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IN THE SUYREME COURT OF OHIO

STA'TE EX REL, 1YAYNE T. DONER,
et al

V.

Relators,
Case No. 2009-1292

Original Action in Mandanius

SEAN D. LOGAN, Director, Ohio
Department of Natural Resources, et al

Respondents

AFFIDAVIT OF,IAMF,S R. MOIR, P.ENG
IN RPPONSE-'I"O THE AFFIDAVIT OF'I'ADD H. HENSON

PROVINCE OF ONTARIO

My name is Janies R. Moir, I'.Eng, (ON). t am over the age of 21, and I am

competent to make this affidavit. The facts stated herein are within nty personal

knowtedge and are true and correct, Istate as follows:

L I am a Registered Yrotessiona! Engineer (I'.Eng.) in the province nf C3ntario,

C'anada.

2. I r-eviewcd thc Lietno dated May 26, 2010 from Tadd Henson, Stantec, to David

l4ohr, ODNR, "Grand Lake Saint Marys -- Response to Moir Deposition and Affidavit"

("Merno"), which is attached to the "AFFIDAVIT OP "I'ADD HENSON" signed 27`h day

of 4fay 2(110. I haGc the following comments.

3. T'hree new CDs were received labeled "Stantee May 26, 2O10" "Disk I of 2

Stantec Subpoena Information" and "Disk 2 of 2 Stantcc Subpoena Information".

Be;c:ause of the volttmc of 117aterial and data contained on ihose three CDs I am not yet in

a position to provide eoniment on the contents of the data and itenis on those CDs,



however I ean comtnent on the corntent of'the Stantec Memo based on my professional

training and experience.

4. The Stantec Memo repeats mention of lake level data used to calibrate the

hydrology model. 'I'his "calibration" is shown in Figure 3 of the Stantec report of Marcli

I", 2010 (attached as Exhibit A which is a true and accurate copy) as only two lake level

data points,

a. As part of pi-ior work CRA prepared the repotY "Addendurn to the

Hydrologic attd Hydraulic Analysis ( iranci Lake St. Marys Discharge to

13eaver Creck Mercer and Auglaize Coranties, Oliio" dated November

2006 (attaclied as h.xhibit B which is a true and accurate copy of thc

report with appendices). In the section "Background", part °C", CRA

reports on the survey of the iake gauges which revealed that "the gauges

were not at the elev,nions ascribed to them by ODNR, meaning Ihat the.

GSLM lake levels llave been consistently under-reported by ODNR."

b. The completion o( the surveying was "jointly arranged for" by CRA and

ODNR- The surve-yor's report was included as Appendix A in the

November 2006 CRA report.

c. '1'he surveyor's report shows the "50-ft-lon^ notch elevation" of the new

spiilway as 870.6 ft n7si aad the top of the dam as 871-5 ft m51.

i. C.rtke level water elevation reported hcrein as measured were taken

1'rom Appendix B of the CRA November 2006 report.

U. Lake level data was itx;luded as Appendix B in the November 2006 CRA

report- Frotn July 2""t 2003 to Juty 17' , 2003 there are eight data points.



i. The significance of the July 2003 event, herein, was that it was

used as a calibration and verification event; it was used by Stantec

to test the accuracy of their hydrologic and hydraulic niodeling.

ii. Stantec shows only two measured water level data points on Figure

3, both at about 872.1 ft.

I. The axis of Stantee's pigure 3 makes it difticuh to

determine the dates of the reported points, but it appears

that the dates are Jtdy 9`t' ancl July I0i° on which dates thc

measured lake level water elevation was 872.64 ft ms1.

2. The Stantec lake level "data" uscd as "calibration" au-e in

error, being approximately 0.5 ft too low.

iii. A plot oi'the lake level water elevation is attached (Exhibit C),

which shows that ihe measured lake level reached 872.64 ft on Jtdy

9"' and July 10"` 20[)3.

1. T'he rneasured water level in Grand Lake St. Marys reached

2.t)t ft above the spillway notch clevation (870.6 ft) during

the July 2003 event.

2. As noted earlier, the discharge over the spillway depends

on ttie lake level clevation over the spiliway crest, and

increases with 1he iaf:e level elevation above the spiliway

crest to the power of 3/2 - the increase in discharge

inciv:ascs "more" than linearly and therefore the starting
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elevation of the lake is very important in determining

discharge over the spillway(s).

iv. Stantec Figure 3 (page 2.6 of the Stantec March 1", 2010 report)

shows the modeled peak take level elevation as under 872.3 ft.

1. The Stantec model rmderestimates ttte maximum lake level

by at least 0.34 ft.

v. I calculate tlte underestimate by Stantec, between measurod takc

level water elevation and Stantec's modeled lake level, bec.attse oi'

the noit-linear relation between discharge and head (water

elevation over the crest of the spillway), results in Stantec

underestimating the discharge over the tiew spiflway by 77%.

I. if'the peak discharge as modeled by Stantec was 2750 efs

(dte value, reported hy Stantec in Table 2-5, for the Juty

2003 event), the actual peak discharge was 275f) tirneti 1.77

equals 4867 e(:s.

2, '1'he value of this discharge is important in that the resutting

calculated flood water elevations were comparecl to the.

measured high-wate.r marks to claim calibration of the

Stantec HEC-RAS model.

3. If the discharge use-d for calibration is off by 77^Ir^ then the

"calihration° is meaningless and because the di>c-harge was

in the HFC-RAS hydraulic model, the Siautec (^IEG-12AS

model is meaningless.
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My affidavit of May 19" 2010, the nieaning of the last sentence in scction d.l was

incorrect because of a missing word, "ttot"; the sentence should read: "Therefore the I%

annual rainfall depth does not mean that the 1% runoff depth would result."

6. 1 have the following further conunents on the Memo:

a. I earlier recommended in my May 5'h 2010 deposition and my May 19"'

2010 affidavit that the HEC-HMS hydrology niode.l aad the 1iF-C-RAS

hydraulic model be extended to the IJSGS gage at Linn Grove, Indiana.

l. By extending the models I meant explicitly including the

portiou of the Wabash River watet:shcd from the Ohio/lndianastate line

down to the Linn Grove gage loc=atii>n_

i. f;xtending the models would explicitly allow comparing

iltocieled peak discharge. rate of rise of the hydrograph and

rate of decline of the recess'ron (drain out) linlb of the

hydngraph,

ii. Extending ttic models would allow explicitly determining

the eontributioa of the discharge of Beaver Creek to the

Wabash River. and in particular the diffeit;nces caused by

the operation ot' the new spillway at C.rand Lake St. Marys.

iii. Topographic data is available for In(liana.

iv. t agrec with Stantec that simple extrapolation or

proportioning of'discharge from the location of the Linn

Grove gage upstream to the confluenee of the Wabash

River and Beaver Creek is not recommendetl.
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v. By not explicitly extending the hydrologic and hydraulic

models to the Linn Grove gage the Stantec HEC-HMS

hydrology model remains un-calibrated, especially in light

of ttte issues noted above related to the lack of dtiplication

of the lake water levels.

?. My contment about ttie improper use of the regression

eduations stands; the p-oper use of the regression equations witli their

very wide error bands is that thcy should be used nnly as a preliminary

exploration and can not be used, again because of the wide error hands,

to assert a calibration of a detailed model.

b. I earlier recommended, in my May 5`}' 2010 deposition and my May 19't'

2010 affidavit, should Stantec/ODNR continue to choose t-tEC-RAS, that the

HEt; RAS hydraulic model be extended up the Wabash River upstream of the-

contluenc.e with Beaver Creek. Stantec has chosen to use IIEC-RAS in

unsteady mode which attenuates (reduces) discharge hecause- of storagc in

overbank areas and backwater upstmarn of bridges. Reducing dischrtrgc.

reduces the elevation of tlooding and the extetit of the resulting floodplain.

To he an accurate representation of attenuation, all the bridges and overbank

areas along the cntire upstream reach of tl7e. Wabash River need to be

explicitly included.

a. I earlier noted in nty May 5a' depnsitioo ancl tny May t

presence of lavices in the Stantec HEC-RAS mbdel, which reduced the

apparent extent of the inodeled flooded areas. t-'rom a field examination of
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Beaver Creek March 3l", 2010 I noted that the use of levees in HEC-RAS

was inappropriate, as it appeared that there were flow paths that would allow

tloodino, water to reach those areas outboard of the levees between cross-

sectious.

1. In such a case, when using HEC-RAS results in an

ambiguous floodplain e..ttimate, it would he proper

engineering practice to use a ha-o-dimensional (2-d) model

that would explicitly show all flow paths. Simply using

levees is inappropriate.

Stantec has changed the Mannings n vaiues and the s„eometry of the SR 49

bridge in their fI6C-12AS model, with the result that effectively lower water

tevets are predicted. As reported in their Memo the water level at SR 49

bricige was lowered by 1.1 ft and as a result of the lowering of n values by

0.51 ft to 0.89 ft. However there is no statement indicating that predicted

(rnodeled) water levels continuc to match the post-July-2003-event measure.d

high w'ater marks. As nientioned in my affidavit of May 19"', a calibration

resulting from a lower n valtte and re<luced bridge head-loss would require an

increase in discharge.

I. Based on the May 26"' 2010 Merno, the HFC-RAS tnodel is

now totally un-calibrated.

There is no indication in the Mema that the other bridges

along I3eaver Creek weri similarly corrected.
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I earlier t-ecommended in my May 5"' deposition and my May 19''

affidavit that antecedent soil moisture conditions be explicitly modeled. The

lack of agreement between measured lake water levels and reported modeled

lake levels emphasizes the need for this. Ttie antecedent soil moisture

conditions shotdd be calculated using continuous modeling to take into

account the Itistory of rainfall, drying and runoff.

I The United States Geological Serviee (IJSGS) Linn Grove

gage (USGS 03322900) shows prior events with peak

dischturges of 1430 cfs on June ld"' 2003 and 1610 cfs on

June 19`h, 2003 ( Cxhibit [), wbich is a true and accurate copy

of data downloaded from thr, USGS website for (he Linn

Grove gaee). Ther-e is evidence that that immediately prior t.a

the July 2003 event thc soil moisture conditions may have

been wet.

i. The Stantec hydrologic modeling should have taken into

account antecedent wet conditions, and not assunted

'average' conditions.

