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documents under the corresponding sequential tabs:

Tab Description
129, Affidavit of James R. Moir, P.ENG In Response To The Affidavit of Tadd H.

Henson, which inclades the following exhibit:

Exhibit A: Figure 3 of the Stantec Report of March 1%, 2010

Exhibit B; “Addendum to the Hydrologic and Hydraulic Analysis Grand Lake
St. Marys Discharge to Beaver Creek Mercer and Auglaize Counties, Ohio”
dated November 2006

Exhibit C: Plot of lake tevel water elevation

Exhibit D: Data download from the USGS websitc for the Linn Grove gage

Lxhibit E: USGS 03322900 Wabash River At Linn Grove, IN

Exhibit F: A renewal cluster model for the inter-arrival times of rainfall
cvents, Paul S. Cowpertwait

ixhibit G Determination of design storm pattern by a probability model with
multi-local peaks, M. Hashino, et al.
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IN THE SUPREME COURT OF OHIO

STATE EX REL, WAYNE T, DONER,
et al
Case No. 2009-1292
Relators,
Original Action in Mandamus
V.

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

Respondents

AFFIDAVIT OF JAMES R. MOIR, P.ENG
IN REPONSE TO THE AFFIDAVIT OF TADD H. HENSON

PROVINCE OF ONTARIO

My name is James R, Moir, P.Eng, (ON). Tam over the age of 21, and 1 am
competent to make this affidavit. The facts stated herein are within my persounal

knowledge and are true and correct, T state as follows:

I. Fam a Registered Professional Engincer (P.Eng.) in the province of Ontario,
Canada.
2. [ reviewed the Memo dated May 26, 2010 from Tadd Henson, Stantec, to David

Mohr, (INR, “Grand Lake Saint Marys - Response to Moir Deposition and Affidavit”
(*Memuo"), which is attached to the "AFFIDAVIT OF TADD HENSON" signed 27" day
of May 2010. 1have E‘he following comments.

3. Three new CDs were received fabeled “Stantec May 26, 20107, “Disk 1 of 2
Stantec Subpoena Information” and “Disk 2 of 2 Stantee Subpoena Information™.

Hecause of the volume of material and data contained on those three CDs [ am not yet in

a posttion o provide comment on the contents of the data and items on those CDs,



however I can comment on the conient 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. This “calibration™ is shown in Figure 3 of the Stantec repbrt of March
1", 2010 (attached as Exhibit A which is a true and accurate copy) as only two lake level
data points.
a. As part of prior work CRA prepared the report "Addendum 1o the
Hydrologic and Hydraulic Analysis Grand Lake St. Marys Discharge 10
Beaver Creek Mercer and Auglaize Counties, Ohio” dated November
2006 (attached as Exhibit B which is a true and accurate copy of the
report with appendices). In the section “Background”, part “C™, CRA
reports on the survey of the lake gauges which revealed that “the gauges
were nol a¢ the elevations ascribed o them by ODNR, mesning that the
FS1.M lake levels have been consistently under-reported by ODNR.”
b, The completion of the surveying was “jointly arranged for” by CRA and
.()DNR, The surveyors report was included as Appendix A in the
November 2006 CRA report.
¢. The surveyor’s report shows the “50-ft-long notch elevation” of the new
spitfway as 870.6 ft msl and the top of the dam as 871.5 fi msl.
1. Lake level water elevation reported herein as measured were taken
from Appendix B of the CRA November 2006 report.
d. Lauke level data was included as Appendix B in the November 2006 CRA

report. From July 2, 2003 to July 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 cvent; it was used by Stantec

to test the accuracy of their hydrolegic and hydraulic modeling.

i, Swntec shows only two measured water level data points on Figure

3, both at about 872.1 ft.

L

o

The axis of Stantec’s Figure 3 makes it difticult to
determine the dates of the reported points, but it appears
that the dates are July 9™ and July t0™ on which dates the
measured lake fevel water elevation was 872.64 fi msl.
The Stantec lake level “data’™ used as “calibration™ are in

error, being approximately 0.5 ft too low,

Hi. A plot of the luke level water elevation is attached (Exhibit C).

which shows that the measured lake level reached 872,04 ft on July

o™ and July 10% 2003,

1.

i~J

The measured water level in Grand Lake St. Marys reached
2.01 {1 above the spiliway notch clevation (870.6 {t) durning
the July 2003 event.

As noted earlier, the discharge over the spiliway depends
on the lake level clevation over the spillway crest, and
increases with the lake tevel elevation above the spillway
crest to the power of 3/2 — the increase in discharge

increases “more” than linearly and therefore the starting



iv.

elevation of the iake is very important in determining

discharge over the spillway(s).

Stantec Figure 3 (page 2.6 of the Stantec March 1%, 2010 report)

shows the modeled peak lake level etevation as under 872.3 ft.

L

The Stantec model underestimates the maximum lake level

by at least (0.34 1.

T calculate the underestimate by Stantec, between measured lake

level water elevation and Stantec’s modeled lake level, because of

the non-linear relation between discharge and head (water

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

underestimating the discharge over the new spillway by 77%.

tJ

i the peak discharge as modeled by Stantee was 2750 ¢fs
{the value, reporied by Stantec in Table 2-5, for the July
2003 cvent), the actual peak discharpe was 2750 times 1.77
equals 4867 cfs.

The value of this discharge is imporlant in that the resuiting
caleudated flood water elevations were compared {o the
measured high-wualer marks to claim calibration of the
Stantec HEC-RAS model.

