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Abstract 

Conjunctive operational control of improved ESB dams on the Lee with a tidal barrier (similar 

to the Lagan Weir and tidal barrier in Belfast1), at any of four possible locations (See figure 

47): 

  

 1. Tivoli, with larger low-head tidal pumps (similar to those in use at the  Singapore 

Marina Barrage2),  

 2. Blackrock, with smaller low-head tidal pumps,  

 3. The Jack Lynch Tunnel, or  

 4. Lough Mahon exit with no pumps, 

  

are realistic and viable alternatives to the OPW’s ‘14.5km of embankments, walls, walls with 

gaps and demountables, and groundwater pumps’ scheme, offering the prospect of 

 

 1.  Saving half the cost of the OPW scheme,  

 2. Protecting a much greater area of the city from fluvial, tidal and  groundwater 

flooding,   

 3.  Avoiding the conversion of the Central Island into a building site for the 

 second time in a generation,  

 4. Conserving the character of the eight hundred year old port city with its  open quays 

built on a marsh, 

 5. Enhancing the amenity and environmental quality of the urban waters of the  Lee 

by actively controlling water level within the City, for example, to  facilitate passage under 

bridges and landing from pleasure boats, to cover  anoxic mudflats at low Spring tides as in 

Belfast, or to exclude sea-water and  tide entirely, as in Singapore, where a constant level is 

maintained for all  kinds of recreational activities such as boating, windsurfing, kayaking 

and  dragon boating, on a coastal freshwater-supply and flood-control reservoir. 

Imaginative urban planning of this quality for the State's second City is  impossible 

with the OPW scheme.  
 

The evidence presented in this paper challenging the OPW scheme comes from a quantitative 

and fully automatic, conjunctive control and simulation system, CC-SS-Lee, composed for the 

operation of the Lee Dams and a tidal barrier.  

 

 

1. INTRODUCTION 

 

In many "common law countries … hydro-generating dam owners [such as the ESB] do not 

owe a duty of care to prevent flooding downstream, over and above the natural flood 

                                                        
1 https://en.wikipedia.org/wiki/Lagan_Weir 

2 https://en.wikipedia.org/wiki/Marina_Barrage 
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attenuating effect of the dams”3, appealing to the doctrine of "don’t worsen nature". ‘Nature is 

not worsened’ when the discharge rate from the dams is always less than the inflow rate on the 

rising limb of a flood, thereby attenuating the flood peak by ~20% in the case of the two ESB 

Dams on the Lee. Consequently, the ESB can declare (erroneously) in an infographic4 on its 

website that its Lee Dams are good for small floods but not for big ones, such as the flood of 

November 19 and 20 2009 that inundated almost the entire Central Island of Cork. See figure 

1.  

 

The OPW’s ‘embankments and walls’ scheme for protecting Cork is a logical consequence of 

these propositions. Since July of this year they no longer carry legal weight; there is now an 

opportunity for OPW and ESB to change to a much better, realistic and viable solution for 

protecting Cork from floods: improvements to the Lee dams and the Lee Fields, a conjunctive 

control system that attenuates ~70% of a flood peak, no embankments and walls in Cork city, 

and a tidal barrier downriver.  

 

In a land-mark majority judgment on 13 July 2020 the Irish Supreme Court [Record No. 70/18] 

ruled that the  

"the law imposes a duty to confer a benefit (in this case the benefit which would be 

caused to downstream landowners and occupiers by ESB managing the dams in a way 

which would give rise to less flooding than would have occurred if the dams were not 

there)".  

Furthermore, the Court found the ESB was negligent during the Lee flood of November 2009 

in not  

"manag[ing] the dams, in at least some circumstances, in a manner designed to improve 

conditions downstream".  

 

The degree to which the ESB must now provide flood-protection downstream "in at least some 

circumstances" is not resolved in the judgment, but it will require a root-and-branch revision 

of the ESB’s Lee Regulations for the operation of the Lee dams. See figures 2 and 3. When 

flood-protection has priority over hydropower, when floods are likely, a flood-attenuation of 

~70% is possible, with complete protection of Cork during a repetition of the November 2009 

river flood without the OPW scheme.  Flooding from the sea must then be addressed with a 

tidal barrier operated conjunctively with the ESB Dams. 