Antecedent wet conditions are properly accGxinted by using

a soil moisture accouniing mcthod.

It is usual, especially in design work, to do namerous

caiculations, varying inputs slightly, to account tior

uncertainties in ioputs, the approach being called seiaitivity

analysis. In this case sensitivities on the wet c.onditions



should have been donc to bracket soil moisture conditions,

runoff, reasonable values of lake watet' elevations and

therefore discharge to Beaver Creek.

f. I stand by my conimetits in my May 5ih deposition and my May 19`h

affidavit that an examination of the topography of the Beaver Creek

tioodplain reveals numerous parallel flow paths (described incorrectly by

Stantec as "alternative flood paths). Modeling with a 2-d nlode.l, for example,

wotild reveal those parallel paths.

g. EiFC-12AS is a one-dimensional model, which describees the river channel

and the river overhank areas hy cross-sections spaccd thousands of' feet apart.

Between cross-sections there is no information about the geometry of the

17oodplain. By eontrast n two-dimensional (2-d) modcl represents the

gcontetty of the floodplain with cells that may be tens of feet across; allow

a detailed and accurate repmsentation.

g

I. As noted in niy earlier cormnents, in raiy May 5`1' depositiott,

when ased in unsteady mode, HEC-RAS attenuates

discharge, resulting to a calculated lower and less extensive

flood zone, because water is stored in the overbank areas. To

accurate.ly depict the amount and location of storage, the

overbank areas must bc correctly and accurately depicted.

As noted in my earlier comments. if unsteady mode is a

requiretnent then a modet-n 2-d niodel such as M[KE-



FLOOI) (commerciatly available from DI-If, Inc.) should he

used.

h. Ttie analysis of return period of the July 2003 event, based on the peak

discharge at the USGS Linn Grove gage, implicitly inctudes a circular

argument:

I. With tiie new spillway in place, with the rainfall and

antecedent lake level c.onditionsof July 200:3, 1 calct3late the

peak discharge within f3eaver Creek to be 3124 efs.

2, With the old spillwuy in place, under the s.zme conditions,

changing only the spillway dimensions, f calculate the peak

discharge witliin Beaver Creek to be 456 efs.

3. 'I'he difference in discharge, under these conditions, is 266$

cf,5.

4. The peak measured daily di5charge at Linn Grove on 3uly 81h

2(f)3 was 13,400 cfs.

i. For illustrative purposes. taking into account the differcncc

between the "old spillway" and the'"new spillway"

discharge, the July 8t° peak discharge at Linn Grove, had

the old spillway been in operation, would have been on the

order of 11,232 cfs, which is comparable with prior annual

peak tlischargcs measured at i_inn Grove.

ii. Of the six annual peak daity discharges over 8,(H)t) cfs,

measured at Linn Grove over the period of record from
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1964 to 2009, four have occurt-ed after the installation of

the new spillway (see Exhibit E).

iii. The rnagnitude ot'the annual peak discitarge at L.inn Grove

is measurably affected by operation of ttte new spillway.

iv. It is not accurate to sintply analyze the retunt period of the

Linn Grove gage of discharges, e.g. for the return period of

the July 2003 event, without taking into account the

contribution of increase in discharge resttlting from the

operation of the new spillway at Grand Lake St. Marys.

The Stantcc ablemo states that the purpose of the Stantec hydrologic and

hydraulic modeling was to proclac-e a model that, as "aecurately as possible,

that quantifies the impacts of the 1997 spillway modif7cation along Beaver

Creek and the Wabash River between the spithvay and the Indiana state tiuc."

1. A truly accurate model woald be calibrated.

i. A catibrated model wauld mateh measurcd lake water

levels.

ii. A calibrated model would match flood proflles

(Itydrographs) at the one avaiIable t7ow gage wltich is at

Linn Grove, Indiana.

A truly accurate modcl, so as to depict likely conditions.

wonld include sensitivities run:

i. on wct antcccdcnt soil moistt-e conditions, itnd

ii. on c-levated antecedent lake tevels.
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3. Atruly accurate model, would run the sensitivities to wet

conditions on various return period events, such as the two-

year, five-year, 10-year, 25-year, 50-year and 100-year return

period events.

4. A hydraulic model, to be as accurate as possible would use a

suitable, and reaseiily available slate.-of-the-ar2, computer

prograrn which allows an accurate depiction of the complex

overbank areas of Beaver Creek and the relevant portion of

the Wabash River,

i. Given the complexities in detail of the Beaver Creek

floodptain and the need for higli accuracy and precision, the

use ofa 2-d hydtaulic nlodel is warranted.

ii. WiththelikelihoodofBeaverCreekhackingupinto the

Wabash River, rtfter the Wabash River hydrograph has

passed and whiile. Grand Lake SL Niarys is still draining out,

the use ot'a 2-d liydraulic model around the complcxitie.s of

the confluence of Beaver Creek and the Wabash River is

warranted.

iii. That an appropriate comptner program is conunercial

should not be an irnpediment to its use.

The Stantec hydrologic mode( does not match nleasured lake

water lcvels artd therefore can not be relicd on.

12



6. Stantec has changed the hydratdic model to lower water

levels as controlled by the Mannings n value and the SR 49

bridge. However a re-calibration to rneasured high-water

marks is not mentioned or explained. At a tniuimunt,

lacking this, the hydraulic model can not be relied on.

In the Stantec repott dated Mxrch I", 2010 it was asserted that the return

period of the July 2003 event was 240 years, without consideration of the

issue of multiple stornis witliin a total cvent. As I quoted earlier, it was

reported in the Stantec report that thc rainfall occurred "on and ofl" which

suggests that tnuitiple storms occurred.

1. Cowpertwait (Gxhihit F) e.xanaincs the probability that

successive storms come from the same systcm and sugge_sis thc use of a

eluster moclel 1'crr statistical analysis of rainfall data. If Nuccessive storms

result from the. satne system, the prohahility of back-to-bae.k rainfall

events is not entirely statistically independent - and therefore shouldn't he

treated as so.

2. Hashino et al. (F xliibii C) presents an cxanjp(e (section

called Application, page 319 nf the Exliibit) of a river with a dam which is

similar in cchematic to Beaver Creek. Hashino describes an analysis of

rainfall events that results in a series of peaks in rainfail intensity for the

design oP flood protection where it is ncccssary to represe-at the individual

rainfall peaks, instead of a treating the event as a single rainfall event, in
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order to produce accurate model results. Hashino found that ttiis approaeh

was especially useful when dealing with flood protection.

3. The recurrence interval (return period) of a series of stortns,

is different than the recurrence interval of single event, both having the

same total rainfall depth. 1'he recurrence interval of a series of niultiple,

more-frequent stortns is lower (nrore probabte), bcing the probabilitv of a

cornbination of a series of dependent events.

4. It was nty suggestion, to avoid underestimating the likelihood

of future similar events, with similar flooding, that OD\32 examine in

detail the historv of ttte rainfall within the whole ol'ttie. Julv 2003 event_

and accurately asscssthc rcturn period of that event.

i. An incorreet assessment of the return period, based on the

assumpticon of a single storm, would lead to an inaccurate

assessment of the probability of t'uture similar events,

whicti wouid he non-conservative.

ii. An incorrect asse.ssment of the return period woutd lead to

an inaccurate assessment of the affected Iloodpiain.

o .as^
Sworir to and subscribed before me this ^^' day of ^^. 20 10,
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BXF.CITfISrE SUMlb%ARY

This addendum report was prepared as a supplement to the May, 2006 report, Hydrologic and

Hydraulic Analysis Grand Lake St. Marys Discharge to Beaver Creek, Mercer and Auglaize Counties,

Ohio prepared by Conestoga-Rovers & Associates (CRA).

The CRA May 2006 Report evaluated the impact of the replacement of the spillway at Grand

Lake St. Marys (GLSM) on flooding along Beaver Creek and analyzed nine severe historical

storm events between 1913 and 2006. The modeling of these storm events was conducted using

the historical rainfall data in the GLSM area. The discharge of cvater over the 39.4-foot spillway

was compared to the discharge of water over the 500-foot spillway installed in 1997. The

purpose of this analysis was to determine whether and to what extent the design and

construction of the 1997 spillway affected the frequency and severity of flooding on properties

(and specifically the Case property) along Beaver Creek.

After the trial of this niatter was continued on August 29, 2006, CRA was finally able to obtain

accurate CLSM lake level data from 1927 to 2006. Using this infonnation, CRA was able to

complete a more accurate analysis of historical storm events. A total of sixteen severe storm

events were analyzed to determine ttie potential for flooding along Beaver Creek. The

additional analysis by CRA, using the best available data, demonstrates that never during the

entire period of record did the 39.4-foot spillway cause the Case sports complex to flood.

However, the 500-foot spillway would have caused the Case property, and numerous other

properties, to flood ten (10) times.

Contrary to accepted engineering practice, ODNR did not consider and/or model actual

historical raillfall data or historical lake elevations during the development and implementation

of its plan to manage the probable maximum flood through GLSM. Had ODNR completed

such an evaluation, they would have known that their decision to replace the 39.4-foot spillway

with their 500-foot spillway would cause - indeed, has now four times since its installation

caused Quly and December, 2003; January 2005; and June 2006), - severe flooding in Beaver

Creek and the nearby properties. ODNR's design and installation of the existing 500-foot

spillway is indefensible. Feasible alternatives were and are available to ODNR, but these

alternatives were not employed. If ODNR does not take action to correct its mistake, flooding

along Beaver Creek will continue to occur.