If the discharge used for calibration is off by 77% then the
“calibration” is meaningless and because the discharge was
in the HEC-RAS hydraulic model. the Stantec HEC-RAS

maodel is meaningless,



5. My affidavii éf May 19" 2010, the meaning of the last sentence in section d,1 was
incorrect because of a missing word, “not”; the sentence should read: “Therefore the 1%
annual rainfall depth does not mean that the 1% runoft depth would result.”
6. 1 have the following further comments on the Memo:
a. [ earlier recommended in my May 5™ 2010 deposition and my May 19™
2010 affidavit that the HEC-HMS hydrology mode! and the HEC-RAS
hydraulic model be extended to the USGS gage at Linn Grove, Indiana.

i By exteading the models | meant explicitly including the
portion of the Wabash River watershed from the Ohio/Indiana state line
down to the Linn Grove gage location.

i.  Extending the models would explicitly alfow comparing
modeled peak discharge, rate of rise of the hydrograph and
rate of decline of the recesston (drain out) limb of the
hydrograph,

it.  Extending the models would aliow explicitly determining
the contribution of the discharge of Beaver Creek to the
Wabash River, and in particular the differences caused by
the operation of the new spittway at Grand Lake St. Marys.

. Topagraphic data is available for Indiana.

iv.  agree with Stantec that simpie extrapolation or
proportioning of discharge from the location of the Linn
Grove gage upstreant to the confluence of the Wabash

River and Beaver Creek is not recommended.



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 the issues noted above related to the lack of duplication

of the lake water levels.

e

My comment about the improper use of the regression
cguations stands; the proper usc of the regression equations with their
very wide error bands is that they should be used only as a preliminary
exploration and can not be used, again because of the wide error bands,
1o assert 4 calibration of a detailed model.

b. I earlier recommended, in my May 5% 2010 deposition and my May 19"
2010 affidavit, should Stantec/ODNR continue to choose HEC-RAS, that the
HEC-RAS hydrautic model be extended up the Wabash River upstream of the
confluence with Beaver Creek. Stantec has chosen 16 use HEC-RAS in
unsteady mode which attenuates (reduces) discharge because of storage in
overbank areas and backwaier upstream of bridges.  Reducing discharge
reduces the elevation of flooding and the extent of the resulting floodplain,
To be an accurate representation of attenuation, all the bridges and overbank
areas along the entire upstream reach of the Wabash River need to be
explicitly included.

" depusition and my May 19 affidavit the

c. | carlier noted in my May §'
presence of fevees in the Stantee HEC-RAS model, which reduced the

apparent exient of the modeled flooded areas. From a field examination of



Beaver Creek March 31%, 2010 I noted that the use of levees in HEC-RAS
was inappropriate, as it appeared that there were flow paths that would atlow
flooding water 10 reach those areas outboard of the levees between cross-
sections,

1. In such a case, when using HEC-RAS resulis in an
ambiguous floodplan estimate, it would be proper
engineering practice to use a lwo-dimensional (2-d) moded
that would explicitly show all flow paths.  Simply using
fevees is inappropriate.

Stantec has changed the Mannings n values and the geometry of the SR 49
bridge in their HEC-RAS maodel, with the result that effectively lower water
levels are predicted. As reported in their Memo the water fevel at SR 49
bridge was lowered by 1.1 ft and as a result of the lowering of n values by
(.51 ft 10 0.89 ft. However therc is no statement indicating that predicted
(modeled) water levels continue to match the post-July-2003-event measured
high waler marks. As mentioned in my aitidavit of May 19" a calibration
resulting {rom a lower n valte and reduced bridge head-lass would require an
increase in discharge.

. Based on the May 26" 2010 Memo, the HEC-RAS model is

now totally un-calibrated.

ta

There is no indication in the Memao that the other bridges

along Beaver Creck were similarly corrected.



<.

1 earlier recommended in my May 5" deposition and my May 19

th

affidavit that anlecedent 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. The antecedent soil moisture

conditions should be calculated using continuous modeling to take into

account the history of rainfall, drying and runoff.

P

The United States Geological Service (USGS) Linn Grove
gace (USGS 03322900) shows prior events with peak
discharges of 1430 efs on June 14" 2003 and 1610 cfs on
June 19", 2003 (Exhibit D, which is a true and accurate copy
of data downloaded from the USGS website for the Linn
Grove gage). There is evidence that that immediately prior to
the July 2003 event the soll moisture conditions may have
been wet.

The Stantec hydrologic modeling should have taken tnto

account antecedent wet conditions, and not assumed

‘average’ conditions.

Antecedent wet conditions are properly accounted by using

a soil moisture accounting method.
1t is usual, especially in design work, (o do numerous
calculations, varying inputs slightly, to account for
uncertainties in inputs, the approach being called sensitivity

analysis.  [n this case sensitivities on the wet conditions



f.

s

should have been done to bracket soil moisture conditions,
runoff, reasonable values of lake water elevations and
therefore discharge to Beaver Creek.

I stand by my comments in my May 5™ deposition and my May 19"
affidavit that an examination of the topography of the Beaver Creck
floodplain reveals numerous parallel flow paths (deseribed incorrectly by
Stantec as “alternative flood paths). Modeling with a 2-d model, for example,
would re\fcai those parallel paths.

