost function of flood risk in subbasin 
fld_89(t) expected cost function of flood risk in subbasin 
fld_90(t) expected cost function of flood risk in subbasin 
ufld_sb(t) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
ini (i, t) provision of intial conditions 
nconstl (i, t) natural constraints on development 
nconst2(i, t) natural constraints on restoration 
net(t) net benefit function in time t 
disnet(t) discounted uti I ity function of net benefit in time t 
motion(i, t) equations of motion 
welfare definition of objective function; 
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dfp (i , t) .. pr 0 ( i ,t) =e= f 1 *x (i, t) ; 
r_cost(i, t) .. rest(i, t) =e= rl*yr(i, t) 
d_cost (i, t) .. deve (i, t) =e= d1*yd (j, t) 
subs i dy (i , t).. ss (i, t) =e= ssr (i) * (I f (i) -x (i, t)) 
fld_01 (t) .. r iskC sOl', t) =e= cOU*(x (' sOl', t)**2) 
f I d_02 (t) .. risk C s02' ,t) =e= c02_1 * (x C s02' , t) **2) 
f I d_OS (t) .. risk C s05' ,t) =e= cOS* (x C 50S' , t) **2) ; 
f I d_07 (t) .. risk C s07' ,t) =e= cOL 1 * (x C s07' , t) **2) 
fld_09 (t) .. r iskC s09' ,t) =e= c09_1*(x C s09', t)**2) 
f I d_34 (t) .. risk (' s34' ,t) =e= c34* (x C s34' , t) **2) ; 
f I d_ 43 (t) .. risk C s43' ,t) =e= c43* (x C s43' , t) **2) ; 
f I d_S3 (t) .. risk C s53' ,t) =e= c53_ h (x C s53' , t) **2) 
f I d_69 (t) .. risk C s69' ,t) =e= c69* (x C s69' , t) **2) : 
fld_71 (t) .. riskC s71', t) =e= c7L1*(xC s71', t)**2) 
fld_7S(t) .. riskC s75', t) =e= c75*(xC s7S', t)**2) 
f I d_83 (t) .. risk C s83' ,t) =e= c83* (x C s83' , t) **2) ; 
f I d_8S (t) .. risk (' s85' ,t) =e= c8S* (x (' s8S' , t) **2) ; 
f I d_89 (t) .. risk (' s89' ,t) =e= c89_1 * (x (' s89' , t) **2) 
f I d_90 (t) .. risk (' s90' ,t) =e= c90* (x (' s90' , t) **2) 
ufld_sb(t) .. uriskCselby' ,t) =e= csb_1 ; 
ufld_yk(t) .. uriskCyork', t) =e= cyk_1 ; 
ini(i,tfirst) .. x(i,tfirst) =e= xO(i) ; 
nconst 1 (i , t) .. yd ( i ,t) = I = If ( i ) -x ( i, t) : 
nconst2 (i , t) .. yr (i ,t) = I = x (i, t) ; 
net (t) .. nb (t) =e= sum (i, pro (i, t)) -sum (i, rest (i, t)) +sum (i, ss (i, t))-

sum (i , deve (i , t) ) -sum (i, risk (i, t)) -sum (j, ur i sk (j, t) ) 

d i snet (t) .. d i snb (t) =e= d i 53 (t) *2* ((nb (t) +adj) ** (1/2)) 
mot ion (i , t+ 1) ., x ( i , t+ 1) =e= x (i, t) +yd (i, t) -yr (i. t) 
we I fare.. z =e= sum (t, d i snb (t)) 

Model floodplain /all/ ; 
option doml im = 1000000 ; 
option resl im = 5400 ; 
floodplain. iterl im = 10000000 ; 

*-------------------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a smal I value to the lower bounds so that 
* we can avoid function evaluation errors 

* in the procedures in GAMS. 
*-------------------------------------
x. lo(i, t) = 0.0001 : 
x.up(i,t) = If(i)-O.OOOl 
yd.lo(i,t) = 0.0001 
yr.lo(i,t) =0.0001; 

*-------------------------------------
* Attempt to solve the problem. 
*-----------------------------------
Solve floodplain maximizing z using nip 
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Mix of Tax and Subsidy (base) 

$Title Model of Optimal Floodplain Management 
$Ontext 

Koichiro Mori 
Model I ing Hydrological, Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 

*------------------------------------------------
* Set time t, subbasins i and urban areas j 

*------------------------------------------------

Sets 
t time periods /1990*2020/ 
tfirstCt) first period 
i subbasins /501, s02, s05, 507, s09, s34, s43, 553, 

569,571,575,583,585,589,590/ 
j urban areas /5elby, york/ ; 

*------------------------
* The elements in the sets are strings. Thus, 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*--------------------------------------------
tfirstCt) = yes$CordCt) eq 1) : 
Display tfirst 
Display t : 

*-------------------------------------------------
* Set initial values et~ 
*------------------------------------------------

Parameters 
IfCi) area of floodplains /501 1356.91346, s02 2402.75427, 

505 204.67004, s07 2447.00171, s096639.46521, 
5342451.61496, s43 1257.75186, 553347.13385, 
s69 1338.21609, s71 3595.16936, 575 1029.10755, 
583 1119.66767, s85 1149.58292, s89 443.79102, 
590 1632.33813/ 

xO C i) in i t i a I state var i ab I es /501 99. 39369, 502 217. 13234, 
505 14.38793, 507 155.26437, 509 308.46632, 
534 51.12944, 543 27.69161, 553 7.97054, 
569 101.6242, 571 306.14877, s7563.81431, 
583 106.27285, 585 60.06330, 58935.18348, 
59067.09430/ 

rateCi) rate /501 1030.9442, s02 1202.78708,505 25037.64832, 
507 7547.76757, 509 873. 20209, 534 10666.99101, 
543 4648.04262, 553 24835.47271, s69 12135.56239, 
571 7977. 45707, 575 12165.16123, 583 2115.08188, 
585 12159.27972, 589 1044.79636, 590 12111.60695/ 

targetCi) standard /501 99.3936~ 502 217. 1323~ 
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s05 14.38793, s07 155.26437, s09308.46632 
s34 51. 12944, s43 27.69161, s53 7.97054 ' 
s69 101. 6242, s71 306.14877. s75 63.81431 
s83 106.27285, s85 60.06330, s89 35. 18348: 
s90 67.09430/ ; 

*-----------------------------
* Set discount factor and common parameter 
* values in the functions. 
*--------------------------------
Scalars 

adj adjustment factor for uti I ity function /1000000000/ 
disl periodic discount rate /0.05/ 
dis2 discount factor 
fl parameter of FP development benefit function /14030.80048/ 
rl parameter of restoration cost function /19146.37353/ 
dl parameter of development cost function /1914.63735/ ; 

dis2 = 1/(1+disl) ; 

*------------------------------
* Calculate the discount factor in time t. 
*--------------------------------
Parameters 

dis3(t) discount factor in time t 

dis3(t) = dis2**(ord(t)-l) 
Display dis3 ; 