' Refer to'1'able 1 and Figures 7a and 7b through 10a and 10b.
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BACKGROUND

A. The CRA Mav 2006 Report and Efforts to Obtain Lake Level Data Prior to

August 28 2006

The CRA May 2006 Report analyzed ODNR lake level data (reported in feet above mean sea

level, msl) between 1927 and 1978, that was provided to CRA by the Louisville District Army

Corps of Engineers (USACE). In addition, ODNR directly provided to CRA lake level

measurements (reported as ± inches above an anzbiguously described elevation2) that it had

collected between 1972 and 2006, as well as some field notes that purported to explain how to

translate ODNR's measurements into a standard elevation (i.e., feet msi). Prior to the August

28, 2006 trial, Case (both through its counsel and CRA) repeatedly contacted ODNR in an

attempt to obtain clarification of the ODNR measurement technique and field notes, but was

never able to obtain this clarification. As a result, CRA did not have accurate lake elevations

and completed its historical storm modeling for the May 2006 Report using historical recorded

rainfall data.

B. The Aueast 28-29, 2006 Trial

On August 28, 2006, Dr. Pressley Campbell testified on behalf of Case regarding the impact of

the replacement of the western spillway at GLSM on flooding along Beaver Creek. During the

testimony of ODNR's witness, Doyle Hartman, it was learned that Hartlnan was relying on lake

level data-provided to him only a couple of days before trial-that was never provided

and/or explained to Case s counsel or CRA prior to trial. On the basis of this data, Hartman

criticized the CRA modeling of historical storms because CRA's modeling was not performed

using GLSM lake levels. As a result, the trial was postponed to allow Case to take necessary

steps to obtain accurate lake level data. CRA traveled to GLSM on August 29th and met Mr.

Steven Dorsten of ODNR to observe and photograph the GLSM gauge located on the eastern

2 During the deposition of Steve Dorsten on September 8, 2006, ODNR's lake nreasurement practices were revealed. According to

Dorsten-whose understanding of the mathematics involved is based solely on the oral liistory provided him by his long-departcd

supervisor-ODNR collects measurements at one of three lake gauges, not all of which are at the same elevation, in ± inches of the

"0" markirrg on the gauge. For readings collected prior to July 1988, 3 inches were to be added to the reading. For readings

collected after July 1998, 7 inches were to be added to the reading. The basis for the addition of 3 inches to the measurement was

that when the castern outlet structure gauge was installed in approxiniately 1940, it was reportedly installed 2.78 inches below the

c:est of the 39.4-foot spillway and since the elevation of the spillway crest was known, one could back-calculate the lake eleva5on.

The ineasurements began adding 7 inches because in July 1988 the crest of the 39.4-foot spillway was raised by approximately 4

inches, so 7 inches were needed in the back-calculation procedure.
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outlet structure. Dorsten was personally responsible for recording measurements from the

GLSM gauges since 1976.

C. Survey of the Lake Gaut;es

On September 8, 2006, Mr. Dorsten was deposed and testified that there are three different

gauges at GLSM. Dorsten also testified that the elevation of the gauges was not known by

ODNR; specifically, that no survey of any of the existing gauges (to determine if they were

accurately measuring the elevation of the lake) was to be found in ODNR's files. Accordingly,

ODNR and Case jointly arranged for the completion of a survey of the elevation of the three

gauges by a licensed professional land surveyor. On September 19, 2006 Lee Surveying, Inc., of

BeIlefontaine, Ohio, completed this survey, the results of which are attached as Appendix A.

The survey revealed that the gauges were not at the elevations ascribed to them by ODNR,

meaning that the GLSM lake levels have been consistently under-reported by ODNR.

ADDITIONAL ANALYSIS PERFORMED BY CRA

In order to accurately determine the lake levels between 1927 and 2006 and complete an

accurate analysis of the impact of the spillway replacement, CRA completed the following tasks:

(1) CRA calculated the GLSM lake levels for the period April 1, 1927 to August 21, 2006

based upon the actual elevation of the three lake gauges at GLSM, as determined by the survey.

The survey demonstrates that the lake elevations reported by ODNR for the last seventy-nine

years were less than the actual lake elevations. The lake elevation data are attached in

Appendix B.

(2) Using the correct historical lake levels, CRA calculated the actual discharge of water that

flowed (or would have flowed) over the 39.4-foot spillway and the 500-foot spillway,

respectively, into Beaver Creek between April 1927 and August 2006. The results of the

calculations are illustrated on Revised Figurc 3 attached as Appendix C. Using the accurate

lake levels, this analysis reveals that, had the ODNR-designed 500-foot spillway been

constructed 70 years earlier (in 1927), fifteen storm events between 1927 and 2006 would have

resulted in flow that exceeds the capacity of Beaver Creek, resulting in flooding; an average of

approximately once every five years.

(3) CRA evaluated the rainfall record from 1913 to 2006 and the accurate historical lake

levels from 1927 to 2006 to identify the historical periods where rainfall resulted in high lake

elevations, the factors that can cause severe runoff and flooding in the GLSM area. The

evaluation identified sixteen storm events that had such an impact:
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March/April 1913 June/July 1993

January 1930 February/March 1997

April 1938 July/August 1998

May 1943 May 2002

February 1950 June/July 2003

April/May 1972 Deceniber 2003

May 1981 January 2005

July 1992 June 2006

(4) Using the HEC-2 computer model employed by ODNR, CRA determined the water

surface elevation along Beaver Creek that had (or would have) occurred from the discharge

over the 39.4 and 500-foot spillways for the sixteen most significant storm events that occurred

between 1913 and 2006. These results demonstrate that, with the 39.4-foot spillway, the Case

sports complex would not have flooded during a single event. However, with the 500-foot

spillway, water in Beaver Creek overflows the channel banks and inundates the Case

property ten times: in 1913, 1930, 1943, 1981, 1992, 1993, July 2003, December 2003, 2005, and

2006. The results of this modeling are presented on Table 1 and illustrated on Figures la and lb

through 10a and lOb.

(5) CRA completed an analysis of the lake levels from 1927 through 1997-when ODNR

ceased managing lake levels-and 1997 through 2006, when ODNR no longer managed lake

levels. The results of the lake level analysis are presented on Table 2. The results follow:

o Since 1997, 73.3 percent of the measurements taken reflect lake level elevations above

870.6 feet msl, the elevation at which water overflows the 50-foot long notch in the

spillway and enters Beaver Creek. Before 1997, the lake level was above 870.6 feet

for only 21.4 percent of the measurements.
o Since 1997, 26.3 percent of the measurements collected reflect lake level elevations

above 871.5 feet msl, the elevation at which water overflorvs the entire 500-foot

length of the spillway. Before 1997, the lake level was above 871.5 feet for only 2.4

percent of the measurements.
o Since 1997, 10 percent of the measurements taken reflect lake level elevations above

871.8 feet msl, the lake elevation at which the 500-foot spillway discharges a quantity

of water that will overflow the Beaver Creek channel banks at the Case property.

Before 1997, the lake level exceeded 871.8 feet for only 1 percent of the

measurements.

As evident above, since the construction of the 500-foot spillway in 1997, the lake levels of

GLSM are consistently and significantly higher than historically. When the lake level of GLSM

is above 870.6 feet msl, water is discharging into Beaver Creek. If the lake is at or above that
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elevation when a storm event occurs, the storm is more likely to cause flooding in Beaver Creek,

regardless of the size of the event; and the higher the initial lake elevation, the more dramatic

the impact will be. The combination of the 500-foot spillway and the ODNR policy of not

managing the lake levels drastically increases the risk of flooding for downstream property

owners. This risk has become reality four times since the construction of the 500-foot spillway,

(July and December, 2003; January 2005; and June 2006)3.

For example, on July 2, 2003, three days before the storm began that inundated Case, the

elevation of the lake was 871.2 feet msl, more than seven (7) inches above the notch (870.6 feet).

For the December, 2003 event, the in9tial lake elevation was 871.7 feet msl, more than one foot

above the notch and two inches higher than the remaining 450 feet of the spillway (871.5 feet).

ANALYSIS OF DOYLE HARTMAN'S REPORT AND METIIODOLOG'Y

During his testimony on August 28, 2006 and in his report dated July 14, 2006, Mr. Hartman

implied that the frequency and severity of flooding in Beaver Creek resulting form the 1997

spillway replacement are minimal. However, when CRA evaluated the new lake elevations, in

conjunction with the historical rainfall information, the analysis disclosed that Hartman's

conclusions are not supported by the data. (Indeed, the potential for flooding in Beaver Creek

as a result of the 500-foot spillway installation is far more severe than initially reported in the

May 2006 CRA report.) CRA examined Hartman's methodology to determine why his

calculations of the frequency and severity of flooding in Beaver Creek underestimated the

problem. To that end, CRA obtained and evaluated the HEC-HMS and HEC-RAS models used

by Hartman.

A. Hartman's Use of a 24-Hour Duration Storm Event

Hartman used a 24-hour duration storm event in his modeling and analysis to predict the

magnitude of flooding that would be caused by ODNR's 500-foot spillway. However, Hartman

did not examine the historical record to determine if his selection of the 24-hour duration event

corresponded with recorded storm durations of the past. It does not. The storm event

durations that have historically resulted in the most severe flow in Beaver Creek were 72-hour,

and longer events. Hartman's selection and use of the 24-hour duration event misleadingly

suggests that the severity of flooding in Beaver Creek caused by the 1997 spillway is

significantly less than what the Creek and adjoining properties experience during the numerous

storm events that exceed 24 hours. His model does not accurately reflect the conditions of the

GLSM area.

' Refer to Table 1 and Figures 7a and 7b through 10a and lOb.
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B. The i"laws in Hartman`s Model

The models used by Hartman, HEC-HMS and HEC-RAS, were developed by the U.S. Army

Corps of Engineers, which also promulgated guidance for the proper use of the models.

Hartman's modeling deviated from the Army Corps of Engineers guidance in, at least, two key

respects:

(1) Hartman modeled the 2003 storm event to determine the potential flooding along

Beaver Creek. However, during modeling, Hartman used the precipitation data from only one

meteorological station (Coldwater), rather than using the HEC-recommended method that

prescribes the use of all available records at multiple stations. Ilartman states in his July 14,

2006 report, "there were not enough detailed data to accurately determine the actual amount

and distribution of rainfall in the various segments of the overall watershed." This is not true.