HEC-RAS is a one-dimensional model, which deseribes the river channel
and the river overbank areas by cross-scetions spaced thousands of feet apart.
Between cross-sections there is no information about the geometry of the
floodplain. By contrast a two-dimensional {2-d) modcel represents the
geomelry of the floodplain with cells that may be tens of feet across; allowing
a detailed and accurate representation.

. As npoted in my carlier comments, in my May 5% deposition,
when used in unsteady mode, HEC-RAS altenuates
discharge, resulting to a calculated lower and less extensive
flood zone, because water is stored in the overbank areas. To
accurately depict the amount and location of storage, the
averbank areas must be correctly and accurately depicted.

2. As noted in my carlier comments. if unsteady mode 1s a

requirement then a medern 2-d model such as MIKE-

9



FLOOD (commercially available from DHI, Inc.) should be
used.

h. The analysis of return period of the July 2003 event, based on the peak
discharge at the USGS Linn Grove gage, implicitly includes a circular
argument:

I With the new spillway in place, with the rainfall and
antecedent lake level conditions of July 2003, I caleulate the
peak discharge within Beaver Creek to be 3124 cfs.

2, With the old spillway in place, under the same conditions,
changing only the spiltway dimensions, T calculate the peak
discharge within Beaver Creek to be 436 cfs.

3. ‘The difference in discharge, under these conditions, is 2668
cfs.

4. The peak measured daily discharge at Linn Grove on July g
2003 was 13.900 cfs.

i.  For illustrative purposes. taking into account the difference
berween the “old spillway” and the “new spillway”
discharge, the July &® peak discharge at Linn Grove, had
the old spillway been in operation, would have been on the
order of 11,232 ¢fs, which is comparable with prior annual

~ peak discharges measured at Linn Grove.

ii.  Of the six annual peak daily discharges over 8,000 cfs,

measured at Linn Grove over the period of record from



1964 1o 2009, four have occurred after the installation of
the new spillway (sce Exhibit I2).
iii.  The magnitude of the annual peak discharge at Linn Grove
is measurably aftected by operation of the new spillway.
iv.  ltis not accurate to simply analyze the return period of the
Lina Grove gage of discharges, e.g. for the rewurn period of
the July 2003 event, without taking into accﬁum the
contribution of increase in discharge resulting from the
operation of the new spillway at Grand Lake St. Marys.
The Stantec Memo states that the purpose of the Stantec hydrologic and
hiydraalic modeling was 1o produce a model that, as “accurately as possible,
that quantifies the impacts of the 1997 spillway modification along Beaver
Creek and the Wabash River between the spillway and the Indiana state line.”
I. A truly accurate model would be calibrated.
. A calibrated model would match measured take water
leveis.
i. A calibrated model would match flood profiles
(hydrographs) at the one available tlow gage which is at
Linn Grove, Indiana.
2. A truly accurate madel, so as to depict likely conditions,
would include sensitivities run:
. onwetantecedent soif motsture conditions, and

i, oneclevated antecedent lake levels,



it.

1.

A truly 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.
A hydraulic model, to be as accurate as possibie would use a
suttable, and readily available state-of-the-urt, compuier
program which allows an accurate depiction of the complex
averbank arcas of Beaver Creek and the relevant portion of
the Wabash River,
Given the complexities in detail of the Beaver Creek
floodplain and the need for high accuracy and precision, the
gse of a 2-d hydrauiic mode! is warranted.
With the likelihood of Beaver Creek backing up into the
Wabash River, alter the Wabash River hydrograph has
passed and while Grand Lake St. Marys is still draiming ont,
the use of a 2-d hydraclic model around the complexitics of
the confluence of Beaver Creek and the Wabash River is
warranted.
That an appropriate computes program is commercial
should not be an impediment to ity use,
The Stantec hy’(h'(.)fl(}gi—c model does not match measured lake

water levels and therefore can not be relied on,



6. Stantec has changed the hydraulic model to lower water
levels as controlled by the Mannings n value and the SR 49
bridge. However 4 re-calibration to measured high-water
marks is not mentioned or explained. At a minimum,
lacking this, the hydraulic model can not be relied on,

i- In the Stantec report dated March 1™, 2010 it was asserted that the return
period of the July 2003 event was 240 years, without consideration of the
issue of multiple storms within a total event. As [ quoted earlier, it was
reported in the Stantec report that the rainfall occurred “on and oft™ which
suggests that multiple storms occurred.

{. Cowpertwait (Exhibit F) cxamines the probability that
saccessive storms come from the same system and suggests the use of 4
cluster model Tor statistical analysis of rainfall data. If successive storms
result from the same system, the probability of back-to-back rainfall
events 18 not entirely statistically independent - and therefore shouldn™t he
treated as s0.

2. Hashino et al. (Exhibit G) presents an example (section
called Application, page 319 of the Exhibit) of i river with a dam which is
similar in schematic to Beaver Creek. Hashino describes an analysis of
raim’aﬁ cvents that results i a series of peaks in rainfall intensity for the
design of tlood protection where it is necessary o represent the individual

rainfall peaks, nstead of a treating the event as a single rainfall event, in



order to produce accurate model results. Hashino found that this approach
was esépeciai]y useful when dealing with flood protection.

3. The recurrence interval (return period) of a series of storms,
is different than the recurrence interval of single event, both having the
same total rainfall depth. The recurrence interval of a series of multiple,
mur&frequem storms is lower (more probable), being the probability of a
combination of a series of dependent events.

4. It was my suggestion, o avoid underestimating the hikelihood
of {future similar evenis, with similar flooding, that ODNR examine in
detail the history of the rainfall within the whole of the July 2003 event.
and accurately assess the return period of that event.