*------------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*---------------------------------
Scalars 

cOLl parameter of flood cost function in 27001 /27.17415/ 
c02_1 parameter of flood cost function in 27002 /3.22602/ 
c05 parameter of flood cost function in 27005 /137.27578/ 
c07_1 parameter of flood cost function in 27007 /6.43880/ 
c09_1 parameter of flood cost function in 27009 /4.61088/ 
c34 parameter of flood cost function in 27034 /15.50372/ 
c43 parameter of flood cost function in 27043 /28.96503/ 
c53_1 parameter of flood cost function in 27053 /1.08513/ 
c69 parameter of flood cost function in 27069 /24.53457/ 
c71_1 parameter of flood cost function 'n 27071 /4.41719/ 
c75 parameter of flood cost function n 27075 /37.52708/ 
c83 parameter of flood cost function n 27083 /5.28397/ 
c85 parameter of flood cost function n 27085 /7.80344/ 
c89_1 parameter of flood cost function n 27089 /20.35564/ 
c90 parameter of flood cost function n 27090 /29.55194/ 
csb_l parameter of flood cost function n Selby /899343.7842/ 
cyk_l parameter of flood cost function In York /8477662.33/ ; 
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*---------------------------
* Define control and state variables. 
* Set other necessary variables. 
*-----------------------------
Variables 

xli, t) area of developed floodplains 
yd(i, t) floodplain development 
yrCi, t) floodplain restoration 
ptyl (i, t) penalty 
nbCt) net benefit 
disnbCt) discounted uti I ity of net benefit 
z objective function 
proCi. t) benefit of developed floodplains 
rest(i, t) cost of floodplain restoration 
deve(i, t) cost of floodplain development 
risk(i. t) expected cost of flood risk in subbasin 
uriskCj. t) expected cost of flood risk in urban 

*-----------------------------
* Define equations in the model. 
*---------------------------

Equations 
dfp(i, t) benefit function of developed floodplains 
r_costCi. t) cost function of floodplain restoration 
d_cost(i, t) cost function of floodplain development 
fld_Ol (t) expected cost function of flood risk 'n subbasin 
fld_02(t) expected cost function of flood risk n subbasin 
fld_05Ct) expected cost function of flood risk n subbasin 
fld_07Ct) expected cost function of flood risk n subbasin 
fld_09Ct) expected cost function of flood risk n subbasin 
fld_34Ct) expected cost function of flood risk n subbasin 
fld_43Ct) expected cost function of flood risk In subbasin 
fld_53Ct) expected cost function of flood risk in subbasin 
fld_69Ct) expected cost function of flood risk in subbasin 
fld_71 Ct) expected cost function of flood risk in subbasin 
fld_75(t) expected cost function of flood risk in subbasin 
fld_83(t) expected cost function of flood risk in subbasin 
fld_85(t) expected cost function of flood risk in subbasin 
fld_89(t) expected cost function of flood risk in subbasin 
fld_90Ct) expected cost function of flood risk in subbasin 
ufld_sbCt) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
penall (i,t) penalty 
ini (i, t) provision of intial conditions 
nconstl Ci, t) natural constraints on development 
nconst2 C i, t) natura I constra i nts on restor at i on 
net(t) net benefit function in time t 
disnetCt) discounted uti I ity function of net benefit in time t 
motion(i, t) equations of motion 
welfare definition of objective function 

dfp(i, t) .. proCi, t) =e= fl*x(i, t) : 
r_costCi,t) .. restCi,t) =e= rl*yr(i,t) 
d_costCi,t) .. deveCi,t) =e= dl*yd(i,t) 
fld_01Ct) .. riskCsOl',t) =e= cOU*CxCsOl',t)**2) 

Appendix f) 348 



f I d_02 (t) .. risk (' 502' ,t) =e= cOL 1* (x (' 502' , t) **2) 
f I d_05 (t) .. risk C s05' ,t) =e= c05* (x (' s05' , t) **2) ; 
f I d_07 (t) .. risk (' s07' ,t) =e= c07_1 * (x (' s07' , t) **2) 
f I d_09 (t) .. risk C s09' ,t) =e= c09_1 * (x (' s09' , t) **2) 
f I d_34 (t) .. risk C s34' ,t) =e= c34* (x (' s34' , t) **2) ; 
f I d_ 43 (t) .. risk C s43' ,t) =e= c43* (x (' s43' , t) **2) ; 
fld_53(t) .. riskC s53', t) =e= c53_1*(x(' s53', t)**2) 
f I d_69 (t) .. risk C s69' ,t) =e= c69* (x (' 569' , t) **2) ; 
f I d_71 (t).. r i s k (' s 71' ,t) =e= c 7 C 1 * (x (' s 71' , t) **2) 
fld_75(t) .. riskCs75',t) =e= c75*(x('s75',t)**2) 
f I d_83 (t) .. risk C s83' ,t) =e= c83* (x (' s83' , t) **2) ; 
f I d_85 (t) .. risk C s85' ,t) =e= c85* (x (' s85' , t) **2) ; 
f I d_89 (t) ., risk C 589' ,t) =e= c89_1 * (x (' s89' , t) **2) 
f I d_90 (t) .. risk (' s90' ,t) =e= c90* (x (' s90' , t) **2) 
ufld_sb(t) .. urisk('selby' ,t) =e= csb_l ; 
ufld_yk(t) .. uriskCyork', t) =e= cyk_l ; 
pena 11 (i, t) .. pty 1 (i, t) =e= rate (j) * (x ( i, t) -ta r get (i) ) 
ini (i, tfirst) .. x(i,tfirst) =e= xO(i) ; 
nconst1(i,t) .. yd(i,t) =1= If(i)-x(i,t) ; 
nconst2 (i , t).. yr ( i ,t) = I = x (i ,t) ; 
net (t) .. nb (t) =e= sum ( i, pro (i, t» -sum (i, rest (i , t) ) -sum (i , pty 1 (i, t» 

-sum(i, deve(i, t»-sumCi, risk(i, t»-sumU, uriskU, t» 

d i snet (t) .. d i snb (t) =e= d i 53 (t) *2* ((nb (t) +adj) ** (1/2» 
motion(i,t+1) .. x(i,t+1) =e= x(i,t)+yd(i,t)-yr(i,t) 

welfare .. z =e= sum(t,disnb(t» 

Model floodplain /all/ ; 
option doml im = 1000000 ; 
option resl im = 5400 ; 
floodplain. iterlim = 10000000; 

*---------------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a smal I value to the lower bounds so that 
* we can avoid function evaluation errors 

* in the procedures in GAMS. 
*--------------------------------
x.lo(i,t) = 0.0001 ; 
x.up(i,t) = If(i)-O.OOOI 
yd.lo(i,t) =0.0001 
yr.lo(i,t) =0.0001; 

*-----------------------------------
* Attempt to solve the problem. 
*-------------------------------------
Solve floodplain maximizing z using nip 
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Marketable Permits for Development (base) 

$Title Model of Optimal Floodplain Management 
$Ontext 

Ko i ch i ro Mor i 
Model I ing Hydrological. Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 

*---------- ------------
* Set time t. subbasins and urban areas j 

*------------------------------------------
Sets 

t time periods /1990*2020/ 
tfirst(t) first period 
i subbasins /sOl. 502. 505.507. s09, s34, 543, 553, 

569.571,575,583. s85. s89,s90/ 
j urban areas /selby. york/ : 

*-----------------
* The elements in the sets are strings. Thus, 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*----------------------------------

tf i rst (t) = yes$ (ord (t) eq 1) ; 
Display tfirst 
Display t ; 

*----------------------------------
* Set initial values et~ 
*---------------------------------------
Parameters 

If(i) area of floodplains /501 1356.91346. s02 2402.75427, 
s05 204.67004. s07 2447.00171. s096639.46521. 
s34 2451.61496, s43 1257.75186, s53 347.13385. 
s69 1338.21609, s71 3595.16936, s75 1029.10755, 
s83 1119.66767, s85 1149.58292, s89 443.79102, 
590 1632.33813/ 

xO(i) initial state variables /sOl 99.39369, 502 217.13234, 
505 14.38793, s07 155.26437, 509 308.46632, 
s34 51.12944, s43 27.69161, s53 7.97054, 
s69 101. 6242, 571 306.14877. 575 63.81431, 
583 106. 27285, 585 60. 06330, 589 35. 18348. 
590 67.09430/ 

mp(i) marketable permits for development /501 139.79714, 
502 1770.14972, 505 0.0031. 507 348.12915, 
509 1118.3071, s34 57.34874, 543 134.27139, 
s53 0.0031. 5690.0031. 571378.99932, 
575 0.0031, 583 1010.56003, 585 59.79422, 
589 283.6966, 590 0.0031/ ; 
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*------
* Set discount factor and common parameter 
* values in the functions. 
*--------- -----------