Seven National Oceanic & Atmospheric Administration (NOAA) meteorological stations are

located within a 35-mile radius of the western spillway at GLSM with precipitation data dating

back to 1910. Hartman did not input the publicly available rainfall data at the six other stations,

including stations at Celina and St. Marys. Instead Hartman assumed, in constructing his

model, that the amount of rainfall recorded at the Coldwater station was the aniount of rainfall

that fell over the entire 296 square mile drainage basin he used in his model. That is not what

happened. The distribution of rainfall, as recorded by the seven stations, was not similar to the

distribution used by Hartman in his modeling.

Standard rnodeling practice is to collect the available data including rainfall, streamflow, and

lake levels, and input this known recorded data into the model. Once the model is set up with

the known data, unknown variables, such as soil conditions and antecedent moisture

conditions, can be adjusted in an attempt to match actual recorded conditions such as, in this

instance, the flood elevations measured during the 2003 flood. It violates standard practice and

comnion sense to adjust the known, recorded data such as rainfall, as Hartman did. For his

model, Hartman admits that he selected a rainfall amount from one location and assumed it

was distributed uniformly over 296 square miles, "Although the actual rainfall distribution

varied widely across the entire watershed, a uniform distribution was assumed in the entire

watershed analysis." This is a gross misuse of the modeling process. The results from a model

that bases its conclusions on inaccurate depictions of known, recorded conditions, such as the

amount of rainfall and rainfall distribution, is not credible.

(2) I-Iartman modeled the 2003 storm event using the methodoiogy described above. His

conclusion was that the flood elevations in Beaver Creek immediately downstream of GLSM

were approximately 861 feet nisl for the 500-foot spillway and approximately 857.5 feet msl for

the 39.4-foot spillway. This is approximately a 3.5 foot difference in elevation as a result of the

replacement of the spillway as stated by Hartman in his July 2006 Report. The Mercer County

Engineers Office surveyed the 2003 flood elevation on July 9, 2003 during the flooding, directly
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downstream of the 500-foot spillway and determined the flood elevation to be 861.8 feet msl.

This differs from Hartman's model by approximately 0.8 feet. Therefore, the model used by

Hartman underestimates the amount of flooding that occurred in 2003 at the Case property and

likely also underestimates the amount of flooding caused by other storms. There is no

indication that Hartman made an attempt to verify the accuracy of his model by comparing the

model output to recorded flood elevations, as standard engineering practice dictates.

CONCLUSION

The use of accurate historic lake elevations in the calculations and modeling of discharge into

Beaver Creek from GLSM demonstrates that the potential for flooding as a result of the

installation of the 500-foot spillway is substantially worse than originally reported in the CRA

May 2006 Report, which used precipitation data to predict flooding. However, because ODNR

failed to consider and analyze historical lake level data or precipitation data-as is standard

engineering practice-, it did not realize that the installation of the 500-foot spillway would

cause, and now has repeatedly caused, frequent and severe flooding in Beaver Creek, and the

surrounding properties (including the Case property).

The intpact of this error has been greatly compounded by ODNR's decision to adopt a laissez

faire approach towards lake level "management"; a decision that was apparently made without

any consideration, or scientific analysis, of the effect that this decision would have, and has had,

on Case and the people living and working in the vicinity of Beaver Creek.

As stated in CRA's earlier report and in the testimony of Dr. Cainpbell, ODNR had feasible

alternatives available in 1997 to prevent GLSM from overtopping the embankments separating

the lake frorn the City of Celina, witliout sacrificing the property and endangering the safety of

the residents near Beaver Creek. ODNR failed to utilize those measures. It has also failed to

take the simple measure of opening the gates in the spillways, as necessary, to avoid the risk

that higher lake elevations have on flood'uTg. ODNR's actions, omissions and practices, as

described in this Report, do not comport with accepted engineering standards.

All of which is Respectfully Submitted,

CONESTOGA-ROVERS & ASSOCIATES

Pressley L. Campbell, Ph.D., PE
Ohio PE 56681
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APPENDIX A

LAKE GAUGE SURVEY RESULTS

(Referenced in the text on page 3)
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Lee Surveying and Mapping Co., Inc.
Land Surveys • Topograpby - Subdivisions • Construction Layout

117 N. Madriver Street .n ^^ Phone: (937) 593-9335

Bellefontaine OH 43311 Fax: (937) 593-7444
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September 19, 2006

Schottenstein Zox & Dunn Co., LPA
P.O. Box 165020
Columbus OH 43216

ATTN.: Stephen Samuels

RE: Survey of Gauges and Spiliway Notch on Grand Lake St. Marys, Ohio

Dear Mr. Samuels:

This project was personally surveyed by my associate, William K. Bruce, P.S., Ohio Registered
Surveyor Number 7437. He completed the field portion of the survey yesterday afternoon and checked
his final notes in the late afternoon. He ran the survey in approximate one mile loops a distance of
twelve miles around the lake (24 survey miles) using a Zeiss Model DiNi Electronic Level (SN 207427).
The pair of level rods are matching rods manufactured by Zeiss and Trimble (Model TD24). The level
was checked for accuracy prior to proceeding with the survey. The survey proceeded at a fast pace in
all types of weather including heavy rains on the first day of the survey. The final field work was
completed at a speed of less than two hours per mile of survey by using extra personnel and two rods
instead of the usual one.

Initially, Mr. Bruce had communication problems with the prior survey company regarding the location
of the bench marks to uso. The problem was unavoidable due to the absence of Mr. Charles Munce
from his office for two days. Since it was imperative that the project be completed quickly, Mr. Bruce
used an assumed elevation for his beginning point and completed the survey with that basis for
elevations. Once, he obtained the bench mark locations required to match the prior surveys, he tied
his survey to a point designated Bench Mark 2 in the Mercer County Engineer's Records.

Bench Mark 2 is a chiseled "O" cut in the southeast wing of the U.S. Route 127 bridge over Beaver
Creek opposite center-line Station 7+50 per the 1977 highway plans. The published elevation for
Bench Mark 2 Is 860.72 feet.

The correction to his assumed elevations will require adding 17.003 feet to each of his field elevations.
Mr. Bruce's unadjusted closure for the total twenty-four mite distance is 0.04 feet of error in the twelve
miCes. 0.04 feet is about 112 inch.

Your original scope for this project requested that we provide the following information:

1. The elevation of the 50-foot notch in the center of the spillavay located on the western
side of Grand Lake St. Marys. Note that Mr. Bruce simply called this the top of spiliway in his notes.

2. The elevation of the gauge on the East Bank of Grand Lake St. Marys.

3. The elevation of the gauge on the Westem Bank of Grand Lake St. Marys.

4. The elevation of the gauge on the boathouse located on the north side of Grand Lake
St. Marys.

4314096.1tf.wps
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Lee Surveying and Mapping Co., Inc.
Land Surveys • Topography • Subdivisions • Construction Layout
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During a phone conversation with you, I was instructed to use the same mark on all of the gauges with
a preference to use the 3 feet mark. Additionally, we were to, also, verify the elevations of each end of
the dam and the top of the 'Vp slot in the dam.

The results of the survey after the addition of the 17.003 feet and necessary variations from the original
scope are as follows. All elevations are in feet and thousands of a foot:

Top of the dam on the north side of the spillway

Top of the spillway on the north side

Top of the dam on the south side of the spiilway

Top of the spillway on the south side

The gauge on the west bank does not exist anymore.

871.487'

870.646'

871.483'

870.620'

Mercer County Bench Mark 810 is the TBM for the west bank gauge if it is to be replaced.
The location is defined on the attached county document at the end of this report
The published elevation is 877.01 feet. The elevation from our field survey is 877.003'

The top of the 2 feet mark on the gauge at the O.D.N.R. maintenance area boat building. 872.764
There is no 3 feet mark on this gauge. This gauge could not be found at the beginning of the survey.

A°MAG" nail TBM was set in the west side of a light pole in the middle of the maintenance
area parking lot. The top of the head of the MAG nail is 875.551

Top of the 3 feet mark on the water gauge at the east end of the lake 873.308

TBM at the water gauge area is a chiseled "+" on top of a bolt at the base
of the hoist/crane. 878.612

I have attached a copy of Mr. Bruce's original field notes as well as a copy of the Mercer County Bench
Mark notes as cited above. If you have need for any further information, please contact us.

Sincerely,

Ohie'Frofessionai Surveyor 6359

ORIGINAL STAMP IN GREEN

4314096.Itr.wps
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LAKE ELEVATION DATA
(Referenced in the text on page 3)
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APPENDIX C

REVISED FIGURE 3 FROM THE CRA MAY 2006 REPORT

(Referenced in the text on page 3)
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#
- ----^- - --#

_ _ -- ^_--- ---US Geoloaical Survey, Water Resources Data#
# retrieved: 2010-05-28 16:32:39 EDT
#- --This file contains USGS Surface-Water Daily Statistics
# Sites in this file include:
# USGS 03322900 WABASH RIVER AT LiNN GROVE, IN

Month Day i max va
6i 11 157

51 244

3 145
Vi 278

181`

157
146:
132}

10? itfi^

16 581i

12 555
13 1200
14 1430
15 1310

19 1610
20 801

---6' 21 302
6 22 - 209
6 23 171

6 25 134
6 11, 26 140

27 142':

28^ 139
--`- _
29: 117`

30 109'
«.---------
11t8a

-2! 22T!
164

7 4 i95'.
7 5... 4410i

7 6 58301
7 7' 10100'

7 8 13900. , -
7 9 12100
7 10 11000._

12 S760'
13 4920

1r 7490

7 144000;
7 15 2990
7 16 2090, __
7. 17 1300
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A renewal cluster model for the inter-arrival times
of rainfall events*

Paul S.P. Cowpertwait
L/.M.S., Massey University Albany Canipus, Auckland, N.Z.
P.S.Cowpertwait rOntassey.ac.nz

A siutisticed model, bused on a renewal cluster pvint process, is proposed and used to infer ttte
distribulional properties of dry periods in a continuous-lime record. The model incorporates a mixed
probability dislribution in which inter-atrival times are classified into two distinct types, representing
cyclonic and anticyclonic weather. This results in rainfall events being clustered in time, and euables
objective probabilistic statements to be made about stonn properties, e.g. the expected number of events
in a storm cltuter. The model is fittul to data taken from a gauge near Wellington, New Z,ealand, by
inaximising the likelihood fimction with respect to the parameters. The Akaike lnfornration Criteria is
used to select the best fitting distributions finm a range of candidates. The log-Nonnal distribution is
found to provide the best fit to the rimes between successive stonn clusters, whiist the Weibull
distribution is found to provide tfie best fit to the times between successive events in the same stornr
cluster. I iaimonic curves are used to provide a parsitnonious paratneterisation, allowing for the seasonal
variation in precipitatiott. Under the 6tted model, the interval series is tran.sforined into a residual series,
whieh is assessed to determine overall gocidness-of-tit.