. Anincorreet assessment of the return pertod, based on the
assumption of a single storm, would lead to an inaccurate
assessment of the probability of future similar events,
which would be non-conservative.

it.  Anincorrect assessment of the return period would fead to

an inaccurate assessment of the affected floodpiain.

/ C:,'“‘/

JAMES R. MOIR

Sworn to and subscribed before me this D@’ day of (1"{11/{ L 20H)

NOTARY Pfl IRLIC
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EXECUTIVE SUMMARY

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 water 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 matter was continued on August 29, 2006, CRA was finally able to obtain
accurate GLSM lake level data from 1927 to 2006. Using this information, CRA was able to
complete a more accurate analysis of historical storm events. A fotal of sixteen severe storm
events were analyzed to determine the 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 rainfall 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 (July and December, 2003; January 2005; and June 2006)! - severe flooding in Beaver
Creek and the nearby properiies. 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. H ODNR does not take action to correct its mistake, flooding
along Beaver Creek will continue to occur.

1 Refer to Table 1 and Figures 7a and 7b through 10a and 10b,

1 CONESTOGA-ROVERS & ASSOCIATES



BACKGROUND

A. The CRA May 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, ms]) 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 ambiguously described elevation?) 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.g., feet msl). Prior to the August
28, 2006 trial, Case (both through its counsel and CRA) repeatedly contacted ODNR in an
attemnpt 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 August 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 ODINR's witness, Doyle Hartman, it was learned that Hartman 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 Dorstent of ODNR to observe and photograph the GLSM gauge located on the eastern

2 Puring the deposition of Steve Dorsten on Seprember 8, 2006, ODNR’s lake measurement practices were revealed. According to
Dorsten—whase understanding of the mathematics involved is based solely on the oral history provided him by bis long-departed
supervisor—ODNR coltects measurements at one of three Take gauges, not all of which are at the same elevation, in * inches of the
" marking 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 eastern outlet structure gauge was installed in approximately 1940, it was reportedly installed 2.78 inches below the
crest of the 39.4-foot spillway and since the elevation of the spillway crest was known, one could back-calculate the lake elevation.
The measurements 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 Gauges

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
Bellefontaine, 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:

O 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 394-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 Figure 3 attached as Appendix C. Using the accurate
lake levels, this analysis reveals that, had the ODNR-designed 500-foot spillway beent
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,

)] 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 December 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 1a and 1b
through 10a and 10b.

&) 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 8715 feet msl, the elevation at which water overflows the entire 500-foot
length of the spillway. Before 1997, the lake level was above 871.5 feet for only 24
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 eveny; 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).

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 initial 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 METHODOLOGY

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.

3 Refer to Table 1 and Figures 7a and 7b through 10a and 10b,
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B. The Flaws 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:

()  Hartman modeled the 2003 storm event to determine the potential flooding along
Beaver Creek. However, during modeling, Hartman used the precipitation data from only orie
meteorological station (Coldwater), rather than using the HEC-recommended method that
prescribes the use of all available records at multiple stations. Tartman 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
pack 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 amount 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 o the
distribution used by Hartman in his modeling.

Standard modeling 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. Tt violates standard practice and
common 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.

@ Hartman modeled the 2003 storm event using the methodology described above. His
conclusion was that the flood elevations in Beaver Creek immediately downstream of GLSM
were approximately 861 feet msl 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 deterrnined 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 riow has repeatedly caused, frequent and severe flooding in Beaver Creek, and the
surrounding properties (including the Case property}.

The impact 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 sclentific 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. Campbell, ODNR had feasible
alternatives available in 1997 to prevent GLSM from overtopping the embankments separating
the lake from the City of Celina, without 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 flooding. ODNR's actions, omisstons and practices, as
described in this Report, do not comport with accepted engineering standards.

All of which is Respecifully Submitted,
CONESTOGA-ROVERS & ASSQOCIATES

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 * T_Dpography < Subdivisions = Construction l.ayoul

117 M. Madriver Strect
T lL 5 m

1975 - 2005 - 30 YBARS OF EXCELLENCGE
Septernber 19, 2008

Schottenstein Zox & Dunn Co., LPA
P.0O. Box 165020
Columbus OH 43216

ATTN.: Stephen Samuels
RE: Survey of Gauges and Spillway Notch on Grand Lake St. Marys, Ohio

Phone: (937) 593-7335
Fax: {937) 593-7444

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 affernoon 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 (Mode! TD24). The level
was checked for accuracy prior to proceading with the survey. The survey proceeded ata fasi 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 exira 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 use. 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 twalve
miles. 0.04 feet is about 1/2 inch.

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

1. The slevation of the 50-foot noteh in the centar of the spillway located on the westemn
side of Grand Lake S$t. Marys. Note that Mr. Bruce simply called this the top of spillway in his notes.

2. The elevation of the gauge on the East Bank of Grand Lake 3t. Marys.
3. The elevation of the gauge on the Western Bank of Grand Lake St. Marys.

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

43 14096.1r.wps

MEMBER: AMERICA CONGRESS ON SURVEYING & MAPPING (ACEM) * NATIONAL SOCIETY OF PROFESSIONAL SURVEYORS (NSPS)
PROFESSIONAL LAND SURVEYORS OF OHIO (PLS0) * SURVEYORS HISTORICAL SOCIETY
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Lee Surveying and Mapping Co., Inc.