Scalars 
adj adjustment factor for uti I ity function /1000000000/ 
disl periodic discount rate /0.05/ 
dis2 discount factor 
fl parameter of FP development benefit function /14030.80048/ 
rl parameter of restoration cost function /19146.37353/ 
dl parameter of development cost function /1914.63735/ 

dis2 = 1/(1+disl) : 

*------------ --------
* Calculate the discount factor in time t. 
*----------------------------

Parameters 
dis3(t) discount factor in time t 

dis3(t) = dis2**(ord(t)-l) 
Display dis3 : 

*-----------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*--------------------------

Scalars 
cOl_l parameter of flood cost function in 27001 /27.17415/ 
c02_1 parameter of flood cost function in 27002 /3.22602/ 
c05 parameter of flood cost function in 27005/137.27578/ 
c07_1 parameter of flood cost function in 27007 /6.43880/ 
c09_1 parameter of flood cost function in 27009 /4.61088/ 
c34 parameter of flood cost function in 27034/15.50372/ 
c43 parameter of flood cost function in 27043 /28.96503/ 
c53_1 parameter of flood cost function in 27053 /1.08513/ 
c69 parameter of flood cost function in 27069 /24.53457/ 
c71_1 parameter of flood cost function in 27071 /4.41719/ 
c75 parameter of flood cost function in 27075 /37.52708/ 
c83 parameter of flood cost function in 27083 /5.28397/ 
c85 parameter of flood cost function in 27085 /7.80344/ 
c89_1 parameter of flood cost function in 27089/20.35564/ 
c90 parameter of flood cost function in 27090 /29.55194/ 
csb_l parameter of flood cost function in Selby /899343.7842/ 
cyk_l parameter of flood cost function in York /8477662.33/ ; 

*----------------------------
* Define control and state variables. 
* Set other necessary variables. 
*----------------------------------------

Variables 
x(i. t) area of developed floodplains 
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yd(i, t) floodplain development 
yr(i, t) floodplain restoration 
nb(t) net benefit 
disnb(t) discounted uti I ity of net benefit 
z objective function 
pro(i, t) benefit of developed floodplains 
rest(i, t) cost of floodplain restoration 
deve(i, t) cost of floodplain development 
risk(i, t) expected cost of flood risk in subbasin 
urisk(j, t) expected cost of flood risk in urban; 

*-----------------------------
* Define equations in the model. 
*------------- ._-- -----------

Equations 
dfp(i, t) benefit function of developed floodplains 
r_cost(i, t) cost function of floodplain restoration 
d_cost(i, t) cost function of floodplain development 
fld_01 (t) expected cost function of flood risk in subbasin 
fld_02(t) expected cost function of flood risk in subbasin 
fld_05(t) expected cost function of flood risk n subbasin 
fld_07(t) expected cost function of flood risk n subbasin 
fld_09(t) expected cost function of flood risk n subbasin 
fld_34(t) expected cost function of flood risk n subbasin 
fld_43(t) expected cost function of flood risk n subbasin 
fld_53(t) expected cost function of flood risk n subbasin 
fld_69(t) expected cost function of flood risk n subbasin 
fld_71 (t) expected cost function of flood risk n subbasin 
fld_75(t) expected cost function of flood risk n subbasin 
fld_83(t) expected cost function of flood risk in subbasin 
fld_85(t) expected cost function of flood risk in subbasin 
fld_89(t) expected cost function of flood risk in subbasin 
fld_90(t) expected cost function of flood risk in subbasin 
ufld_sb(t) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
ini (i, t) provision of intial conditions 
nconst1 (i, t) natural constraints on development 
nconst2(i, t) natural constraints on restoration 
mpconst(i) marketable permits for development 
net(t) net benefit function in time t 
disnet(t) discounted uti I ity function of net benefit in time t 
motion(i, t) equations of motion 
welfare definition of objective function 

dfp(i, t) .. pro(i, t) =e= f1*x(i, t) ; 
r_cost(i,t) .. rest(i,t) =e= r1*yr(i,t) 
d_cost(i, t) .. deve(i, t) =e= d1*yd(i, t) 
fld_01(t) .. riskCsOl',t) =e= cOL1*(xC sOl' ,t)**2) 
fld 02(t) .. riskCs02',t) =e= cOL1*(xCs02',t)**2) 
f I d -05 (t) .. risk C s05' ,t) =e= c05* (x (' s05' , t) **2) ; 
f I d -07 (t) .. risk C s07' ,t) =e= c07 _1 * (x C s07' , t) **2) 
fld-09(t) .. riskCs09',t) =e= c09_1*(xCs09',t)**2) 
f I d=34 (t) .. risk (' s34' ,t) =e= c34* (x C s34' , t) **2) ; 
f I d_ 43 (t) .. risk (' s43' ,t) =e= c43* (x (' s43' , t) **2) ; 
f I d_53 (t) .. risk (' s53' ,t) =e= c53_1 * (x (' s53' , t) **2) 
f I d_69 (t) .. risk C s69' ,t) =e= c69* (x (' s69' , t) **2) ; 
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fld_71(t) .. riskCs71',t) =e= c7U*(xCs71',t)**2) 
fld_7S(t) .. riskCs75',t) =e=c75*(x('s75',t)**2) , 
f I d_83 (t).. risk (' s83' ,t) =e= c83* (x (' s83' , t) **2) ; 
f I d_85 (t) " risk (' s85' ,t) =e= c85* (x (' s85' , t) **2) ; 
f I d_89 (t) .. risk (' s89' ,t) =e= c89_h (x C s89' , t) **2) 
f I d_90 (t) .. risk (' s90' ,t) =e= c90* (x C s90' , t) **2) 
ufld_sb(t) .. uriskCselby',t) =e= csb_1 ; 
uf I d_yk (t).. ur i sk (' york' ,t) =e= cyk_l ; 
ini(i,tfirst) .. x(i,tfirst) =e= xO(i) ; 
nconst I (i , t) .. yd (i ,t) = I = If (i) -x ( i, t) 
nconst2 (i , t) ., yr (i ,t) = I = x ( i, t) ; 
mpconst (i) .. sum (t, yd ( i , t» = I = mp (i) ; 

net (t) .. nb (t) =e= sum (i, pro (i, t» -sum (i, rest (i, t) )-
sum (i , deve (i, t» -sum (i , risk ( i, t» -sum (j, ur i sk (j, t» 

d i snet (t) .. d i snb (t) =e= d i s3 (t) *2* «nb (t) +adj) ** (1/2» 
motion(i,t+I) .. x(i,t+1) =e= x(i,t)+yd(i,t)-yr(i,t) 
welfare .. z =e= sum(t, disnb(t» 

Model floodplain /all/ ; 
oPtion doml im = 1000000 ; 
option resl im = 5400 ; 
floodplain. iter lim = 10000000 : 

*------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a smal I value to the lower bounds so that 
* we can avoid function evaluation errors 
* in the procedures in GAMS. 

*-------------------------------
x. lo(i, t) = 0.0001 : 
x.up(i,t) = If(i)-O.ooOI 
yd.lo(i,t) = 0.0001 
yr.lo(j,t) = 0.0001 ; 

*-----------------_._-_._-------
* Attempt to solve the problem. 