1- lntroductinn

Various types of autnmatic min gauges are available for recording data in continuous-tinrc. For
example, a digitised tipping-bucket gauge will automatically record the tipping times of a 0.2mm bucket.
Some of these gauges record changs.c in minfall intensity using a ptuviogmph nace on a rotating dnim,
where zero rain is recorded with ltorizontal lines and higlr intensity rain as steep gradients (Samson,
1992). Data frotn automatic gauges are usually digitised into hourly or daily series, which can be fittcd
using discrete-time stochastic modets, or using derived ntoments of cootinuous-timc stochastic models
(Cowpertwait, 1994, 1998). In this paper, we analyse a digitised pluviograph record, which contains the
starting and tioishing tintes of rainfall events over a 41-year continuous-time record.

Previous studies have provided einpitical evidence that rainfall events cluster in time (e.g.
['owpertwait 1994, 1998). However, most of thesc studies use stochastic models that are fitted to
diserete-finte data; tnodels whieh are usually unsuitable for tnodelling the continuous-titne process.
Thus, it seems appropriate to postulate a model for tite analysis of continuous-time data, which also
incorporates clustering. This is achieved here by using a mixed probability density function in which
inler-atrival tunes are classified into two distinct types, representing cyclooic and anti-cyclonic weather.
The methodology has the advantage in that it enables formal statistical inferential inethods to be used in
tnodel tiaing and selection.

The modei represents a point prucess of inter-arrival times, i.e. event depths and durations ate
not explicitly modelled in this paper. Ttiere are many examples of depth-dumtion analyses of rainfall
data thal cotild be combined wittt the titted model tbr use in hydrologic siamulation studies. For
exanrple, se,e Samson and Thomson 1992 for a cvntinuous-time analysis of ploviograph data. For a
general revicw of stochastic raintali modelling see Foufotda-Georgiou and Krajewski (1995), or, for
applications in hydrology, refer to O'Conncll and Todini (1996).

The papcr is organised as follows. In Section 2, the rencwal chistcr niodcl is formulated and
mathematical properties are given. The fitting proccdure and inferential methodology are discussed in
Section 3. In Section 4, the ntodel is fitted to data from Wcllington, New Zealand. The adequacy of fit
is discussed in Section 5, using residuai enors for tite fitted model. i'inaiiy, some overali conclusions
are given in Section 6.

2. Model F'ornrulation

^ Due to appear in lhe Intemational Joumal of Clirnatology, a journal of ttie Royal Meteorological
Society
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Let Y(u) a 0 be a random variable reprosenting ralnfall intensity at time u(-- < ts < w) so that
n

the rainfall depth over an arbitrary tirne interval [a, b] is given by:f Y(v)c^v. A rainfall event consists
u

of non-zero valucs of Y(u) immediately preceded and followed by a zero intensity, so that any event has a
t

starting time t, a lifctime 1, and a mean intensity z, wherc z= Z-'f Y(v)dv. Thus, if an event starts at

time t and finishes at time t+t, then Y(u) > 0 for all u in [t, G1], and Y(t-e) = Y(t+l+e) = 0 for some
arbitrarily snratl e > 0.

Consider a stochastic point process {t,} representing the starting times of rainfall events in a
time intctval [0, T], where each event has a lifctimc Ir, i- 1, ..., N. Let X, - t- t,.i - 1;-, be a random
variable rcpresenting the ith diy period or intar-arrival time between two successive events (taking to = l„
= 0; i= 1, ..., N), and suppose each X, is indepcudently ntarlced as `t),pe I' or 'tvpe 2', where type I
intcr-atrivals represent atmospheric cunditions suitable for precipitation (cyclone or frontal weather),
wliilst type 2 inter-artivals represent condilions misuitable for rain (high pressure or an(icyclone). Let

(-Q denote the tnark associated with the ith interval X, and let p be the probability that a dry intcrval

choscn at randonr is of type 2, i.e. p= P((J:,) = 2) = 1 - P((X-) = I), i= 1, ..-, N.

1]ie nrarks (X) forrrm u stochastic process, for example 12112122111) is a possible realisation

when N= 10. lJsing the associated marks, an inter-an-ival process {X;} can be broken down into
sequcuccs of clusters, where a cluster of size C is defiucd to be a sequence of interurrival titnes begitming
with a type 2 inter-arrival tinte followee] by C- I typc I inter-arrivals. 'I'he random variablc C follows a

Geometrie distribution witlr mean µc = p-', and probability funetion: P(C = j) = p(1 - pY - " for j=

l, 2, 3, ... . Therefore, provided µc> 1, ihe inter=arrival process {X,} fonus a cluster point process. Ll
the example above, tlte realisation {211212211 I} contains four clusters represented by: {211 }, {21 }, {2}
and {21l 1}, with C taking the values 3, 2, ] and 4 respectively. In this example, the clusters of inter-
arrfval timcs are: {X, X,,, X,}, {X4, Xy}, {X6}, and {ai, XH, X9, Xio}

We tnay also define a`storm' to be a cluster of C rainfall events, wlrere each event in ttre storm
has a slarting time detcm»ned by a cluster of inter-arrival times {X;: i= Ir, ..., k-I +C} and ihe duration
proccss {l,: i= k ..., kI+C }, so that stariing times in the stonn are given by: y= X, + t,-1 + h-i, i= k,

., k-l+C, whee tu-, and 1k, are the star(ing time and lifetime of the last event in Ihe preceding storm.
In the previous cxamp]e, the cluster of inter-arrival times {Xr, dA, Xn, xio}, where k=7 and C= 4, gives
a storm of four rainfall events with arrival times: t, =Xr + tF + 1n, tx = X„ i6-r 1,, tv = Xv + t, + Ix , t,n

X,o+lv+tv.
Lct f, be the probability density lianotion (PDF) for a type I inter-mrival tirne and f be the PDF

for a type 2 intcr-arrival tinte. 'I'hen, the probability density function (PDF) for X, (i = L..., N) is given
by:

g(x)=(} -t+,')Ji(x)+µl-, f(x) (l)

7'hus, the {X,} fonn a series of iatdependent idenlically distributed randonr variables with PDP (1).
Ilence, the scries {X,} is essentially a renewal process using the mixed density (1) to give clusters of'
raintall evcnts, i.e. {X,-} is a`Renewal Cluster Process'.

3. I+itting Procedut-a and Inference
Let {x,; i= I, ..., N} he a series of observed intcr-arrival times. From (1), the loe like[ihood

functiun is given by:

LLfng(x,)Inl(l->", ).lt(x,)+Ft,' f(x,)} (2)

'fo fit the model, some distributions need to be postulated for fi and f. The following were
considered as they represent a wide range of positive-valued random variables:

A. Exponential: f(x) = 2't° lIX
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B. Garnrna: f(x)=xp-ie-xtn/J 1-(,6)dp}

C. Weibult:.f(x)=pxp le ` t° jad

D. Log-Noonal: f(x) = expi- zit.^ (In x - a)z

JJJ

^ 1(x^3^2.rz )

"I'he rnodel parameters to be cstitmated include the trieart clus(er size (µ,), and the scale and shape
parameters (r.rt, 0,; j l, 2) for eac:h type of inter-atrival tirne- For each combination of f and fz (A-D
abovc), the pDF (1) can be Gtted by maximisiug the log-likelihnod (2) with respect to the parametcrs-
Thc Akaike Infortnation Criteria (AIC =-2xLL + 2xtnunber of parameters, Akaikc 1974) can be used to
choose the best distributions for j andJi from A-D above, i.e. a distribution for (I) that gives the best fit
to the data.

Using the mixed distribution (1) enables objective inferences to be tnade about the statistical
properties of events within and between storms, for exaniple the inean eluster size µ° can be cstimated
without having to subjectively separale storms in the data. The fitted model can also be used to estimate
a conditional probability that two suceessive events arc withio the sarne stonn given the observed time
between the evcnts. T'his is the probabilily that the inter-arrival time is of type I given an observed intcr-
arrival timc x, and is given by:

(1 -Ft,')./i(x)ls(x) (3)

4. Analysis of Data
A contiuuous-tirne rccord of rainfall data (Kelburo, near Wellington; 41.283°S, 174.7(67°P.;

1955-95) was provided by tlre New Zealand National Institute of Water and Atrnospheric Research
(NIWA) for use in this study. This record was the Imtgest cornplete rlatn set available containing starting
and frnishing tinres of events in continuous-time. '1-o describe the various fitting procedures, and data
analysis, it is lrelpful to adopt the following notation.

Let N,- be the number of event starting times that occur in lhe ith year and N;; be the nunrber of

event starting times that occur in the jth month of thc ith year respectively, so ^ N^ = N, (i = I,.. ,
^

41; jl, ..., 12), Furthcrmore, let the starting time and lifctimc (in hours) of the kth event starting in
the jth month of the ith year be t,k and [„r respectively (tncasured relative to the starting time of the
record) and let x;;,: = 4;6 - t,;w.i -1;,A_, (f = 1 , 2, ..., 4 1 ; j = 1 , 2, . - . , 12; k I, ..., N„). Note that whilst
t„k nmsl be in the jth month, it is possible for t,;k +(,tx to be in the (1rl )th month for events that overlap
two adjacent months. Tlre total number ol' events N in the 41-year record was 24560, i.c N

N' ii _ 1 ; N, = 24560.