 

 

2. NEW ESB LEE REGULATIONS – THE NEED FOR AN EX ANTE FLOOD 

CONTROL TARGET5 

 

The ESB Lee Regulations for the operation of the Lee Dams contain no strategic ex ante targets 

for flood-control in Cork city. The Hydroelectricity Acts do not require it. Consequently, for 

                                                        
3 Quotations in double inverted commas are taken from the three-page summary on the Irish Courts website: THE 

SUPREME COURT. UNIVERSITY COLLEGE CORK – NATIONAL UNIVERSITY OF IRELAND PLAINTIFF/APPELLANT AND THE 

ELECTRICITY SUPPLY BOARD DEFENDANT/RESPONDENT. SUMMARY OF ISSUES AND JUDGMENTS. 2020 IESC 38. 3 pages. 

https://www.courts.ie/acc/alfresco/8b7fd10a-16e3-40c2-98a3-

1e0dc8242593/2020_IESC_38%20Summary%20of%20Issues%20and%20Judgments.pdf/pdf . Single inverted commas are 

for emphasis, not quotation. 

 
4 https://www.esb.ie/docs/default-source/education-hub/river-lee-information 
5  This will not be welcomed by the ESB, since it implies flood liability.  
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the ESB, flood alleviation is an inadvertent side effect of hydropower generation, an accidental 

and unintended collateral benefit. Following every major flood event, the ESB carries out an 

ex post evaluation, which concludes: Had the dams not been present, the flood would have 

been worse.  

 

With no ex ante targets, there is no need for accurate and precise forecasting of river flows 

above and below the dams (not even one-hour ahead forecasts at present), no need to measure 

the soil-hydro-meteorology of the Lee catchment and its tributaries, and no need for forecasts 

of flood peaks or tidal surge in the City several days in advance. The very modest demands of 

ex post evaluation set 'no-need-to-know' limits to monitoring, data collection, and quality 

assurance, allowing the ESB to claim its systems are, after seventy years of use, fit-for-purpose 

and compliant with the law.  The Court of Appeal agreed; but the Supreme Court found 

otherwise. 

 

An ex ante flood-control target of 350m3/s would not flood the City. The CC-SS-Lee software 

system shows that 350m3/s is a viable and realistic target that could be implemented 

immediately to protect the city from the river without the OPW scheme and without an 

elaborate forecasting system.  However, as forecasting is developed and tested we envision the 

ex ante flood control target varying with time. The results in this paper show that an ex ante 

target well below 350m3/s is possible and realistic. 

 

The OPW's design flow for its scheme to wall-in the Central Island and North and South 

Channels is 550m3/s because it mimics the highly inefficient ESB Lee Regulations in its 

simulations of the operation of the dams. The probable culprit is the doctrine of "don't 

worsen nature" constraining the discharge rate from the dams to be always less than the 

inflow rate on the rising limb of a flood. The CC-SS-Lee software system does not follow this 

doctrine. The gain in efficiency is very big, from 20% to 70% attenuation of flood peaks as 

they pass through the cascade of dams, when they are controlled with the "one-hour-ahead 

clipped conjunctive Space Rule".  

 

There is a second constraint on the ex ante flood-control target. When the proposed tidal 

barrier is closed during a tidal surge, river water accumulates behind the barrier. The storage 

behind the barrier and the capacity of tidal pumps to dewater the upstream storage, must be 

greater than the target, otherwise the city is flooded. The CC-SS-Lee system facilitates the 

calculation of the minimum additional pumping rate required, a lower bound on the required 

size of pumping station. The smaller the ex ante flood control target, the smaller the required 

size of pumping station.  The hourly releases from each reservoir calculated by CC-SS-Lee 

ensure that water levels in the reservoirs remain within the combined ESB TTOL (target top 

operating level) and flood-pool6 ranges during given floods (design mode) or uncertain forecast 

floods (operational mode).  