*-------------------------------
Solve floodplain maximizing z using nip 

Marketable Permits/or Developed Floodplains (base) 

STitle Model of Optimal Floodplain Management 
$Ontext 

Koichi ro Mor i 
Modell ing Hydrological, Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 
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'----------------
* Set time t. subbasins i and urban areas j 
*---------------------------------
Sets 

t time periods /1990*2020/ 
tfirst(t) first period 
i subbasins /sOI, 502, s05, 507,509,534,543, 553, 

s69,s71,s75,583,585,s89,s90/ 
j urban areas /selby,york/ ; 

*------------------------------
* The elements in the sets are strings. Thus, 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*--------------------------------------
tfirst(t) = yes$(ord(t) eq 1) ; 
Display tfirst 
Display t : 

*-----------------------------
* Set initial values et~ 
*---------------------------------
Parameters 

If(i) area of floodplains /501 1356.91346, s02 2402.75427, 
505204.67004, s07 2447.00171, 509 6639.46521, 
5342451.61496, 543 1257.75186, 553347.13385, 
s69 1338.21609, 571 3595.16936, 575 1029.10755, 
583 1119.66767, 585 1149.58292, 589443.79102, 
590 1632.33813/ 

xO(i) initial state variables /501 99.39369, 502 217.13234, 
505 14.38793, 507 155.26437, 509 308.46632, 
534 51. 12944, 543 27.69161. 553 7.97054, 
569 101.6242, 571 306.14877, 57563.81431, 
583 106.27285, 585 60.06330, 58935.18348, 
s9067.09430/ 

mp(i) marketable permits for developed floodplains / 
501 236.87, 502 1968.685, 505 0.0002, 
507 493.596, 509 1413.031, s34 104.398, 
543 159.787, 553 0.0002, 56964.37, 
571 670.857, 575 41.688, 583 111~ 574, 
585 111.796, 589 315.874, 590 53.846/ ; 

*----------------------------------
* Set discount factor and common parameter 
* values in the functions. 
*---------------------------------
Scalars 

adj adjustment factor for util ity function /1000000000/ 
disl periodic discount rate /0.05/ 
dis2 discount factor 
fl parameter of FP development benefit function /14030.80048/ 
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rl parameter of restoration cost function /19146.37353/ 
d1 parameter of development cost function /1914.63735/ 

dis2 = 1/(1+dis1) ; 

*---------------------------------
* Calculate the discount factor in time t. 
*-------------------------------------
Parameters 

dis3(t) discount factor in time t 

dis3(t) = dis2**(ord(t)-l) 
Display dis3 ; 

*----------------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*-------------------------------------
Scalars 

c01_1 parameter of flood cost function in 27001 /27.17415/ 
c02_1 parameter of flood cost function in 27002 /3.22602/ 
c05 parameter of flood cost function in 27005 /137.27578/ 
c07_1 parameter of flood cost function in 27007 /6.43880/ 
c09_1 parameter of flood cost function in 27009 /4.61088/ 
c34 parameter of flood cost function in 27034 /15.50372/ 
c43 parameter of flood cost function in 27043 /28.96503/ 
c53_1 parameter of flood cost function in 27053 /1.08513/ 
c69 parameter of flood cost function in 27069 /24.53457/ 
c71_1 parameter of flood cost function in 27071 /4.41719/ 
c75 parameter of flood cost function in 27075 /37.52708/ 
c83 parameter of flood cost function in 27083 /5.28397/ 
c85 parameter of flood cost function in 27085/7.80344/ 
c89_1 parameter of flood cost function in 27089 /20.35564/ 
c90 parameter of flood cost function in 27090 /29.55194/ 
csb_l parameter of flood cost function in Selby /899343.7842/ 
cyk_l parameter of flood cost function in York /8477662.33/ ; 

*----------------------------------------
* Define control and state variables. 
* Set other necessary variables. 
*-------------------------------------
Variables 

x(i, t) area of developed floodplains 
yd(i, t) floodplain development 
yr(i, t) floodplain restoration 
nb(t) net benefit 
disnb(t) discounted util ity of net benefit 
z objective function 
pro(i, t) benefit of developed floodplains 
rest(i,t) cost of floodplain restoration 
deve(i,t) cost of floodplain development 
risk(i, t) expected cost of flood risk in subbasin 
urisk(j, t) expected cost of flood risk in urban; 
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*------------------------------------------------
* Oef i ne equat ions in the mode I. 
*-----------------------------------------

Equations 
dfpCi, t) benefit function of developed floodplains 
r_costCi, t) cost function of floodplain restoration 
d_costCi, t) cost function of floodplain development 
fld_01 Ct) expected cost function of flood risk in subbasin 
fld_02Ct) expected cost function of flood risk in subbasin 
fld_05Ct) expected cost function of flood risk in subbasin 
fld_07Ct) expected cost function of flood risk in subbasin 
fld_09Ct) expected cost function of flood risk in subbasin 
fld_34Ct) expected cost function of flood risk in subbasin 
fld_43Ct) expected cost function of flood risk n subbasin 
fld_53Ct) expected cost function of flood risk n subbasin 
fld_69Ct) expected cost function of flood risk n subbasin 
fld_71 Ct) expected cost function of flood risk n subbasin 
fld_75Ct) expected cost function of flood risk n subbasin 
fld_83Ct) expected cost function of flood risk n subbasin 
fld_85Ct) expected cost function of flood risk n subbasin 
fld_89Ct) expected cost function of flood risk In subbasin 
fld_90Ct) expected cost function of flood risk in subbasin 
ufld_sbCt) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
ini (i, t) provision of intial conditions 
nconst1 (i, t) natural constraints on development 
nconst2(i, t) natural constraints on restoration 
mpconst1 Ci) marketable permits for developed floodplains 
mpconst2(i) marketable permits for developed floodplains 
mpconst3Ci) marketable permits for developed floodplains 
mpconst4(i) marketable permits for developed floodplains 
mpconst5Ci) marketable permits for developed floodplains 
mpconst6Ci) marketable permits for developed floodplains 
mpconst7 C i) marketab I e permi ts for deve loped f I oodp I a i ns 
mpconst8 C i) marketab I e permi ts for deve loped f loodp I a i ns 
mpconst9Ci) marketable permits for developed floodplains 
mpconst10Ci) marketable permits for developed floodplains 
mpconst11 Ci) marketable permits for developed floodplains 
mpconst12Ci) marketable permits for developed floodplains 
mpconst13Ci) marketable permits for developed floodplains 
mpconst14(i) marketable permits for developed floodplains 
mpconst15(i) marketable permits for developed floodplains 
mpconst16(i) marketable permits for developed floodplains 
mpconst17Ci) marketable permits for developed floodplains 
mpconst18Ci) marketable permits for developed floodplains 
mpconst19Ci) marketable permits for developed floodplains 
mpconst20(i) marketable permits for developed floodplains 
mpconst21 (i) marketable permits for developed floodplains 
mpconst22Ci) marketable permits for developed floodplains 
mpconst23Ci) marketable permits for developed floodplains 
mpconst24Ci) marketable permits for developed floodplains 
mpconst25(i) marketable permits for developed floodplains 
mpconst26Ci) marketable permits for developed floodplains 
mpconst27Ci) marketable permits for developed floodplains 
mpconst28Ci) marketable permits for developed floodplains 
mpconst29(i) marketable permits for developed floodplains 
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mpconst30(i) marketable permits for developed floodplains 
net(t) net benefit function in time t 
disnet(t) discounted uti I ity function of net benefit in time t 
motion(i, t) equations of motion 
welfare definition of objective function; 