Land Surveys * Topography « Subdivisions » Construction Layout

L5SkS

1975 - 2008 - 30 YEARS OF EXCELLENCE
During a phone conversation with you, | 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 “V" slot in the dam.

Phone: (937) 593-7335
Fax; (337) 593-7444

117 N. Madriver Street
Bellefontaine OH 43311

The resuits 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 fool:

Top of the dam on the north side of the spillway 871.487
Top of the spiliway on the north side 870.646'
Top of the dam on the south side of the spillway 871.48%
Top of the spiliway on the south side 870.620°

The gauge on the west bank does not exist anymore.

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 survay 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/crans. 878.612

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

Sincerealy,
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4314096.1tr,wps

MEMBER: AMERICA CONGRESS ON SURVEYING % MAPPING [ACSM] * NATIONAL SOCIETY OF PROFESSIONAL SURVEYORS (NSPS)
PROFESSIONAL LAND SURVEYORS OF OHIO (PLSO} * SURVEYORS HISTORICAL SQCIETY



LEE SURVEYING PAGE B4

§9/19/2085 13:1@ 9375937444
FINAL | ELEVAT oS
TO_F//DAM (NOEEJ"M S s-P;u.u,m-i{) g-_‘?';..L}S? '
T/)sp;u.w'}ay- MORTH S1DE | 870, LYl
T/Dam _(SouTi S108 TPILLINAY) 87l 483
T:/«g’i?ii_t_bdﬂ"l’ SOWTH S e RB70, &7
MNO_GAGE (P WEST _TRANK  SI1DE '
Tor/ 2’ mABK O wATER LAUGE €
OLTD AL R, MAINTENAAICE SRS 8T 2. Tl
BoOAT BUILDAAIG
TBM G ODNE, MenTENANCE ARER 275, 55/
1 ATTRMAGL U RIAIL SET A TUE LIEST
syl O A ()T POrE Ay THE
MIDDLE O MYRIA T RN AXEE A
FPreyiAll LOF
TOP/ 23" makk on wAIER GAUGE &
At y - ol 7 i
lo AT &EMD OF Bl 5508
T B (B INNTEE GALGE «~E8 A 1% j
A _CNSELED +" OM Tof ofF A 878 .6/ 2
BoL X @ BASE of HOIST/op ANE . )
poTE - ADD _J7.003' To_ AL ELEVATISANS  OA) paﬁg—:g
Z +%f"ou¢\3 h 19 (F’AGE' 28 TIES  rpary  LooPi To
A R CER M..&MGIUME B.m.#z)
g




- (raw)ud

b

| nfm_a_a.@ ﬁ

HErTEss

~lpunzs

B 7% 231

[HYGER

T

P

a4

P

S )

Teeam
[ Ofv™

: i
oo ;?...m -
1@ AR

| (LG (b Prtgs

EE IS

Cunas) s

3 GIMHSSY

O oAz}
v

o

‘€T 9pwZ/61/66

OHIAIANAS 337 PPPLEEGLED

Y



" T498'558 BohS
[ _Na 958 m@j
- Cosaysg bie
C Bge958 esz's
| ABILsg devie
L JobiLSB k¥
wqm,.m_% b3
tolss e

m%%_ s

Tz V98 Gap'g

%5 R

i un)P;-. ,.,.....:

] |
I
1

: P
i ! i ;
UM S

b
|

m@mmmw 095'L nwvnb

ok krﬂkh
020G Gt evEs
\\%M‘&_& ﬂ,mw.,r. Tuww&u.m

@Q%W«wﬁ bbl'g zﬂ& .h.N
LE2#HIE oL ur«mr
pi##78 soo 1L
Y mﬁ wmﬁm‘ 1. %w. P2

| SIE 958 oot

%M.me rmr B

IR IS
LSS Y16
M.,aﬁw R

o —2

HEb 1R op1 5 b
S

mmﬂmm 805’5 By
Wl'e9e LISE m,.&.
I ;mah,ﬁ

T aTRAN

0 ol
572500 507

' i
SV S

409198 ekth e

. I%@

.ﬁﬂ&

TTUURRLES®
B YL /A1 <0k
gy el ;

-

sz

12558 T
o brsgh
TRTESE |

ISZPB8)

w@% mW\q.uﬁcz L «.Q...w_

x\bﬂwa,‘ e

S8

i %99
e 598
P IHRETR|
T estg
Goy [IT5R
LIk BHEHI8|

vy
Nt

L

|Zed L

e
|"hwas
| Sadt

b aL
. M#L._.

iw.d.u.w

qﬂ

TS HP
sa

BT:ET 90WZI/BT/ERB

PPPLERRLED

ONIAZAMTS 330

98 309d



P

S ST S

‘ HIBELG
R
i sheroLy
: B.q"_m.qum_.
gLy
TR
L reeTuE
-T2
Y mu‘....n._epm.
"h¥?.MWMﬁ
L ewele
s e
s

. Tizgrgag

AR i
s fgsisionsee Sap2 G

218'b

255

Jeg2

.mw@m_wﬂwm. _4

! ) ; b

N
bh14bo% NG LIS

HE'9% QR LT

w515 5207 Tyt
uFss 47 L2eid
RTRE UG 2441
BB ChLth b2edi
O5LUB9 0SS OByl
W28 240’5 g
Hy<wg 0472 2931
20019% - 12T £l
aam VB IS OCed'L
S92 €885 4z
SIMBS1 2996 @zeai
- 990198 Q0D L L2 4l
PLSES 4S2E D2 dp

1

‘Lbh

£E57
Yol
%559
paLe
$22’5
$785]

2

g1

,m,b«M SHUB  IL'S 2

[CRLG ST L9 %N*mk
,,N\n\.ﬂ &m.haw mm\.\w m.wth_m
s fsréqm. LEER ‘Nmkw...‘w.
s ﬁmmD_
Lw% Jo07 4

oy p . [ FIT—

&

L% oo1'e

R1¢9) SlayL
pladL

kR ECy R SR8 2 eyl

. \m\n Mwmw,.mu...