To ensurv that long dry inlervals would be included when litting the modcl, some care was
needed when choosing values for t,;,o and I;,,.o. When i=j = I (January of the frrst year), these were taken
to bc_ zcro, i.e. 1i,i,o = Iri.o = 0- Otherwise they were taken to be t; , o= (j > 1) or

hJ o= t^_^ 1z H (i = I), corresponding to the staning time of the last event in the previous nronth,

and 1, ,n = 14 , ( 7 > 1 ) or L,i,o =(^_i,w,NH (i > t, j= 1), tho lifetinre of the last event with

starting time in the previous month. For ntonths in which tha last event did not overlap the next month
(but excluding December of the last year), a total of N„ +I inter-anival times were considered, where the
last interval was taken to be xi,i.x,,i = 1," i J (i 1 , 2, ..., 41; j= I, 2, ._, t l,

excluding i = 4 t aud j 12, with the obvious adaptation for j= 12 and r< 41) . Thus, inter-anival
times spanuing two adjacent rnonlhs are included in the f^tting for both ntonths.

Tlre paranreter estimates for cach calendar month j were lhus obtaincd by maximising the
foilowing:

4 Na+

LL ing(-x,.f.x) (4)
i i

where each combinations of A-D for f, and fz was used in (4), j 1, ..-, 12. "to ensrue a unique
solution exists for each combination of fi and fz, the minimisation is subject to: µ, > pi, where µi and µz
are the meau type I and type 2 inter-anival times respectively. The- maximisation of (4) was canied out
numerically usirig the Sintplex method (Nelder and Mea(i 1965), implemcnted on a micro-computer
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using the algorithm by O'Neil (1985). This prodneed 12 estimates of each parauteter for each fitted
distribution (1).

Table I summarises the log-likelihood and AIC values for each fitted distribntion of fi and fz,

where the log-likelihoods LL are sumnred over the rnonths, i.e. LL LL The overatl best

fiUing distributions are the Log-Normal distribution (ll) for ft and ttte Weibrdl distribution (C) for fz
(Tablcl).

I AI3LG I: Log-likclihood and AIC values
litr fi andfi (given to 4 significant figures)

J^ F2 -Lt. AIC

A A 65090 130300

A B 64870 129800
A C 64780 129600
A D 64730 129600

B A 65080 130200

B B 64790 129700
13 C 64630 129400
B D 64310 128700
C A 65060 130200
C B 64860 129800
C C 64740 129600
C D 64450 129000
D A 63790 127700

D B 63720 127600

t) C 63710 127500

D I) 63850 (27800

The monthly paranreter estimates for the best fitting ntodels are plotted in Figttres 1-5, where it

can be seen that the estimates reflect some well-known observed seasonal changes in precipitatiou. For

example, over (Southern Hemisphere) wintcr months there are more stonns on average, corre.sponding to

a decrease in tite scaleparameter in Pigure 4. In addition, the mean cluster sizc inereases during Winler

nionths which represents an increase in frontal weather systems (Figure I). Also, note that the mean

cluster size is always greater tltan onc, which provides statistical evidence that rainfall eveot.s are cluslered
in linic..

F'i rrg Estimates of p,; fitted values (x) F•i ure?: Estimales of ai; fitted values (x)

for each nronth and the fitted harntonic equation 5 for each month and the fitted harmonic equation 6
(dotted eurve). (dotted curve).
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i reI Estimates of(Sr fitted values (x)
fnr each month and the fitted harmonie equatlon 7
(dotted curve).

1._ _._._.

Fi.me 5 ; Gstimates of(1z; tittcd values (x)
for cach month and the fitted harmonic equation 9
(dottcd line).

Figure 4: Estimates of «s; fitted valucs (x)
for eaeh ntonth and the fitted harmonic equation 8
(dotted curve).

The seasonal variation in the parameter estimates suggested it migltt be reasonable to usc
harmonie curves for ttte best fitting distributions. This reduces tlte munber of estimaies and provides a
smooth transition over a year, avoiding discontirtuities belwccn adjacent months. The adequacy of this
approach can be tested using AIC.

A single harntonic wave seemed approprlate for the monthly estimates in Figures 1, 3, and 4,
whilst the ntore complex seasonal pattern ut Figure 2 suggested a second-order hartnonic was necdcd. ht
Pigtirc 5, the monthly estimatcs appear to follow no seasonal pattem, which suggested no harnaonic wave
was nccded and the parameter estiinates can he treated as constant throughoul (he year. We thus
considered the following equations for the ntodei pararncters:

tcjt) = exp{m, + A^ sin( 2m lT + 21c l(1 + e°' )^} (5)

a,(t)=m„ +A sin( 2ntlT+2JCl(I+en°')) +13,, sin(2tstl'!'+27c/(l+eo"'(6)

exp rnfi +Ap sin(2j#/T+2,>f/(l+ea"'))^ (7)

az(t)=exp^ne, +A, sin^2rrilT+23r;Q+e„' (8)

P)z(t) = eXp{mux } (9)

where I is time of year (in hours), T is the total numbcr of hours in ttie year (T = 8784 for leap years;
otherwise T8760). The exponential functions cxp{.} are used to ensure the estimates take positive
values, which is essential for the distribution parameters in (5), (7)-(9). 'I'he logistic functions, which
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take the fonn 21r /(I +0° ) , are used to ensure all angles lie between 0 and 2n radians. Onder this ra

paramelerisation, the density fimction of thc (i+l)th interval between the ith and (i+f)th event depends on
the t7nishing time t, + 1, of the ith event, so that the log-likelihood function takes the fomr:

ro

LLIttI^1-1-t^t(lt-lhi)).^i(1;t+Li_i,xr)+1^tt^(lr-1i11-i).f2(t,N,xI)} (10)

where to = ln 0 an(I N is the number of events in ttie 4 t-year record (analogous to the monthly intervals,
the first interval iti all years aftcr 1955 was obtaine(i by nieasuring frorn the last event in the prcccding
year).

l'he mean type t and type 2 inCer-anival times (u, and µi) come directly from the expressions
for the Log-Normal and Wcibull randoln variables, and are given by:

Pi(l)=cXp{a,(r)+ipi(t)} . (II)

02 (t) = az (1)I'(1 + /jz l(t)) (12)

where I- denotes the Gamnra funetion.
T'he hannonic parameters on the right hand sidc of equations 5-9 were estimatect by nraxirnising

the liketiltood function and arc given in Table 2 and shown as dotted lines in Figures I to 5. Iror the
hannouie parameterisation, the AIC was 127100, whiclt is less than the AIC for all the models in T'able
I. Thus, the reduction in the munber of parometers is well justified, and the harmonic estimates can be
uscd in preference to ttie monthly valuss.

TSllLl; 2: tiannnnie Parameter Estimates

and ttreir Standard Frrors ( irn parenthesis)

Parameter Es4mate

lvt, 1.33 (0.061)

A, -0.151 (0.036)

^ 0.744 (0.24)

rn„ -0.167 (0.062)

/j, Q-0354 (0.0077)

01 2.79 (0.36)

15 0.0739 (0.016)^

tp« 2.14 (0.85)

rYip 0.149 (0.016)

,dt; 0.0498 (0.0051)

0A
2.39 (0.40)

n7 3.70 (0.041)

A„ 0.387 (0.047)

1.61 (0.39)

mp, -0.271 (0.618)

't'trc estimated harmonic coefficients were tised in equations 5-12 to detenninc how the rnean clusler size
lrc, and the mcan inter-arrival times (µj and µz) varied over ttre year (Figures 6, 7, nad 8)_ Agaiq the
figures rcflcc•.t some well-known seasonal properties of rainfall. For example, on average, storrns are more
fcequent and contain larger clusters during the winter months, which is characteristic of froutal weathcr
(Figures 6 and 8). Due to eqnation 6, a more contplex seasonal pattcrn is evident in Figure 7 for the
expected time between successive evenls in the same stonn system, with a tendency far winter events to
be clustered closertogether.

In Figurc 9, the approximate probability that two successive events corne frotn the sarne storm
system, as a fimction of their temporal separation, is plotted, using express-ion (3). For mty ternporal
separation, smnmer cvents have a slightly higher probability of coming from the same system compared
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with winter events, which is due to summer storms being less frequent (pigare 9). In the absence of
other meteorotogieal infornration, the model predicts that two consecutive events, which are separated by
less than about 8 hours, are more likely to belong to the satne storm clustcr (probability > 0.5).
Conversely, events separated by more than about 8 hours are more likely to bclong to a different s(orm
cluster (Fieure 9).

^ ^. .. .. . . .

,/.•' ..,/ ~'^• ^^^.. ....

---
^

:f - - ^^„ ,.

i r 6: The mean cluster size ltc- I SL) against time of Enans_Z: The mean inlec-anival time µi (m 1 SP; in houcs)
ycar. between suwessiwe ovenL. in the same stonnelnstor ploue(i

a 3ins1 time.

. -_ ._,1 . .. . ... . .. . . ...

F ncr 8: The tnean intcr-amval time µ_ (w I SE; in honcz)

betWecn.cuccessire stonn elns'ters plotted ag:nnst 6nte-
Figute 9: The approximnro probabiliiy ty-axis) ihal nvo suocessivc
events coine finm tbo sr .morm elnsier plotted agalnsi thclr iempornl
separation (x-nxis). Thedoned line is fo, wlmer uvents ( tuken as ^he

,nidpoipi in Ihe year i.c, wilh I=4JN0= 2 z 36500 in qualienx 5-

4), whilet the solid line is ror surmucr eventv (taken ns r- 0 iu
cyuniiuns 5-9).

S. Residual Analysis
Havirtg obtained the best fitting modcl out of tttose considered, we now move on to the problem

of assessing goodness-oGfn and detemining whether a better tilting model is likely to exist. This is
achieved via a gencral attalysis ot'residuals (e.g- see Cox and Snell, 1968), where ttte `residuals' in the
present context are defined as follows.