                                                        
6 The ESB does not use the concept of flood-pool, even though "anti-flooding storage space" (words used by the Court 

of Appeal in its judgment) above the sill of the auxiliary side-weir and spillway at Carrigadrohid is on permanently 

empty stand-bye for the 1/10,000-year super-flood. This is called the 'doomsday flood-pool reserve' in this paper. The 

CC-SS-Lee system shows that the doomsday reserve is counter-productive for all floods up to and including the super 

flood, when clipped conjunctive targeted flood control is applied to the Lee. The only reason for the 'side-weir, spillway 

and doomsday reserve' is to cover the possibility of two hydraulic gates in the ground sluices jamming in the closed 

position when the super-flood arrives. The ESB has a self-reported exemplary record in maintaining hydraulic gates: 

there has never been a jammed gate across all its dams, since they began operation. This is a frequency of less than 

once in 4,000-years of gate operation. The probability of two gates jamming is then less than once in 16,000,000-years 

of operation, if failures are 'independent events'.  In any case, fusegates on the crest of the spillway are a much better 

solution and double the full-storage capacity of Carrigadrohid, the largest dam, returning it to its pre-1990 capacity. 
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In operational mode the CC-SS-Lee system requires 

  

1.  an ex ante flood-control target at the location of the tidal barrier; the default value is 

350m3/s, pending the availability of forecasts several days in advance, 

2.  a one-hour ahead forecast of all inflows to the Lee above and below the dams, 

3.  a twelve-hour-ahead forecast of tidal surge in Cork Harbour, and 

4. accurate (minimal bias) and precise (minimal variance) real-time hourly measurements of 

the volume of water stored behind each dam, and their inflow7 and discharge rates.  

 

 

3. THE THEORY OF FLOOD CONTROL USING A CASCADE OF RESERVOIRS  

 

Figures 4, 5 and 6 present the logical structure of the conjunctive control and simulation system, 

CC-SS-Lee, for the dams on the Lee. CC-SS-Lee iterates hour after hour between 

  

 1. updating the hourly water balances on each reservoir, and  

 2. calculating the releases from each reservoir during the following hour,  starting 

from given initial8 water levels (volumes) in each dam.  

 

A conjunctive mathematical operator, the primary system controller, calculates the hourly 

releases of water from each of the three dams. The operator depends on 

  

1. the water content of each dam at the start of each hour,  

2. the volume of water flowing into the dams in all tributaries during the next hour,  

3. the designated flood-pools defined by their ceiling (maximum) and floor (minimum) 

volumes,  

4. and the master variable, the ex ante target flood-control flow e at the exit of the 

cascade. In design mode the target e is a constant; but in operational mode the target e 

could vary with evolving forecasts of the next flood. When there is no forecast it reverts 

to its default value of 350 m3/s for 'no-flood-in-the-city'.  

 

Figure 6 shows the secondary flood-control target s(t) = e - d(t) ≥ 0  for the final reservoir in 

the cascade, Inniscarra Dam, where d(t) is the sum of all tributary inflows between the dam 

and the particular location of the tidal barrier. This ensures that Inniscarra actively throttles its 

releases to meet the target e at the barrier when it can9.  

 

                                                        

 
7 The ESB calculates the hourly inflow rates to each dam as the difference in water volume one hour apart plus the 

discharge through sluices and turbines during that hour.  It is called the method of reverse routing. It violates a principle 

of the theory of measurement: never estimate a quantity as the difference between two large uncertain numbers, the 

volumes. The result will be corrupted with 'noise'. The inflow between the two dams during the flood of November 19 

and 20 2009 appears to be entirely 'noise'. 
 
8 In this paper the initial contents of the two ESB dams are set at the top of the range the ESB calls the 'target top operating 

level', the TTOL. The initial contents of Dromcara is always zero since no volume-water level relationship is available. 
 
9 When d(t)≥e Inniscarra ceases to manage the flood peak downstream. Explicit inclusion of the washlands of the Lee 

Fields as the final reservoir in the cascade, or providing storage on the tributaries, can overcome this limitation. 
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The releases must be clipped to ensure that all significant constraints are satisfied at the end of 

the current hour in the hour-by-hour simulation. In particular, releases must not over-top the 

ceiling of a flood-pool, or 'under-bot' its floor.  

 

We distinguish between the target flow from the cascade and the actual flow. When there are 

no tributary inflows the target flood-control flow will always try to empty the designated flood-

pools in the cascade with all releases tending to zero. The lower the target, the slower the 

cascade empties, and the longer it takes.  

 

In contrast, the tradition of Arterial Drainage would rush the flood through the cascade in as 

short a time as possible, with a big peak flow e.g. 550m3/s in the OPW design for Cork. The 

objective of the CC-SS-Lee system is the opposite of Arterial Drainage: to slow the flow, to 

attenuate the peak to a value so low e.g. ≤350 m3/s that no structural measures such as 

embankments or walls are required for flood-protection of the City at a pre-chosen level of 

risk.  This is a realistic and viable goal for the Lee and Cork city.  