< ,.Tn -7 - @\4

PR3l YA T'h

SI% h 73| O
2 208
2'¢ bIEABI0EE
bER R Hoas |
R ©

e |
mm e s e s mfas l&Q\Mﬁuﬂ\ﬁv

ANTE
‘2 Q2udt

LH78 )
k-

[T r BR

gyt

ATET 9RAZ/ET/GEH

PRPLERSLES

BNIAIASNS 23T

ITEEE)



sz %bm wa\: Z

wmw%hm wm.ﬂ _&

Swiore g ]

\.wm@m &&ﬁ RSP
35 Ew o

.

FLTALS

SEE (o COmIEE

W LseR g

2 b e it
(LLE ¢

GSLg G08 T 1557593

BL2'L 4

AL T4

8oL G| SEWE

§57 S

TS8IL8 G

074 678\ L35 0 K153

2847 4E 4L

ki a%%m@llntwﬁ%

(L CT 8 PobUge

#0'F bEudl

ObL'75758%

Loo Z T Tredd

177978612 ' T P88 6"

- ¥lg
. itmg

BOLLSE | D2 L5 \0F6H78

6878

TLUS Ched'L

0% YT B (S0 Fhwd L
(4oTs Ee78
Z5b'L DIRBIBILSTH L

I Ve ]

o2/ ESIVE

109E Shad L

L7V Ty J'L

CrER R

[ Yarrss qmmq

G20, 72598

(24'8

gm% hL3|
DLZHLE

Epe’?

T hE SIAGES mmw_u

ool

cee LEBE L. _&

BI7LHe2i8% Ubb s ]

&2 bhy
raLs

LY LPRBE L L

e 98

LTI JRETE®

Bhsh

nm.m..a

%wH

ErTLg

sy

CECo

SR

Af

eSS4

(9L TGS |
Py

(LG Qb il

BT:ET 980Z/51/68

BNIAZAMNS 3371 PPPLEBSLER

ge  d5v¥d



1 e g MRS

SEBZ/6T/68

o8 g0 90 LG L G5 4L
/A S i AR P

S ERTTE IR0 T [TELTETE] CATNE VX h # 'L
C |esSTELE G L L RIS [T G L
R s k2 et A T

B LS A2 ﬂmo Zz Emaﬁwhﬂ.,ﬁm@émua Shadl
O TRRSTERR LT, | 4ALei 585 9SHdL
e 0983 (zestereipp s LSadi
1Ehe Lo\isi 20w m\w %r_.w Mwmﬁ i
TP ICR R S vi- v o A )
[ AeeEv8 g g ] WSy gng GQ& b PSgd L
Bt T Y T L A S TP
pLTais LiRk'S wam.dwmwnqu,.\,umwﬁm%hh
KR TCIL YAVAL a1 m%%um. AP
o leserrns| GGz SUME DY b ER
|y RO e
TSR LR FESE 41279 05 4 .
e e T SR 26
gy (TSI L IS GIS O
£4b 897! x\m&m g (SORTSE| [5G ' |[ILEABE LR 2
WE'hLB QB4 i,m_m HHE suedl| [P G W OSETL
8 gl \%\% ena«.nvm m.ﬁuaﬂ qu}r 1 T TTERSTRLR @nh..qm.; wwo.mmdllﬁwi.m\
(gakti€s Gy m.&w RSt L 40 LT ke ZIE8LY | BETh
beo 515 hmm oa_ 5 g51p &@ﬁ&. e ey o
oLt a.u_@ mmw ammp.w ‘.QNN_.% mm\_.ﬁﬁ_ﬁh B e e ..ﬁﬂ.%

@ 45&" iovomnee | 7Q \}nwm_w

BT:ET

PPPLEGSLED

BNIAZNAENE F37

S RESEE




ST

- ..w_w&q L T
NTEER 052 Loyt

%mﬁm S8 Gjydi

OB S gL

[s0IBYHE D G

- GREI T

08 IS 17 RS S50 Aa

SIbUB SIS S SivgL

th.iﬁ\ .. .l@l“ﬁﬂ¢m i %.h y th..

MR sy very
s 50h

. __ﬁ-

BRI &? ﬂw !

KRR ©
TTSERLE [ ES s

15
#1207

31954 h

J#8'8
2058 'L
2Lbh
€592
CL3 2
2g9'L
9155
LeL L

BlLCH'S

h78h

hoe'8

Lb2'L

3 héS's
K .l
S

HOH wﬁu.uv

1629'S

G HLEONIC T

L85G hbT'T
ShES8B LD 'C

281 188| oslL
C89°288 162'%
6L2'Ll8 SiL'h
S2y88iz8s €
436788219 'L
(Eh'2887295°6

I RG ChL'L
LBhilgceo'e
,m&.._mﬁ
21885605
VI8 oA

125080 2%

TR Ll |

Ske'e

S @l

-

or |
D0/l

~Sul -

PBOLLE HED |
LbI208105°C 2D 0t

LAV

LEENR { N&nﬂ
TZRRIR [ COh S | b5 wal

= LNy
" oeea

VS

GELHB hok's €Sy,

Ml
[P&dL

%e'd "L

boadt

5959'L
gL
e dhe
BIedl
594l L
B7+d L
LYyt
Medh
S PDpul

Th9wdL
1§ 9L

BT:eT 48BZ/GT/68

QNIAH&HHS'HHW PrPLERSLER

a1 Fovd



. [E7758
B

OiSH

TN

#10h

iwiwwim.