dfp(j,t) .. pro(i,t) =e= fhx(i,t) ; 
r_cost(i,t) .. rest(i,t) =e= rl*yr(i,t) : 
d_cost(i,t) .. deve(i,t) =e= dl*yd(i,t) : 
f I d_Ol (t).. risk (' sOl' ,t) =e= cOL 1* (x C sOl' , t) **2) 
f I d_02 (t).. risk (' s02' ,t) =e= cOZ_1* (x C s02' , t) **2) 
f I d_05 (t) .. risk (' s05' ,t) =e= c05* (x C s05' , t) **2) : 
f I d_07 (t). risk (' s07' ,t) =e= cOLI * (x C s07' , t) **2) 
f I d_09 (t).. risk (' s09' ,t) =e= c09_1* (x C s09' , t) **2) 
f I d_34 (t) ., risk (' s34' ,t) =e= c34* (x C s34' , t) **Z) ; 
f I d_ 43 (t) .. risk C s43' ,t) =e= c43* (x (' s43' , t) **2) : 
f I d_53 (t) .. risk C s53' ,t) =e= c53_1* (x (' s53' , t) **2) 
f I d_69 (t) .. risk C s69' ,t) =e= c69* (x (' s69' , t) **2) : 
fld_71 (t) .. riskC s71', t) =e= c71_1*(xC s71', t)**Z) 
fld_75(t) .. riskC s75', t) =e= c75*(xC s75', t)**2) ; 
f I d_S3 (t) .. risk C sS3' ,t) =e= cS3* (x (' sS3' , t) **2) : 
f I d_S5 (t) .. risk C sS5' ,t) =e= cS5* (x (' sS5' , t) **2) ; 
f I d_S9 (t) ., risk C sS9' ,t) =e= cS9_1 * (x C sS9' , t) **2) 
f I d_90 (t) .. risk C s90' ,t) =e= c90* (x C s90' , t) **2) 
ufld_sb(t) .. uriskCselby' ,t) =e= csb_l ; 
ufld_yk(t) .. uriskCyork', t) =e= cyk_l ; 
ini (i, tfirst) .. xCi, tfirst) =e= xO(i) : 
nconst 1 (i , t) .. yd ( i ,t) = I = If ( i ) -x ( i, t) 
nconst2 (i , t) .. yr ( i ,t) = I = x (i, t) ; 
mpconstl (i) .. x (i,' 1991') =1= mp(i) 
mpconst2(i) .. x(i,' 1992') =1= mp(i) 
mpconst3(i) .. x(i,' 1993') =1= mp(i) 
mpconst4(i) .. x(i,' 1994') =1= mp(i) 
mpconst5(i) .. x(i,' 1995') =1= mp(i) 
mpconst6(j) .. x(i,' 1996') =1= mp(i) 
mpconst7(i) .. x(i,' 1997') =1= mp(i) 
mpconst8 (i) ., x (i, ' 1995') = I = mp (i) 
mpconst9(i) .. x(i,' 1999') =1= mp(i) 
mpconstl0(i) .. x(i,'2000') =1= rop(i) 
mpconstl1(i) .. x(i,'200l') =1= rop(i) 
mpconstlZ(i) .. xli, '2002') =1= rop(i) 
mpconst 13 (i) .. x (i , ' 2003') = I = rop (i) 
mpconst14(i) .. xli, '2004') =1= rop(i) 
mpconst15(i) .. xli, '2005') =1= mp(i) 
mpconst16(i) .. x(i,'2006') =1= rop(i) 
mpconst 17 (i) .. x ( i , ' 2007') = I = mp ( i) 
mpconstlS(i) .. x(i,'200S') =1= mp(i) 
mpconst19(i) .. x(i,'2009') =1= mp(i) 
mpconst20(i) .. xli, '2010') =1= mp(i) 
mpconst21 (i) .. x ( i, ' 2011') = I = mp (i) 
mpconst2Z(i) .. xli, 'Z012') =1= mp(i) 
mpconst23 (i) .. xli, '2013') =1= mp(i) 
mpconst24 (i) .. xli, '2014') =1= mp(i) 
mpconst25(i) .. x(i,'2015') =1= mp(i) 
mpconst26(i) .. x(i,'2016') =1= mp(i) 
mpconst27 (i) .. xli, '2017') =1= rop(i) 
mpconst2S(i) .. xli, '201S') =1= mp(i) 
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mpconst29 (i).. x (i, ' 2019') =1= "" (j) ; 
mpconst30(i) .. x(i,' 2020') =1= /l1)(i) ; 
net (t) .. nb(t) =e= sum(i, pro(i, t»-sum(i, rest(i, t»-

sum ( i, deve ( i, t» -sum (i, risk ( i, t) ) -sum (j, ur i sk (j, t» 
d i snet (t).. d i snb (t) =e= d i 53 (t) *2* «nb (t) +adj) ** (1/2» 
motion(i,t+l) .. x(i,t+t) =e= x(i,t)+yd(i,t)-yr(i,t) 
welfare .. z =e= sum(t.disnb(t» 

Model floodplain /all/ ; 
option domlim = 1000000 ; 
option resl im = 5400 ; 
floodplain. iterl im = 10000000 

*--------------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a smal I value to the lower bounds so that 
* we can avoid function evaluation errors 
* in the procedures in GAMS. 
*------------------------------------------
x.lo(i,t) =0.0001; 
x.up(i, t) = If(i)-O.OOOI 
yd. 10 (i, t) = 0.0001 
yr.lo(i,t) =0.0001; 

*-----------------------------------
* Attempt to solve the problem. 
*------------------------------
Solve floodplain maximizing z using nip 

Regulation (base) 

$Title Model of Optimal Floodplain Management 
$Ontext 

Ko i ch i ro Mar i 
Model ling Hydrological. Ecological and Economic 
Interactions in River Floodplains 
A Case Study of Ouse Catchment 

$Offtext 

*-------------------------------------------
* Set time t. subbasins i and urban areas j 

*--------------------------------------------

Sets 
t time periods /1990*2020/ 
tfirst(t) first period 
i subbasins /501.502.505.507.509.534.543,553. 

s69, 571. 575. 583. 585. s89, s90/ 
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j urban areas /selby, york/ : 

*----------------------------
* The elements in the sets are strings. Thus, 
* we have to convert the strings into the 
* numbers so that we can use the time t to 
* calculate the discounting factor. 
*---------------------------------
tf i rst (t) = yes$ (ord (t) eq 1) : 
Display tf i rst 
Display t : 

*--------------------------------------
* Set initial values etc. 
*------------------------------------
Parameters 

If(i) area of floodplains /501 1356.91346, 502 2402.75427, 
505 204.67004, 507 2447.00171, s096639.46521, 
534 2451.61496, 543 1257.75186, s53 347.13385, 
s69 1338.21609, 571 3595.16936, s75 1029. 10755, 
s83 1119.66767, 585 1149.58292, 589443.79102, 
s901632.33813/ 

xO(i) initial state variables /501 99.39369, 502 217.13234, 
s05 14.38793, 507 155.26437, s09308.46632, 
534 51. 12944, s43 27.69161, 553 7.97054, 
s69 101.6242, s71 306.14877, s7563.81431, 
583 106.27285, 585 60.06330, s89 35.18348, 
590 67.09430/ 

mp(i) quota on development / 501 137.47631, s02 1751.55266, 
s05 0.0031, 507 338.33163, s091104.56468, 
534 53.26856, s43 132.09539, s53 0.0031, 
s69 0.0031, s71 364.70823, 575 0.0031, 
s83 1009.30115, s85 51.7327, 589 280.69052, 
s900.0031 / 

md(i) duties on restoration / 
sOl 0.0031, 5020.0031, 505 14.38793, 
s07 0.0031, s09 0.0031, s340.0031, 
s43 0.0031, s53 7.97054, s6937.2542, 
571 0.0031, s75 22.12631, s830.005, 
s85 0.0031, 5890.0031, 590 13.2483/ : 