 

Figure 7 presents the mathematical theory in its simplest form, for one reservoir. There are two 

optimisation problems, mirror images of each other, in design mode, called problems P1 and 

P2. 

 

Problem P1: one decision variable e 

 

given a flood-magnification factor f≥1 applied to the inflow time series  

 

    f*b(t), t=0,1,2, ...  

  

given the capacity Y(t) of the reservoir flood-pool  

 

   Ymax ≤ Y(t) ≤ Ymin, 

 

given the initial volume Y(0) in store at time 0, 

 

  minimise the ex ante target flood-control flow e out of the reservoir,  

 

while not over-topping or under-botting the flood-pool in the interlocking water balance 

equations 

  

   Y(t+1)=Y(t)+f*b(t)-e   t=0,1,2, ... .  

 

We may call the minimum e"(f) the reliable10 target flow for flood-control. It is 'reliable' 

because any smaller value of e<e" will over-top the flood-pool Ymax.   

Problem P2: one decision variable f  

 

given an ex ante target flood-control flow e,  

given an inflow time series  f*b(t), t=0,1,2 ... ,  

given the capacity of the reservoir flood-pool [Ymax, Ymin],  

given the initial volume Y(0) at time 0, 

                                                        
10 As in the concept of 'reliable yield' in the design of water-supply reservoirs.  
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   maximise the flood magnification factor f, 

  

while not over-topping or under-botting the flood-pool in the interlocking water balance 

equations for Y(t).  

 

We may call the maximum f"(e) the safe flood-magnification factor. It is 'safe' because any 

larger value of f will over-top (or under-bot) the flood-pool.11 

 

In the space of (e ,f) pairs, the optimal sub-set (e", f") forms a curve. See figure 36 for an 

example. Problems P1 and P2 are dual to each other, solving one, solves the other, and applies 

to a cascade (or network) with any number of reservoirs. 

 

The intermediate releases in a cascade of two or more reservoirs 

 

Figure 8 shows how to set up and solve for one intermediate flow r between two reservoirs 

using the Space Rule.  

 

The Space Rule for two reservoirs in series12:  

 

the release rate r should make the ratios of the void spaces VY(t+1)=Ymax-Y(t+1) and 

VX(t+1) = Xmax - X(t+1) at the end of each hour equal to the ratio of the expected 

tributary inflows to each reservoir Eb/Ea.   

 

Taking the expected inflows to be the inflows in the next hour frequently makes the flood-

pools in both reservoirs max-out simultaneously, especially for (e", f") pairs, a very desirable 

property. 

 

Figure 9 applies the Space Rule to two intermediate releases t and r in a cascade of three 

reservoirs. The solution is given in matrix form in figure 10 and provides a route to the general 

solution for any number of reservoirs in series. 

 

All releases calculated from the Space Rule must be clipped to satisfy necessary physical 

constraints. Figures 11 and 12 present clippings for Carrigadrohid the most complicated of the 

three reservoirs because of the auxiliary side-weir and spillway and the doomsday flood-

storage reserve above the sill of the side-weir. 

 

 

4. FIRST EXAMPLE – SMOOTH INFLOWS 

 

Figure 13 presents part of the dashboard for CC-SS-Lee. The yellow box contains reference 

data on the geometry of the dams, which may be copied and pasted (as values) into the grey 

                                                        
11 There are many techniques for solving this pair of mathematical problems: Rippl graphical analysis, Sequent Peak 

algorithm, Linear Programming, Dynamic Programming, 1-D and 2-D interval halving, and 'split screen', 'fill down', and 'goal 

seek' on an Excel spreadsheet. 

 
12 The Space Rule for large reservoirs in parallel is credited to Loren A. Shoemaker, Ralph M. Peterson, and William B. 

Shaw of the Harvard Water Program in A. Maass et al. "Design of Water Resource Systems - New Techniques for 

Relating Economic Objectives, Engineering Analysis, and Governmental Planning" Harvard University Press, 

Cambridge, Mass. 1966. Page 448. The extension (in this paper) of the Space Rule to smaller reservoirs in a cascade 

was suggested by the Equivalence Theorem for reservoirs in series and parallel in James C.I. Dooge and J. Philip O'Kane 

"Deterministic Methods in Systems Hydrology" A.A. Balkema, Lisse. 2003.  Page 13. 
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boxes with red numbers, setting up the simulation run. The side-weir has been replaced with 

fusegates removing the doomsday reserve limitation. There is no spillway. Water level is 

permitted to rise to 'Max WL level' doubling the storage at Carrigadrohid and restoring its pre-

1990 capacity of 31 million cubic metres. Dromcarra is included giving a total flood-pool 

capacity of 65 million cubic metres. The initial conditions are the top of the ESB's TTOL range. 