78| HIS'E] L

Lol 18
255098

“Zeh kS8

9275

GEHEomsis ($77°8 |1
[LE7G foimmeng

7755
S
CTZW fose

s

beS T |
;migw
T T

5 |L00°L. &
577G e
Rk
e o

Qv l'h

@l S¢’h

&G

NSRBI THL R

QL5

0§94 | ﬁmuﬁw

R OUL

SpSLR

bez9L8

N (X 7x- 1

SLLBLY

291°098

12 WG 4

7788

<Efory

Ey i

R S

B AR

,m3§<$m_

.Muwwfmm!

73'93%

g

[ ~SU N

ﬁo%\\m

B1:ET 989BZ/6T/68

PPPLERSLER

BHTAZAENS 337

1T 299d



.M_.w .am

o

Rl
| o zﬁ&&m o -
TR o

%&

X i

uﬁ% |

7

atriaesy
au Wus?ﬁwm

_.i:

c?rMﬂHﬂWmﬂ

e T TS SR I T DU )

hsw .

2804%

9% h

gL
Bﬂﬂﬁ al

S6S8ALG D

SEh GVSTHTS

f7hG R | Ty dil

ITER

hLOE [ 2badlk

Liss

(578

bZlh'a Qx&%

0175

L5157

PL8F | bosus

&l 5

A
ST

Bk | Sbysil
01'G | Pha'dl

LT7R

L%k m&.&ﬁ

e

JBlIA0E H |

2 [LLTB 2SS

LTI

19Lh

1128 /4

66778

[LhE [Pbudl

QLY

ZATPR

498'h (Shudl

eoo's

Yho'S78

O¥S G |HbwdL

he T PIESTRLATS Ebxdl

15658

Tho'S

P

756 2L wait.

o T B1TEeg

Vi

Ry

S| 1bsal

1027658

0RU'5

A

TG [ Ohpdii

265

2 HT8

bESA

A

X

£ e

L

A =M

=

e

2o-L

D ~gp . |
16

9EEs/6T/68 -

AT:ET

ONIAIANMS 337 PhbLEEGLES

Jovd

&1



: E%.mm
o }gm 8 giss
| mﬁ% qu 1955 25w

98598 Sh5'

¢€LSE COH'D gy 298 A2I'S

WZETB EITD £84 &m..ﬂww%
o SWLET Eag UgE
2 P e +_.

@ :gsmtow m-:ﬁ Pl

HSOB :i&

%Qra.nw 5

ﬂ. - m
wwt&A
@?&h

L AN iy €

Fam T

Q
il

wi%mmm 0955 35095 AB'S

7T
Wor__ i

JXApT,

,mw. %W .

AL
02478 2

22TH
290075 7

oLy

‘wﬂm;sww

Ay TS |

= Ty 117 )

ot LAFIT 2@

s acal £ 7
TV 94w

nun:ﬂ..%..ﬁ

6b wais

Pbedx

”%w»ﬂ&v dJ»v.hQ..ﬁ

[ ey Srtres o |

S o

2o WL

BIIET DO8Z/51/60

DMTAIAANS 347 PPPLERELED

£T  3ovd



2 F T L] ,..vw.h o

e L IQ YL LR =

74

.

AT

SOTHIB L0 L

E\.m‘.ﬁ ¢

LBl /sl h

[F90GE Qe b5 2@ VTS

N@w.mmm

557%
;28
e

. nEmi i

SSIhI8I1ThRS 0

L€

LTI 2

BLLhis

L0/gdL

LS

WA

A

TPEE,

L2l S

gge T

TS
.

O-Zi-L QUEA) 2wl E

- - TAY S

BT Y

LTy JO7

7™ 0
i ~b

=2

g

SHEZ/BT/eD

ni:fl

PPPLERGLER

ONIAZAENS 321




83/19/2886 13:16 9375937444

LEE SURVEYING

PAGE 15

MPR-OJECT DeZ2rommne e pcz? ron c??f- DATE F£A23

ek ploxs = /F22

TASK 7 Awa/ sar ks as ' zﬁ:rz’émga/ JQ_{(/ it
B2 #l' 74::*,% Bawer

Desc./LL.oca.

BS

I

FS

Elev.

p logs ~ 1977

Odai"/}t{ﬁwfgﬁzf

ijg.f /27 Jax@fg puer Leaver

Creck =579, DAEP i,

.........................

W 2t |

Fed 2z

s
P2A9Y

BT .
& f7

P37 |

2.

f??j/

é;// é;;;;;cf‘( S  S$esceall

. z’;/r/ ’

N A S N R N I

3R’ vl &

S P Lesver Lol

i ot fdest Lan e B N

artl.
G/ Ve

5,24

/f2.75

EX

F72es.)
Fr25/

/ﬁ?z' 2. -49 i ﬁzaer‘_e’%?