*-------------------------------------
* Set discount factor and common parameter 
* values in the functions. 
*------------------------------------
Scalars adj adjustment factor for uti I ity function /1000000000/ 

disl periodic discount rate /0.05/ 
dis2 discount factor 
fl parameter of FP development benefit function /14030.80048/ 
rl parameter of restoration cost function /19146.37353/ 
dl parameter of development cost function /1914.63735/ 

dis2 = 1/(1+disl) : 
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*----------------------------
* Calculate the discount factor in time t. 
*-------------

Parameters 
dis3(t) discount factor in time t 

dis3(t) = dis2**(ord(t)-t) 
Display dis3 : 

*--------------------------------
* Set parameter values included in 
* the expected cost function of flood risk. 
*-----------------------------------
Scalars 

cOl_l parameter of flood cost function in 27001 /27.17415/ 
c02_1 parameter of flood cost function in 27002 /3.22602/ 
c05 parameter of flood cost function in 27005 /137.27578/ 
c07_1 parameter of flood cost function in 27007 /6.43880/ 
c09_1 parameter of flood cost function in 27009 /4.61088/ 
c34 parameter of flood cost function in 27034/15.50372/ 
c43 parameter of flood cost function in 27043 /28.96503/ 
c53_1 parameter of flood cost function in 27053 /1.08513/ 
c69 parameter of flood cost function in 27069 /24.53457/ 
c71_1 parameter of flood cost function in 27071 /4.41719/ 
c75 parameter of flood cost function in 27075 /37.52708/ 
c83 parameter of flood cost function in 27083 /5.28397/ 
c85 parameter of flood cost function in 27085 /7.80344/ 
c89_1 parameter of flood cost function in 27089 /20.35564/ 
e90 parameter of flood cost function in 27090 /29.55194/ 
csb_l parameter of flood cost function in Selby /899343.7842/ 
cyk_l parameter of flood cost function in York /8477662.33/ 

*-------------------------------------
* Define control and state variables. 
* Set other necessary variables. 
*-----------------------------------
Variables 

xCi, t) area of developed floodplains 
yd(i, t) floodplain development 
yr(i, t) floodplain restoration 
nb(t) net benefit 
disnb(t) discounted uti I ity of net benefit 
z objective function 
pro(i, t) benefit of developed floodplains 
rest(i, t) cost of floodplain restoration 
deve(i, t) cost of floodplain development 
risk(i,t) expected cost of flood risk in subbasin 
urisk(j, t) expected cost of flood risk in urban; 

*------------------------------------
* Define equations in the model. 
*------------------------------------
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Equations 
dfp(i, t) benefit function of developed floodplains 
r_cost(i, t) cost function of floodplain restoration 
d_cost(i, t) cost function of floodplain development 
f I d_01 (t) expected cost funct i on of f I Dod risk in subbas in 
fld_02(t) expected cost function of flood risk in subbasin 
fld_05(t) expected cost function of flood risk in subbasin 
fld_07(t) expected cost function of flood risk in subbasin 
fld_09(t) expected cost function of flood risk in subbasin 
fld_34(t) expected cost function of flood risk in subbasin 
fld_43(t) expected cost function of flood risk in subbasin 
fld_53(t) expected cost function of flood risk in subbasin 
fld_69(t) expected cost function of flood risk in subbasin 
fld_71 (t) expected cost function of flood risk in subbasin 
fld_75(t) expected cost function of flood risk in subbasin 
fld_83(t) expected cost function of flood risk in subbasin 
fld_85(t) expected cost function of flood risk in subbasin 
fld_89(t) expected cost function of flood risk in subbasin 
fld_90(t) expected cost function of flood risk in subbasin 
ufld_sb(t) expected cost function of flood risk in urban 
ufld_yk(t) expected cost function of flood risk in urban 
ini (i, t) provision of intial conditions 
nconst1(i, t) natural constraints on development 
nconst2(i, t) natural constraints on restoration 
mpconst(i) marketable permits 
mdconst(i) marketable duties 
net(t) net benefit function in time t 
disnet(t) discounted uti I ity function of net benefit in time t 
motion(i, t) equations of motion 
welfare definition of objective function 

dfp(i, t) .. pro(i, t) =e= f1*x(i, t) ; 
r_cost(i,t) .. rest(i,t) =e= r1*yr(i,t) 
d_cost(i,t) .. deve(i,t) =e= d1*yd(i,t) 
fld_01 (t) .. riskC sOl', t) =e= cOL1*(xC sOl', t)**2) 
f I d_02 (t).. risk C s02' ,t) =e= cOL 1* (x C s02' , t) **2) 
f I d_05 (t) .. risk C s05' ,t) =e= c05* (x C s05' , t) **2) ; 
f I d_07 (t) .. risk C s07' ,t) =e= cOL 1 * (x (' s07' , t) **2) 
f I d_09 (t).. risk C s09' ,t) =e= c09_1 * (x C s09' , t) **2) 
f I d_34 (t) .. risk C 534' ,t) =e= c34* (x C s34' , t) **2) ; 
f I d_ 43 (t).. risk C s43' ,t) =e= c43* (x C s43' , t) **2) ; 
f I d_53 (t) .. risk C 553' ,t) =e= c53_1 * (x (' s53' , t) **2) 
fld_69(t) .. riskC s69', t) =e= c69*(xCs69' ,t)**2) ; 
fld_71 (t) .. riskCs71',t) =e= c7Ll*(xC 571' ,t)**2) 
fld_75(t) .. riskC 575', t) =e= c75*(xC s75', t)**2) 
f I d_83 (t).. risk C s83' ,t) =e= c83* (x C s83' , t) **2) ; 
f I d_85 (t) .. risk C s85' ,t) =e= c85* (x (' s85' , t) **2) ; 
f I d_89 (t) .. risk C s89' ,t) =e= c89_1 * (x C s89' , t) **2) 
f I d_90 (t).. risk C s90' ,t) =e= c90* (x (' s90' , t) **2) 
ufld_sb(t) .. uriskC selby', t) =e= csb_l ; 
ufld_yk(t) .. uriskCyork', t) =e= cyk_l ; 
ini (i,tfirst) .. x(i,tfirst) =e= xO(i) ; 
nconst 1 (i, t) .. yd (i ,t) = I = If ( i ) -x (i, t) 
nconst2 (i, t) .. yr (i ,t) = I = x (i ,t) ; 
mpconst (i) .. sum (t, yd (i , t» = I = mp (i) ; 
mdconst(i) .. yr(i,'1990') =g= md(i); 
net (t) .. nb (t) =e= sum (i, pro (i, t» -sum (i, rest (i, t»-
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sum(i, deve (i, t) )-sum(i, risk (i, t) )-sum(j, ur isk (j. t)) 
disnet(t) .. disnb(t) =e= dis3(t)*2*((nb(t)+adj)**(1/2)) 
mot i on (i, t+ 1).. x (i, t+ 1) =e= x (i, t) +yd (i, t) -yr (i, t) 
welfare .. z =e= sum(t,disnbtt)) 

Model floodplain /al 1/ ; 
option doml im = 1000000 ; 
option resl im = 5400 ; 
floodplain. iterl im = 10000000 

*------------------------------------------------
* Set the constraints on control and state 
* variables. We should note that we give 
* a sma I I value to the lower bounds so that 
* we can avoid function evaluation errors 
* in the procedures in GAMS. 
*------------------------------------------------

x. lo(i, t) = 0.0001 ; 
x. up(i, t) = If(i)-O.OOOI 
yd. lo(i, t) = 0.0001 
yr.lo(i,t) = 0.0001 ; 

*------------------------------------------------
* Attempt to solve the problem. 
*------------------------------------------------