 

The clipped matrix operator delivers reservoir releases hour by hour. The white boxes contain 

results. Figures 14 to 22 present smooth graphs of all quantities of interest for the (e"=350 

m3/s, f"=1.1601) pair solving problems P1 and P2. They were found with an interval-halving 

search. The yellow overlay on the plots from hours 73 to 121 shows the 48 hours of November 

19 and 20 2009.  Figure 23 checks the global water balances. 

 

The ESB data at the dams have not been used in this example since they are corrupted with 

noise. The only smooth data available from the November 2009 flood are at Dromcara13 on 

the Lee above the dams, and at Ovens on the southern Bride tributary below the dams. These 

flows have been extrapolated spatially to other locations using catchment area and by matching 

the total ESB inflow to the dams - a method of removing the noise (see figure 15), the scale of 

which may be seen in the next example. Unfortunately the return period (the conventional 

measure of level of risk), of the flood amplification factor f"=1.1601 acting on these smooth 

data is not known. 

 

When the river flow data are smooth, the clipped conjunctive matrix operator is also smooth 

and the reservoirs max-out together. The discharge from Inniscarra is throttled back during the 

flood to level the peak in the uncontrolled tributaries between the dam and Tivoli/Blackrock.  

 

The Space Rule for the conjunctive operation of the Lee Dams should be incorporated 

immediately into the ESB's Lee Regulations, significantly improving their performance 

protecting Cork.  A perpetual flood-control target of e=350m3/s would not over-top the 

allocated flood-pools and would protect Cork without the OPW scheme; but at what level of 

risk?  That's the next example. 

 

 

5. SECOND EXAMPLE – NOISY ESB INFLOWS   

 

Figures 24 to 31 report the results of a simulation where the top of the flood-pool at 

Carrigadrohid coincides with the sill of the auxiliary side-weir, whereas at Inniscarra the 

flood-pool reaches to the 'Max FL level'. The reservoir at Dromcara adds 11 million cubic 

metres bringing the total flood-pool to 56 million cubic metres. The initial conditions are the 

top of the ESB's TTOL range. River flow data have been extrapolated spatially using the 

relative catchment area of tributaries below the dam.  

 

Figure 27 shows that the clipped conjunctive operator based on the Space Rule is very sensitive 

to noisy river flow data. Many filters were tried to remove the noise14, but none proved 

satisfactory. The method in the first example is currently the 'best'. 

                                                        
13 No correction has been made for the obvious over-topping of the water-level gauge at Dromcarra. 

 
14 There is a large negative correlation at lag 1 in the auto-correlogram.  A deeper enquiry is required into the ESB's 

instrumentation and the physical structure of the resulting 'signal plus noise'.  New systems that measure in real-time 

the inflows into all the dams and the Lee Fields, and the major tributaries down-river as far as  Lough Mahon, are a 

fundamental requirement. 
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The solution to Problems P1 and P2 using the noisy ESB data is found to be the pair 

(e"=350m3/s, f"=1.1843). The 1.1843 safe magnification of the November 2009 flood has a 

return period of 1/220-OPW-years, or 1/821-ESB-years, far above the nominal OPW design 

goal of 1/100-years. OPW and ESB have published in the grey literature very different flood-

frequency relationships for inflows into Carrigadrohid. The resolution of this contradiction is 

important. See figures 32 to 34 for details. 

 

Figures 35 and 36 present complete solutions to problems P1 and P2 for the November 2009 

flood on the Lee for various improvements to the Lee Dams under the control of a one-hour 

ahead clipped conjunctive Space Rule.  

 

CC-SS-Lee also indicates that the OPW Scheme is massively over-designed. The (e"=550m3/s, 

f"=1.6888) pair shows that a 1/10,000-year flood would not over-top either the crests of the 

dams or the OPW-scheme, under clipped conjunctive control of the dams using the Space Rule. 