As before, let x; _(, - ti_I - I;-1 (i = 1, ..., N) be the observed times belwecn successive events,

and let G(x) = P(X s x) be the fitted distribution function of the titnes X bctween successive events.
We detine the ith residual rt to be;

r; In{ 1 G(.x) ^ (13)
Under the above transfonuation, the residuats will be a series of independent standard

exponential random variables, nrovided the model adequately fits the data. It is sometinres more

convenient to work with u( = G(.x; ) which forms a series of independent unifam random variables over

the interval (0, 1), again assuniing the model adequately fits the data. Departtires front thcse
distributions indicate lack-of-fit and may suggest another model is Inore appropriate. Appropriate tests
include assessing goodness-of-fit to (hc exponential a_nd uniform distributions and looking for lack of
independence (e.g. serial correlation) in thc residuals- Ogata (I988) gave a similar analysis in the context
of earthquakc modelliog.
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1'lots for the residuals and transformed residuals are given in Figures 10-13. 'Phe cutmtlative
distribution plot (Figure 10) indicates that the residuals are very close to exponential, because they lie
approximately ou a straight Iine of unit slope, and that an overall good fit has been obtained. I lowever,
discrepancies in the upper tail are not readily seen in this- plot, so quantiies were also plotted and are
shown in Figure 11. Some discrepancies are eviclent in the upper 1% tail, which implies the fitted model
will under-predfct extreme dty periods (Figure 11). For applications in which a good fit to the extremes
is important, the model may therefore need to be rnoditied, but this was beyond the scope of the re.seatch
presented here.

Residual serial coiTelations (i.e, the correlation bctwccn r•; and r,..Y) are plotted against lag (k) in
Figure 12. A small persistent correlation is present and indicates depcndence in the residual series
(Figure 12). This was iuvestigated further by plotting the (i+l)th tmiforln residual against the
corresponding ith residual (for all i). The result is shown in Figmro 13, from which it is clear that the
dependence in the residuals is very weak (slightly higher densities of points are evident in the top rigkd
hand and bottom left hand cninet:s of the ligure), Some fiirther researeh would be needed to ftud ttte
cause of this coffelafion. It may be due to small unelerlying trends in the data, eaused by climate change
or ihc El Nino effect, which could be tnodelled by including lower frequency harmonics in the equations
for the model parameters.

''/

^,,^ 333

-., .. . . .. .. _..... . __. _ -_._---1.. ^ . ^ , e .-0 •u .;.

1S,yrc IQ: The eamulativo distribution lunaiou evaluated tor
thc residuuts (r). The^ poluts, tvhlch appezr as a slight curve,
ere the expectcd valuzs for a smndord esponeNial

fi^urz I I: A quandle-plot fur the residuals, wherc a quantilc
is a percentile expicsscd ae a Jeciniai The points (x) are the

Jistribution plottzd agaius[ the evtpirical cannJative
distributinn funetion. Deyarlutes from the ifne indicate laek-

°xpected 4unn18es under a standard exponential divtr(butinn
plotted againt the enipincat ynantiles. Depurtnres tiom the

of-fit of thc re.siduals to the exponential distribution, line indicate lack-of-fit ot the residuals to the exponential
dtstrlbntlon,

a ^ r,^3"^`^f' }r
l'^r 3' str R
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n^

^ ^,f
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•.^ ^^_,

'l^tr t ^
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Figyre 12: Thc residual autocorrelnlians ploited agninst lag k,

i.e. the cortelation bctwecn , and „, (k - I. Sn)

t c 13: Plnt of tile (i+l)th residual (nniforni

Iransformation, u;,) against thc ith iasidual (u,J
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6. Conclusions
A renewal dustcr nrodel was proposed fur the analysis of inter-arrival times of rainfall events in

continuous-time. A fitting procedure was given, which used maxitnum likelihood for parameter
estirnation and the AIC to choose the best fitting distributions. For the Wellington data, the log-Norrnal
distribution was found to provide the best fit to the times behveen successive storm clusters, whilst the
Wcilbull distribution was foutrd to provide the best fit to the times between successive events in the
samc stornr cluster. It was found that the mean olustcr size and paratneters for the distibutions of inter-
arrival times coutd be representcd as harmonic curves, without a significatit reduction in the likelihood.
The mean number of evertts in a stonn cluster was always greater than one, providing statistical evidence
that the recorded events were clustered in titne_

The plots of the resielual series showed that overall the model fittetl the data, although a slight
uncier-prediction of extreme values was evident. The residual series were slightly dcpcndent, which may
be due to stnall underlying trends caused by El Nino or climate change. Sorne further researcb would be
needed to address ttrese problems shoutd they be deemed of practical signiticance.

In conelusion, the rencwal cluster tnodel is recommended for the statistical analysis of rainfall
(lata in continuous-time, as it provides an objective basis on which to inPer probability distributions for
the inter-anival process and the expected number of events in a stonn cluster.
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Abstraet. This paper describes a new• methodology for detcrtuining stocliastic design
storm patterns by the probability model with multi.-local pellks. A storm cluster is
defined as a sequence of rainy periods bounded by two dry periods. Cfsing mutti-variate
probability density funcfion we obtain the joint probability distribution of duration,
depth, anci local peak for a storm part. Osing historical hourly rainfall data, we
demonstrate design stornt patterns with multi-local peaks by the proposed method.

INTROllCsCT1ON

A design stornt for flood-control projects in Japan is defined as having three charac-
teristics: the total rainfall, time and spatial distributions. Following the determination
of thc design total rainfall, the time distribtttion shape may be deterntined to be ahnost
tttc same as the time distribution shape of a historical heavy storm causing a large
flood, This metliod has been barely investigated using probability theory. Fspecially,
the joint probability of occurrence of the design total rainfall and liourly rainfall
intensities arountl the peak governing the rnaximum discharge oF tlood has been hardly
clarified. Thelefore, we propose a probability model for evaluating multi-local peaked
design storms osing rnulti-variate probability density functions.

CONWiVTIONAL TVIETHOD (ENLARGEYiENT i<•IE"11IO
STORNIS)

OF HISTORICAL

Up to the present, design stornts for flood-control project for a river drainage basin
with suffic'tent hydrological data have been determined in the follotiving ntan.ner:
(a) •1'he design return period TiRI is clecided on the basis of the population and assets

in the river basin and inundated area.
(b) "t'he rainfall duration is usnally set to one or two days.
(c) The raiafall depth corresponding to the design return period 1r(') is calculated

t}s?ng single-vanate statistical ailalysi`;.
(d) A historical storm that caused a flood is elnarged to convert its rairlfall depth

into a design total rainfall.
(e) Storms tvhose short-term (1-, 3-, 6- or 12-hour) rainfalt deptlts around the peak

are judged by probability evataation to exceed a certain return period (nsually
500 years) much larger than the design return period, are rejected; ultimately
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abottt 10 dcsign storm patterns are selected.
The above method is natned the enlargement meEhoci of historical storms. Wlule

it is simple and easy to understRnd, it t as the following disadvantages:
(a) The erilargelnent ratio of historic;rl storms is empirically set to two tinies or less,

but tlrere is no theoretical base to this ratio.
(b) The given return period used for the probability judgement of short-term rainfali

depths aronnd tlte peak meiitioned above in (e) is set ntuch larger than the
design return period, but there is no theoretical coordination between botlt rettirn
periods.

(c) T'fierefore, storms witll heavy short-term rainfall depths around the peak whnse
rettlrn periods exceed the design return period are often selected as design
storms.

PILOBABIt.ITS' 1kTObEL tn'ITtI MEJLTi-LpCAL PEAKS

Storm cluster• and storm part

To develop a probability model with mtdti-local peaks, we debne a storm cluster and
a storm part. The storm eiuster is a group of storm parts that has triggered a flood, as
shown in Fig. 1. Tile storm part is defined as a rainfall part with each local peak in a
storm cluster. 7'l;e storm eiuster and the storm part are separated as follows: First, the
lower limit x, of the rainfall intensity and the lower limit T, of the nolrrainfall duration
are set. If hoarly rainfall intensities during a storm are below x, and lasts longer than
T,, each se-quence before and after the storni is regarded as belonging to different storm
clusters. The intensity sequence of one storm cluster is then moving-averaged lry the
flood concentration time. If the differetces between local niaxinlum and minirnttm
values of the moving-averaged raiofall intensities are greater than the lower lunit rs, the
sequence of the storm cluster is separated into storm parts at the points where the loeal
n3inirnum vatues appeat.

Bivariate ptrobability density fnnction

We irltroduce a coatinuous multivariat.e probability density function whicll has been

i d^ _ dz ; eims(il)
^ ^(%z v{ E;. > 7': i b^ "-d ,

i''il;_ I Schm;aie depSctinn o: a storm oluster and a stnrm part.
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defined by Flashino (1991) in the same nxanner as the multivariate binontial distribittion
was proposed by Suzuki (1966). The bitariate probability density function can be
expressed by:

Ax,y)'/{X)fCv){i- Pxy(,T-")(r )a.r'a,'} (1)

whe.re f(x), 1(y) are the marginal probability density funetions for the variables x and
y, Pxy is the coefficient of cross-correlation between x ard y, p, µy are the means of
x and y, and ax, vy are the standard deviations of x and y.

Tl-te conditional probability distribution fitnction F(xly) is given by:

F(x ^ yl - f (x) n.rj(}' p^^)a,: ` Ia {e-t >Jaz'Ar)eLe (2)

where P(x) is the marginal probability distnbtxion function of x.
`Flzree-parameter gamma distributions are used to express the marginal distribu-

tions F(x) and F(y) of the statistics in a storrn part, i.e. duration, depth and short-term
rainfall deptli around the peak, because the gamma distribution is capable of expressing
the disteibutioa of sums even if there are auto-correlations among the statistics (Kotz
& Adavi-is, 1964).