Solve floodplain maximizing z using nip 
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0-3 Expected Cost Function of Flood Risk in Case 
of the Increase in Precipitation 

27001 

+-----------------------------------------------------------------------+ 

/ Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_Ol Mean= 25092499.81 ,S.D.= 15283509.78 
/ Model size: Observations = 60, Parameters = 2, Deg. Fr. = 58 I 
I Residuals: Sum of squares= .1500852700E+16, Std.Dev.= 5086921.53300 I 
I Fit: R-squared= .891097, Adjusted R-squared = .88922 I 
I Model test: F[ 1. 58J = 474.58, Prob value = .00000/ 
/ Diagnostic: Log-L = -1010.6503, Restricted(b=O) Log-L = -1077. 1692 I 
I LogAmemiyaPrCrt.= 30.917, Akaike Info. Crt.= 33.755 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

/Variable I Coefficient I Standard Error It-ratio /P[/T/>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

30. 04626669 
26152.53996 

1.2756232 
3456.9509 

23.554 .0000 560485.77 
7.565 .0000 253.79385 

27()()2 

27()()S 

+-----------------------------------------------------------------------+ 
/ Ordinary least squares regression Weighting variable = none / 
I Dep. var. = C_02 Mean= 12136406.91 ,S.D.= 7480309.735 / 
/ Model size: Observations = 60, Parameters = 2, Deg. Fr. = 58 J 

/ Residuals: Sum of squares= .3053043200E+15, Std.Dev.= 2294312.00705 I 
/ Fit R-squared= .907521, Adjusted R-squared = .90593 I 
/ Model test F[ 1, 58J = 569.17, Prob value = ,00000 I 
I Diagnostic: Log-L = -962.8759, Restricted(b=O) Log-L = -1034.2992 / 
I LogAmemiyaPrCrt.= 29.325, Akaike Info. Crt. = 32.163 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable / Coefficient / Standard Error It-ratio IP[IT/>tJ I Mean of xl 
~--------+--------------+----------------+--------+---------+----------+ 

4.358000294 
3961. 074429 

.18917254 
612.58020 

23.037 
6.466 

.0000 1962517.3 

. 0000 735. 86611 

+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep var. = C_05 Mean= 2374597.299 ,S. D. = 1280844.151 I 
I Model size: Observations = 60, Parameters = 1, Deg. Fr. = 59 I 
I Residuals: Sum of squares= .2753929044E+14, Std, Dev. = 683203.94807 I 
I Fit: R-squared= .715483, Adjusted R-squared = .71548 / 
I Model test: F[ 1. 59J = 148.37, Prob value = .00000 I 
I Diagnostic: Log-L = -890.7050, Restricted(b=O) Log-L = -928.4139 I 
I LogAmemiyaPrCrt.= 26.886, Akaike Info. Crt. = 29.724 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

/Variable I Coefficient I Standard Error It-ratio IP[ITI>t) I Mean of Xl 
+---------+--------------+----------------+--------+---------+----------+ 

151. 7798415 5.1364119 29.550 .0000 13007.425 



27007 

27009 

2703~ 
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+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Dep var. = C_07 Mean= 25829213.86 . S.D.= 14323356.38 I 
I Model size: Observations = 60. Parameters = 2. Deg. Fr. = 58 I 
I Residuals: Sum of squares= .1815307468E+16, Std. Dev.= 5594497.70969 I 
I Fit: R-squared= .850029. Adjusted R-squared = .84744 I 
I Mode I test: F [1. 58] = 328. 74. Prob va I ue = . 00000 I 
I Diagnostic: Log-L = -1016.3569. Restricted(b=O) Log-L = -1073.2762 I 
I LogAmemiyaPrCrt.= 31.107. Akaike Info. Crt. = 33.945 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SO_X07 8.115190155 .44415905 18.271 .0000 2084693.1 
XS 5240.602168 807.54950 6.490 .0000 1321.3177 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
IOep. var. = C_09 Mean= 129692331.3 . S.D.= 75388077.06 
I Model size: Observations = 60. Parameters = 3. Oeg. Fr.= 57 I 
I Residuals: Sum of squares= . 2558954187E+17. Std. Dev.= 21188188.47825 I 
I Fit: R-squared= .923686. Adjusted R-squared = .92101 I 
I Model test: F( 2. 57] = 344.96. Prob value = .00000 I 
I Diagnostic: Log-L = -1095.1348. RestrictedCb=O) Log-L = -1112.9217 I 
I LogAmemiyaPrCrt.= 33.181. Akaike Info. Crt.= 36.624 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of xl 
+---------+--------------+----------------+--------+---------+----------+ 

4. 906959076 
6816.178755 
8033.708372 

. 22643823 
1887.8918 
2444.2608 

21.670 
3.610 
3. 287 

. 0000 16370091. 

.0006 3588. 9758 

.0017 2589. 8980 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none I 
I Oep. var. = C_34 Mean= 43726755.04 . S.O.= 24135210.59 I 
I Model size: Observations = 60. Parameters = 1. Oeg. Fr.= 59 I 
I Residuals: Sum of squares= .7340879717E+16. Std. Dev. = 11154447.10020 I 
I Fit: R-squared= .786404. Adjusted R-squared = .78640 I 
I Model test: F[ 1. 59] = 217.22. Prob value = .00000 I 
I D i agnost i c: Log-L = -1058. 2730, Restr i cted (b=O) Log-L = -1104. 5830 I 
I LogAmemiyaPrCrt.= 32.471. Akaike Info. Crt.= 35.309 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

16.59264269 .49159088 33.753 .0000 2269018.5 
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27fN3 

+-----------------------------------------------------------------------+ 
I Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_43 Mean= 25607081.20 . S. D.= 11498825.18 
I Model siz~: Observations = 60. Parameters = 1. Deg.Fr. = 59 I 
I R~slduals. Sum of squares= .2206266515E+16. Std. Dev. = 6115091.79864 I 
I Fit. . R-squared= .717187. Adjusted R-squared = .71719 I 
I Mode I test: F[ 1. 59] = 149.62. . Prob va lue = .00000 I 
I Diagnostic. Log-L =. -1022.2083. Restr Icted (b=O) Log-L = -1060.0974 I 
I LogAmemlyaPrCrt.= 31.269. Akaike Info. Crt.= 34.107 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X43 34.94831377 1.0081407 34.666 .0000 648268.17 

27053 

27(}(j9 

+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_53 Mean= 421812.7600 . S. D.= 287146.6070 I 
I Model size: Observations = 60. Parameters = 2. Deg. Fr. = 58 I 
I Residuals: Sum of squares= .7281709573E+12. Std. Dev.= 112047.63129 I 
I Fit: R-squared= .850316. Adjusted R-squared = .84774 I 
I Mode I test: F [1. 58] = 329.48. Prob va lue = .00000 I 
I Diagnostic: Log-L = -781.7200. Restricted(b=O) Log-L = -838.6970 I 
I LogAmemiyaPrCrt.= 23.286. Akaike Info. Crt.= 26.124 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

9.044618811 
868.3780724 

.46834519 
190.08936 

19.312 .0000 32913.926 
4.568 .0000 100.91424 

+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_69 Mean= 17969735.67 . S. D. = 11027903.72 I 
I Model size: Observations = 60. Parameters = 1. Oeg.Fr. = 59 I 
I Residuals: Sum of squares= .1940938810E+16. Std. Dev. = 5735614.00085 I 
I Fit: R-squared= .729496. Adjusted R-squared = .72950 I 
I Model test: F[ 1. 59] = 159.11. Prob value = .00000 I 
I Diagnostic: Log-L = -1018.3644. Restricted(b=O) Log-L = -1057.5885 I 