 

Both examples support the claim made here that the one-hour-ahead Space Rule in CC-SS-Lee 

can deliver a flood-control target of 350m3/s through Cork without over-topping the given 

flood-pools, and without the OPW Scheme. 

 

 
6. THE TIDAL BARRIER WITH PUMPS  

 

The volume of storage available behind the closed tidal barrier determines the minimum 

capacity of tidal pumps, which would ensure the city would not be flooded during closure. The 

OPW Supplementary Report on Tidal Barriers gives relevant levels as -0.75m to 2.4m (OD 

Malin Head) from which the storage volume can be estimated between barrier locations and 

the Waterworks Weir. These volumes when divided by the duration of closure (8.5 hours) give 

the maximum target flow rates that can be accommodated, filling the storage behind the closed 

barrier. If the target flood-control flow e" at the barrier is less than this, no pumps are required, 

and on the contrary, when there is a shortfall, pumps make up the difference.  

 

An e" of 350m3/s requires supplementary tidal pumping at Tivoli and Blackrock of 269m3/s 

and 227m3/s respectively, comparable to the pumping capacity at the Singapore Marina 

Barrage (See figures 51, 52 and 53). But these pump capacities can be reduced substantially. 

Figures 37 to 46 present preliminary results for the four possible locations of a tidal barrier 

with alternative improvements to the dams and storage on the washlands of the Lee Fields. 

Further comparative analysis (See figure 54) may be required before making a design decision 

in favour of a barrage at Tivoli (See figures 48 to 50), or at a location between Tivoli and 

Blackrock. 

 

 
7. CONCLUSION  

 

Conjunctive operational control of improved ESB dams on the Lee, with a tidal barrier at any 

of four possible locations (See figure 44), are realistic and viable alternatives to the OPW’s 

‘14.5km of embankments, walls, walls with gaps and demountables, and groundwater pumps’ 

scheme. 
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The evidence presented in this paper, challenging the OPW scheme, comes from a quantitative 

and fully automatic, conjunctive control and simulation system, CC-SS-Lee, composed for the 

operation of the Lee Dams and a tidal barrier.  
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flood-pool	void-spaces	VX,	VY	-	an	hour	apart;	

inflows	per	hour:	f*a(t),	f*b(t)	&	releases	per	hour:	r(t),	e	
expected	inflows	per	hour	(Ea,	Eb).		
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Cascade	of	three	reservoirs	
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The	conjuncYve	operator	is	a	matrix	operator	

Det	

Three	reservoirs	

SoluYon	
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e	)	

Insert	fs	



Clippings	

Lower	bounds:			 	 	 	 	 	r’	=	max(	0,	r),	…	

Hydraulic-head	upper-bound:	 	r’	=	min(	r,	rmax(X1)),	…	
One	ground	sluice-gate	jammed	closed:																	rmax(X1)*2/3	

Uncontrolled	side-weir	discharge	at	Carrigadrohid																				 	 	
	Q	=	Q(X1)		 	 	 	 	 	 	 	 	 	 	 		

	r	must	include	Q	
													r’	=	Q	+	max(0,	r	–	Q)	

max(0,	r	-	Q)	is	the	discharge	through	the	ground	sluices	
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Clippings	

OT.X	clip	:	over-topping	the	flood-pool	ceiling	Xmax	
OT	= max(0, X1+(a+t’-r’)–Xmax)	

UB.X	clip	:	under-bovng	the	flood-pool	floor	Xmin	
UB	=	min	(0,		X1	+	(a+t’-r’)	–	Xmin)	

OTUB.X	clip	ensures	Xmin	≤	X2	≤	Xmax	

X2 = X1 + (a+t'-r') – OT – UB	
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First	example	–	sevng	the	switches	of	CC-SS-Lee	
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f=1.1601	Ymes	Dromcarra	smooth	flow		
for	ten	days	in	November	2009	

m3/s	

hours	



Filtering	noise	
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Tributaries	between	Inniscarra	and	Tivoli	
f=1.1601	Smes	Bride	(Ovens)	tributary	

m3/s	

hours	
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Clipped	conjuncYve	releases	for	a	flood-
control	target	at	Tivoli	of	e	=	350m3/s	

m3/s	

hours	



Reliable	(=smallest	feasible)	flood-control	
target	at	Tivoli	is	e”=350m3/s,	f”=1.1601	
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Flood	pools	max	out	together	
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Turning	points	in	total	flood-pool	storage	
when	total	inflow	equals	discharge	

m3/s	

hours	



Flood-pool	water	levels	at	dams	maxed	out.	
Dromcara	(not	shown)	&	Carrigadrohid	bowom	out.	
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Rate	of	drawdown	m/hr	
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Global	water	balances	
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SoluYon	to	problems	P1	and	P2:	conjuncYve	control	of	cascade	