Annual rnaximum distribution and return period

The nort-exceedancc probability of tiie annual maxinja distribution with total ducation
ll, total rainfaE! R and short-term rainfall depth y around the peak of a storm part in a
storm cluster wittt n peaks, is expressed as follows:

fi^»5Wn,rx)-e.xpC-A„{1'Fd̂ " * t(Dm^))l (3)

,nox) ° exp[ -An{ 1 ._ p4°' }(^4m, (4)

^q)(},max)=CXF^^-An^l -^r^max)^^ (5)

where L]mux, ltIFtx and y;,nx are annual maxima of total duration, total rainfall and short-
term rainfall depth around tite peak; A.,, is the annua occurrence rate of storm c[tasters
with n peaks; I'tlt"`t(T3n,^), Fr("`}(R,,,j are n-fold convolution of duration and rainfall
respectively; and Fv(y,,,.x) is ttte probability distribution function of short-term rainfall
degth around the peak.

Return periods for each set of statistics of the staartn clusters wittt n
given by:

Trr(^a^x)=1i(1

71n1(},m;.x) =1 / { 1 -f^y"^{}'m+X)i'

DLTEt2144L1 tNC:llISIG1S STORM PA'FTEI21!'S BY TIIEPRLTBABILITY 14SODEL

Design values that have to be determined in a flood protection plan are the peak
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discharge at the planning point and the capacity of ttte flood control facilities. It can be
easily guessed that the peak discharge has a close correlation with the short-term rainfall
depth around the peak, and the flood control capacity with the total rhinfall depth. "Aie
therefore adopt avo methods to obtain different design storm patterns, one with which
the total raiafalt depth has the design return period Tt'1 and the other with which the
peak rainfall intensity has the design return period Tt`l.

Design storm patterns with the design return period of the total rainfall depth can
be determined by the fotlowing procedure:
(a) Cafculate the total rainfall depth R for the design return period T{') by using

tSnation (4).
(b) Calculate tha duration D in relation to the total rainfall depth R by using the

conditional probability P(D^R) shown in equation (2).
(e) Calculate the n-th peak rainfall intensity y,,, that is the maxiintun intensity in the

design storm efuster, in relation to the total rainfall R by using the conditional
probability p(Y" I R)-

(d) Divide duration D into n peaks by using distribution ratio d,t;. By satisfyiag dl
+ d; +..... -t- d„ = D, the i-th rainfall d; ean be expressed as:

tli-,Pd;rf,, r1,=(enr^(1 +^bd;+...+pc_t)}D, pdrr^ 1, (7)

(e) Divide totaf duration 1Z into rt storm parts using the distribution ratio OF,. T3y
satisfyinp r; + r, + ..... -!- r„ = D, the i-th rainfall depth ri can be expressed
as:

/i0ri1'n, f1=4Y'rlif(l+'^ri?...+Om-lijl, kn=1r Atc1,2,,..,11) (8)

(t) Calculate the local peak rainfall intensities ya, y,, .,... y„-t by using distribution
ratio 4, In determining ao hourly pattern for the storm part, it is necessary to
set ¢y, so that y; < r; [ y;d; and at the same time the f'oltowing relationship is
ful6lled:

(g)

Yr-r^yiyp. O1jrn1yn < 0 y, < 0r7rnl (,fid,,d,&), (J=1,2,..., ld) (9)

Divide thc rainfall depth r; of the i-ttt storm part into the subdepths rei and r,,;
before and after the peak, respeetively, in the storm part, according to
distribtttion ratio >yw Do tite same for the duration of the i-th storm part.

Fbi-Yri - ri, dhi''Y,di - di+ (l-1,2,..., âd) (1(1)

(h) Ca7culate the temporal rainfall intensities of the i-th storm part usiifg the
equations derived frotn bivariate Freund distribution by Hashino (1988)_
On ttte orher hand, design .storm patterns with the design return period 1't'1 of

the peak rainfall intensity can be determined by the following procedure.
(a) C2lculate the rrttr peak rainfall intensity y,,, tttat is ttrc maximum intensity in the

dP,siV StC?rnl clUCter, for (he desiocn return period using equation (S).

(b) Calculate the total duration D using the peak rainfall intensity y„ and tire
conditional probability F(DI yp).

(e) Catculate the total rainfall R using the peak rainfall intensity y„ and ttte
conditional probability 1'(I2Jy„)•

(d) Foliow steps (d) to (h) of the procedure mentioned above.
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API'LICATION

IIescriptiwx of the river basisr and runoff model

We have applied the conventional method and the new proposed method to an actuai
basin to discuss a flood control plan deciding the basic design flood discharge and
deciding the capacity of a tlooci control dam. We selected the basin of river A with a
basin area oi' 100 km'. This area flas tnuela raiti; the annual rainfall depth is 2500 mm.
About 73% of the whole basin area is mauntainous with an urban district alongside the
river downstream. We adopted point B (basin area 68.6 krn`) as the planning point for
flood protection with datn C (basin arca 13.9 km2) apstreant.

To convert the design rainfall into discltarge, we use Kimura's storage funetion
ntethod, which has been often used whe.n planning Japanese rivers_ As shown in Figs
2 and 3, we have adopted a flood runoffaad routing model eonsisting oPsix sub-basins
and three river channels. Various paranteters for thc flood runoff and rotlting model
have been identified from the hydrological data of major historical tloods.

Fig. 2 Schematic deseription of river A for no<d protection planning.

Design stor-nt by tFte conventionat rnethod

The design rettrn period of ttte flood protection plan is set to 100 years. The design
rainfatl depth 1=as beeo set to 500 nun based on a single variate (Gumbel) probability
distribution of the annnal maximum daily rainfall for upstream point B, using the data
between 1957 and 1985. We selected design storm patterns for which ttte enlargement
ratio is twice or less. Considering the flood concentration time of about 6 hours, design
rainfall patterns 'with hourly (1-, 3- and 6-hour) rainfall depths aronnd the peak
exceeding the 500-year return period have been rejected.
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8±ver eparmot uMei

0
Fig. 3 F;ood runoff aad ronting einztel.

Design stornr using the prob>ibilily modet wittr tnuEti-locat peaks

The 3-parameter gamma distributiotls were adopted to dttrati.on, depth and short-terni
rainfall depth around the peak for a storm part. For example, Pig. 4 shows the depth
distribution of a storm part. The calculated valaes agree well with the measured ones
plotted by Gringorten's formula.

The annu2l maximum distributioazs of iotal duration, total rainfall depth and
short-term rainfall depth around the peak of a storm ctuster are obtained from equations
(3), (4) anci (5). For example, Fig. 5 shows ttle attnual maxiinum distrihution of the
total rainfall of a storm cluscer with a single peak. The measured and theoretical values
match well,

Design storm patterns are decided based on the procedures inentioned in the

[

" ,a; ns an ro
sro

Fig, 4 Marginat distrlbutinn of R for single peak cluslers.
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Pig. ^ Anmml maximnm disPribntinn of R for singlw peak clasters.

previnuS section where the conditional probability F(yu i n), F(>> p) or I'(R i Y); F(Djy)
is set to 0.5, rhe mean of cach, and the distribution ratios ynr; and yj;, y'.r; shown
in T'ahle 7 are set to the average values obtained from historical rainfall data.

We dccided on six design stot'm patterns: three with a total rainfall oi"'] ` with
one, two, and three local peaks in a design starn cluster, and xlle uther three with peak
rainfall itttensity of Tt"t and also with one, two and three peaks. '<ig. fi shows a three-
peaked desigra storm pattern as att example.

Tahie i Mcan vaines of 4 and J.

butioa ratlo t-peak clustars 2-peak c(asters 3-peak etusrers

i-i i=1 i=2

0.534 0.381 0.77.8

0.619 0.397 0.770

V'3 0.474 0.395 0.306

0.614 0.573 0.581

i: i-th stornt part ot n storm cluster

^3 I

I

Fil!; 6 A tleeign storn; patten} ^ith 3 tvct] pcaRs.
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CO1ViPARISOIV ()F TIII? CONVENTIONAL t1'IGTIiOD AND `I'ItE, I'ROPOSEil
MI±,TiiOLI

Basic and design 8ood discharges, respectively, without and with tlte flood control dam
are caictllated by using design storm patterns decided by the conventional (enlargement)
method and the proposed method. Tite results are summarized in Table 2. Note that the
design otlttlow discharge from dam C is kept constant at 30 ms s`I.

"t'ablt: 2 shows that ihc basic flood discharge, design flood discharge and flood
control capacity otitained by the enlargelnent metltod are greater than those by the
proposed method based an the probability Inodel. This is because wittt the enlargemetlt
nlettlod, the return period of the silort term rainfall depths arotlnd the peak can be as
long as 500 years, much larger than the ctesign return period, while the return period
of the shortterm rztinfall depths around the peak tor the proposed method is limited to
the desi;n return period of 100 years or less.

T'able 2 Comrarison of peak lland disetrargca obteined by the propuved and conveutional
methods_

Pattrrnc or design slorm Flood disc0arge
at point I3 (m'ls)

F(ood disuharge

of Uam C(ru3/s)
Flood eontrol

capacity of Dam C

3
Hasie Desigre Basic Design

ttt )(

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

Proposed I-peak clusters
m rthotl

916 741 206 10 3 740 000

Tota! rsinflI8 2-peak clustecs
ttr V,

926 748 210 30 4 200 000

3peak cluctora 770 629 175 30 4 240 000

Prtrposed I-peak clusters
mztlwtl

902 731 210 30 2 130000

Peak rRimtdl of2-peak ctusters
rt''

1044 840 247 30 2 890000

3-teak clusters 747 611 170 30 3 140 000

Convcntiaaal 6iaxiumm value± 1235
mathod or 10 design

storm patterns

1020 394 30 5 090 000

CONCI.,I;SIONS

In planning flood protection for river basins in Japan, the design stortn patterns have
been determined by ttie enlargealent nlethod of historical stortns, wllicti has some
problems to overcome.

We ,1ro;]ose a new method tlsing the probability tnodel with multt_tocal peaks.
'I'his metltod satisfies the design return period of tlte flood proiection planning for short-
term rainfall de{ ths around ihe peak, whieh govem ttle maxitnum discharge of flood,
and allows us to decide various design storm patterns. These advantages will be useful
in flood control and tnanagement. However, we will have to stttdy ttle decision criteria
of distribution ratios p and w in detail for practical applications.
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