LogAmemiyaPrCrt.= 31.141. Akaike Info. Crt.= 33.979 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X69 26.48690175 .96842057 27.351 .0000 545723.23 
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27071 

+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none 
I Dep. var. = C_71 Mean= 39718419.90 ,S. D.= 24482883.42 
I Model size: Observations = 60, Parameters = 2, Deg. Fr. = 58 I 
I Residuals: Sum of squares= .2684742564E+16, Std. Dev. = 6803577.36065 I 
I Fit: R-squared= . 924085, Adjusted R-squared = . 92278 I 
, Mode I test: F [1. 58] = 706.02, Prob va lue = .00000 I 
, D I agnost I c: Log-L = -1028.0968, Restr i cted (b=O) Log-L = -1105. 4412 , 
, LogAmemiyaPrCrt.= 31.499. Akaike Info. Crt.= 34.337' 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable ,Coefficient 'Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SO_X71 6.227308270 .27649221 22.523 .0000 4038213.7 
XS 5233.001596 561.28824 9.323.0000 2493.8689 

27075 

27083 

+-----------------------------------------------------------------------+ 

'Ordinary least squares regression Weighting variable = none , 
I Dep. var. = C_75 Mean= 14885759.63 ,S. D. = 9169794.763 I 
I Model size: Observations = 60, Parameters = 1, Deg.Fr. = 59' 
I Residuals: Sum of squares= . 1310904754E+16, Std. Dev.= 4713674.21988 , 
I Fit: R-squared= .735759, Adjusted R-squared = .73576 I 
I Model test: F[ 1, 59] = 164.28, Prob value = .00000 , 
I Diagnostic: Log-L = -1006.5908, Restricted(b=O) Log-L = -1046.5176 I 
, LogAmemiyaPrCrt. = 30.748, Akaike Info. Crt. = 33.586 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
'Variable I Coefficient 'Standard Error It-ratio IP[ITI>t] I Mean of Xl 
+---------+--------------+----------------+--------+---------+----------+ 
SO_X75 40.64391775 1. 4717393 27.616 .0000 296156.24 

+-----------------------------------------------------------------------+ 
'Ordinary least squares regression Weighting variable = none , 
I Dep. var. = C_83 Mean= 3504168.820 ,S. D.= 2164384.433 I 
I Model size: Observations = 60, Parameters = 1, Deg.Fr.= 59 I 
I Residuals: Sum of squares=. 6451137581E+14, Std. Dev. = 1045663.97532 I 
I Fit: R-squared= . 766592. Adjusted R-squared = . 76659 I 
I Mode I test: F [ 1, 59] = 193. 78, Prob va I ue = . 00000 , 
I Diagnostic: Log-L = -916.2419, Restricted(b=O) Log-L = -959.8909 I 
I LogAmemi yaPrCrt. = 27. 737, Aka i ke I nfo. Crt. = 30. 575 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient ,Standard Error It-ratio IP[ITI>t] I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SO_X83 7.631545266 .25909337 29. 455 . 0000 378024. 33 
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27085 

+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_85 Mean= 5283904.399 ,S. D.= 3372330.547 I 
I Model size: Observations = 60, Parameters = I, Deg. Fr. = 59 I 
I Residuals: Sum of sQuares= . 1 537404707E+I 5, Std. Dev. = 1614239.97272 I 
I Fi t: R-sQuared= .770873, Adjusted R-squared = .77087 I 
, Mode I test: F [ 1, 59] = 198.50, Prob va lue = .00000 I 
, Diagnostic: log-l = -942.2946, Restricted(b=O) log-l = -986.4990 I 
I logAmemiyaPrCrt.= 28.605, Akaike Info. Crt.= 31.443 , 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 
SOJ85 10.40179703 .35860336 29.006 .0000 414488.51 

270BIJ 

2701JO 

~----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_89 Mean= 2847261.318 ,S.D.= 1532964.486 , 
I Model size: Observations = 60, Parameters = 2, Deg. Fr.= 58 I 
I Residuals: Sum of squares= .1493707985E+14, Std.Dev.= 507479.91044 I 
, Fit: R-squared= .892267, Adjusted R-squared = .89041 I 
I Model test: F[ 1, 58] = 480.37, Prob value = .00000 I 
, Diagnostic: log-L = -872.3520. Restricted(b=O) Log-l = -939.1949' 
, logAmemiyaPrCrt.= 26.307, Akaike Info. Crt.= 29.145 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient ,Standard Error It-ratio IP[ITI>t] I Mean of X, 
+---------+--------------+----------------+--------+---------+----------+ 

27. 57896201 
463. 5024988 

1.2019151 
48.113464 

22.946 .0000 65359.427 
9.634 .0000 1944.2826 

+-----------------------------------------------------------------------+ 

,Ordinary least squares regression Weighting variable = none , 
, Dep. var. = C_90 Mean= 33967493.46 ,S. D. = 16083601.46 , 
, Model size: Observations = 60, Parameters = 1, Deg. Fr.= 59 , 
I Residuals: Sum of squares= . 4957887225E+16, Std.Oev.= 9166896.24996 I 
, Fi t: R-squared= .675154, Adjusted R-squared = .67515 I 
, Mode I test: F [1. 59) = 122. 62, Prob va lue = . 00000 , 
I Diagnostic: log-l = -1046.4987. Restricted(b=O) Log-L = -1080.2307 I 

LogAmemiyaPrCrt. = 32.079, Akaike Info. Crt. = 34.917 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

'Variable I Coefficient I Standard Error It-ratio IP[ITI>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

SQ_X90 32. 55725064 1.0582777 30. 764 . 0000 891152. 11 
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+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep. var. = C_SELBY Mean= 2330466.429 ,S. D. = 343628.1044 I 
I Model size: Observations = 60, Parameters = 2, Deg. Fr.= 58 I 
I Residuals: Sum of squares= .3334157137E+13, Std. Dev. = 239761.27269 I 
I Fit: R-squared= .521418, Adjusted R-squared = .51317 I 
I Model test: F[ 1. 58J = 63.19. Prob value = .00000 I 
I Diagnostic: Log-L = -827.3632. Restricted(b=O) Log-L = -849.4710 I 
I LogAmemiyaPrCrt. = 24.808. Akaike Info. Crt.= 27.645 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 

IVariable I Coefficient I Standard Error It-ratio IP[ITI>tJ I Mean of XI 
+---------+--------------+----------------+--------+---------+----------+ 

Constant 1665552.340 
XS 47. 74673062 

89187.903 
6.0064123 

18.675 .0000 
7.949 .0000 13925.856 

+-----------------------------------------------------------------------+ 

I Ordinary least squares regression Weighting variable = none I 
I Dep var. = C_ YORK Mean= 14707246.01 . S. D. = 1551439. 865 I 
I Model size: Observations = 60. Parameters = 2. Deg. Fr.= 58 I 
I Residuals: Sum of squares= .6164201671E+14. Std.Dev.= 1030918.71242 I 
I Fit: R-squared= .565935. Adjusted R-squared = .55845 I 
I Model test: F[ I. 58J = 75.62. Prob value = .00000 I 
I Diagnostic: Log-L = -914.8769. Restricted(b=O) Log-L = -939.9137 I 
I LogAmemiyaPrCrt.= 27.725. Akaike Info. Crt.= 30.563 I 
+-----------------------------------------------------------------------+ 
+---------+--------------+----------------+--------+---------+----------+ 
IVariable I Coefficient I Standard Error It-ratio IP[ITI>t] I Mean of Xl 
+---------+--------------+----------------+--------+---------+----------+ 

Constant 11661443. 10 
XS 259.0927084 

374687.20 
29. 794455 

31.123 
8. 696 

.0000 

.0000 11755. 649 
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