Safe	flood	(largest	feasible	magnificaYon)	f”=1.1601; 		
Reliable	flood-control	target	(smallest	feasible	flow)	e”=	350m3/s	



Second	example:	The	side-weir/spillway	&	the	doomsday	
reserve	at	Carrigadrohid,	Dromcara	-	ESB	data	from	dams	

O'Kane	IHP/ICID	paper	Nov	2020.						Figure			24	



Inflows	to	the	dams	f=1.1843	
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m3/s	

hours	



Tributaries	between		
Inniscarra	and	Tivoli	f=1.1843	
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Clipped	conjuncYve	releases	for	a	flood-
control	target	at	Tivoli	of	e=350	m3/s	

m3/s	

hours	



Reliable	(smallest	feasible)	flood-
control	target	at	Tivoli	of	e”=350m3/s	
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Flood	pool	at	Carrigadrohid	maxed	out	
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Turning	points	in	total	flood-pool	storage	
when	total	inflow	equals	discharge	

m3/s	

hours	



Global	water	balances	
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Solu'on	to	problems	P1	and	P2:	conjuncYve	control	of	cascade	

Safe	flood	(largest	feasible)	f”=1.1843	Ymes	reference	flood	Nov	2009;

Reliable	flood-control	target	(smallest	feasible)	e”=	350m3/s	



Flood	with	f=1.1843	
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OPW	Lower	Lee	(Cork	City)	Drainage	Scheme		
(Flood	Relief	Scheme)	
Hydrology	Report	230436-00	March	2017	ARUP	JBA	
SecYon	8.2	page	37.		 	 	Lower_Lee_FRS.pdf	

Lee	Flood	of	November	2009	
Preliminary	Report	
Environment	Group	
PA-449-R23-013	ESBI	Engineering.	 		
Pages	24	and	25.	
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Log	to	base	ten		
of	the	return	period		
in	years	

100	
years	

f=1.0914	
752	m3/s	

f=1	
689	m3/s	

47	
years	

235	
years	

34	

Peak	inflow	m3/s	at	Carrigadrohid		
versus	return	period	in	(log10	years)	

452	
years	

Carrigadrohid	OPW	

Carrigadrohid	ESB	

Intermediate	ESB	
between	the	dams		

1/10,000-year	flood	
f=1.6888	1,164m3/s	ESB	
f=1.7939	1,236m3/s	OPW	
ESB	‘legal’	value	1,250m3/s		

	 	‘nolumus	mutari’	



(reliable	e’’,	safe	f”)	boundary	lines		
solving	P1	&	P2	for	the	Nov	2009	flood	on	the	Lee	
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(reliable	e’’,	safe	f”)	boundary	lines		
solving	P1	&	P2	for	the	Nov	2009	flood	on	the	Lee	

e	[m3/s]	

f	

P1:	min	e			
given	f	

P2:	max	f			
given	e	

flood	pools	not	exceeded	

City	flooded:	e>350m3/s	

flood	pools	exceeded		

f=1.0914	
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Tidal	barrier	with	pumps,	instead	of	‘14.5	km	of	walls,	
walls	with	gaps	&	demountables	&	groundwater	pumps’	

O'Kane	IHP/ICID	paper	Nov	2020.						Figure			37	

(Least)	

e”	=	
f”	=	1.1843,	flood	frequency	of	1/220-yr	[OPW],	1/820-yr	[ESB]		



‘Flood-control	targets’	below	the	dams	
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The	cropped,	conjuncYve,	matrix	operator		
delivers	target	flood-control	flows	below	the	dams.		
The	smallest	feasible	target	flow	e”		is	‘reliable’.	

Target	river	flows	e<350m3/s	do	not	flood	the	city.	

OPW	design	peak	of	550m3/s	has	the	f”	of	a	1/10,000-year	flood	
⇒ 	???	‘14.5km	of	embankments,	walls,	walls	with	gaps	&	

	demountables,	and	groundwater	pumps’,	
	to	rush	the	flood	to	the	sea	through	the		North	and	South	Channels.	



Smallest	target	flow	e”	for	f”=1.0914			
‘at’	Tivoli	and	Blackrock		
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exact	=	at	least	one	flood	pool	maxed	out	



Smallest	target	flow	e”	for	f”=1.0914			
‘at’	the	Jack	Lynch	Tunnel	

O'Kane	IHP/ICID	paper	Nov	2020.						Figure			40	

	?	

exact	=	at	least	one	flood	pool	maxed	out	



Smallest	target	flow	e”	for	f”=1.0914		
	‘at’	the	exit	from	L.	Mahon	
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exact	=	at	least	one	flood	pool	maxed	out	

	?	

	?	



Tidal	barrier	with	pumps		
at	Tivoli	or	Blackrock:	A1,	A2	
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Tidal	barrier	with	pumps		
at	the	Jack	Lynch	Tunnel:	A3	
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exact	=	at	least	one	flood	pool	maxed	out	

	?	



Tidal	barrier	with	pumps		
at	Tivoli	or	Blackrock,	with	the	Lee	Fields:	B1,	B2	
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Tidal	barrier	with	pumps		
at	Jack	Lynch	Tunnel,	with	the	Lee	Fields:	B3	
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Tidal	barrier	with	NO	pumps		
at	the	exit	from	L.	Mahon:	B4	
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	?	

	?	



Tivoli	docks		

Blackrock	Castle		

L	Mahon	exit		

Jack	Lynch	tunnel		
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The	Tivoli	container	terminal	
LocaYon	SCC-1	:		
width	165m	
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Figure	2.4	View	of	the	downstream	side	of	the	Lagan	weir	(Cochrane	&	Weir,	1997)	

In	Aisling	Corkery	“Assessing	Saline	Intrusion	in	the	River	Lagan”	
Master’s	Thesis,	Faculty	of	Engineering	and	Physical	Sciences	
School	of	Planning,	Architecture	and	Civil	Engineering,	QUB.	
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Figure	2.6	SecYon	view	of	the	fish	belly	flap	gate	arrangement	of	Lagan	weir	with	
respecYve	operaYonal	levels	(Cochrane	&	Weir,	1997)		

Cochrane,	S.R.	1993	Lagan	Weir	Impoundment	–	Development	of	AeraYon	System,		
Laganside	CorporaYon,	Belfast.	
Cochrane	S.R.	&	Weir,	D.	(1997)	The	Development	and	OperaYonal	Control	of	the	Lagan	Weir		
and	its	Impoundment,	1987-	1997,	Laganside	CorporaYon	Belfast.	
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S$	226,000,000	back	in	2008		
is	worth	S$	276,440,111.40	in	2018	

worth	€184,000,000	today	

hwps://www.creaYfwerks.com/singapore-inflaYon-calculator/	

1	Singapore	Dollar	equals		0.667	Euro	[January	2020]	

A	350m	wide	barrage		
and	big	pumping	staYon	
on	soi	ground	
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	140,000m3/hr	 	= 	39m3/s	
1,400,000m3	in	10	hours	

	980,000m3/hr	 	= 	272m3/s	
9,800,000m3	in	10	hours	
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ProvocaYve	capital	cost	at	Tivoli	

•  Tidal	barrier	(Lagan	Weir)	-	165m	 	€30million	
•  Pumping	staYon	-	50m3/s 	 	 	 	€10million	
•  Dam	&	gates	at	Dromcara	 	 	 	 	€10million	
•  Fusegates	at	Carrigadrohid	 	 	 	€5million	
•  Opportunity	cost	to	ESB	of	change 	€15million	
																																																																	 	€70million	

648.	Judgment	of	Mr.	Jus'ce	Max	BarreS	
“Ques'on	53:	What	is	the	economic	cost	to	ESB	if	it	operates	from	TTOL?																				
		Answer	54:		The	long-term	cost	is	about	€55k	per	month	average	incremental	value.”		
[12	x	€55k	=	€660,000	per	annum	discounted	at	10%	pa	for	ever	gives	€6.6million,	and	
doubled	for	moving	from	top-TTOL	to	bowom-TTOL	gives	~€15million,	pending	a	more	exact	simulaYon.]	
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