Va4

1

7B/ =77 AN N B

4

a—

/6 " porth ol

Loger all....4 742‘4?/«4/ 72577200 NTR NEYUTRRUUNN N Se—— :

f ’ff pvtr Lowee

@nd e T et L ]

597

é’“%a“/ A_

frf?ﬁﬁf,@///m@

Eley, 2 P76 F

A = Pl

YW N Y 7 N N R —




APPENDIX B

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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Res. Lett, Inf Math. Sci., (2000)1, 119-127
Available online at http://www.masscy.ac.nz/~wwiims/rlins/

A renewal claster model for the inter-arrival times
of rainfall events

Paul S.P. Cowpertwait
LIM.S., Massey University Albany Campus, Auckland, N.Z.
F.8. Cowpertwail@massey.ac.nz

A stalistical model, based on a renewal cluster point process, 15 proposed and used to infer the
distributional properties of dry periods in a continuous-lime record.  The model incarporates a mixed
probability distribution in which mter-arrival times are classified mto two distingt types, representing
cyclonic and anticyclonic weather. This results in minfall events being clustered in time, and enables
objective probabilistic staternents to be made about stormn properties, e.g. the expected number of events
in a storm cluster. The model is filted to data laken from @ gauge near Wellington, New Zealand, by
maximising the likelihood function with respect to the parameters. The Akaike Information Criteria is
used to select the best fitting distributions {rom a range of candidates. The lop-Normal distribution is
found o provide the best fit to the times between successive storm clusters, whilst the Weibuldl
distribution is found to provide the best it to the times between successive events in the same storm
cluster. Harmonic curves are used to pravide a parsimonious parameterisation, allowing for the seasonal
varjation in precipitation. Under the fitted model, the mterval series s lransformed into a vesidual series,
which is assessed (o delermine overall goadness-of-fit.

1. Introduction

Various types of automatic rain gauges arc available for recording data in continucus-time, For
example, a digitised tipping-bucket gange will automatically record the tipping times of a 0.2mimn bucket.
Some of these gauges record changes in rainfall intensity using a pluviograph frace on a retating drum,
where zero rain is recorded with horizontal lines and high intensity rain as steep gradients {Samson,
1992}, Pata from automatic gauges are usually digitised into hourly or daily series, which can be fitied
using discrete-time stochastic models, or using derived moments of continucus-time stochastic models
(Cowpertwait, 1994, 1998). In this paper, we analyse a digitised pluviograph record, which contains the
starting and finishing times of rainfall events over a 41-year continuous-time record.

Previous studies have provided empirical evidence that rainfall events cluster in time {c.g.
Cowpertwait 1994, 1998). However, most of these studies use stechastic models that are fitted to
discrete-time data; models which are usually unsuitable for modelling the continuocus-time process.
Thus, it seemns appropriale o postulate 2 model for the analysis of continuous-time data, which aiso
meerporales clustering. This is achieved here by using a mixed probability density function in which
inler-arrival times are classified into two distingt types, representing cyclonic and anti-cyclonic weather.
The methodotogy has the advantage m that it enables formal statistical inferential methods to be used in
model Hilling and seleclion.

The model represents a point process of inter-arrival tmes, Le. event depths and durations are
not explicitly madelled in this paper. There are many examples of depih-duration analyses of rainfail
data that could be combined with the fitted model for use m hydrolegic simulation studies.  For
example, see Samson and Thomson 1992 for a continuous-time analysis of pluviograph dala. For a
general review of stochastic rainfall modelling see Fouloula-Georgiou and Krajewski (1995), or, for
appiications in hydrology, refer to O’Connell and Todini (1996),

The paper is organised as follows. In Section 2, the renewal chuster mode] is formulated and
mathematical properties are given. The fitting precedure and inferential methodology are discussed in
Section 3. In Section 4, the model is fitted to data from Wellington, New Zealand,  The adequacy of 1ig
is discussed in Section 3, using residual ervors for the fitted model.  Finally, some overail conclusions
are given in Section 6.

2. Model Formulation

" Due to appear in the International Joumal of Climatology, a jourmat of the Royal Meteorolagical
Society :

EXHIBIT

d
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Let Y(x) = 0 be a random variable representing raintall intensity at time u (- < ¢ < ) 50 that
the rainfall depth over an arbitrary time interval [, B] is piven by: f ﬁY(v)dv. A rainfall event consists
of non-zero values of Y(u) immediately preceded and followed by a zacro intensity, so that any event has a
starting fime £, » lifctime /, and a mean intensity z, where £ = l“'f:fi(u)dv. Thus, if an event starts at

time ¢ and finishes at time 4/, then Y(u) > 0 for all w in {7, 14/}, and Y(t-¢) = Y+ /+€) = 0 for some
arbitrarily small ¢ > 0,

Consider a stochastic pointl process {7} representing the starting times of rainfall events in a
time interval [0, TT, whete each event has alifcime 4, i = F, ..., N Let X; = & - {;, - {., be & random
variable representing the ith dry period or inter-arrival time berween two successive events (laking o = L
=0;f =1, ..., N), and suppose each X, is indcpendently marked as *fype 17 or *fype 27, where ype |
infer-arrivals represent atmospheric conditions suitable for precipitation {cyclone or frontal weather),
whilst type 2 inter-arrivals represent condilions unsuitable for rain (high pressure or anticyclone). Lot

(X,) denote the mark associated with the ith interval X, and let p be the probability that a dry interval
chesen at random is of type 2, i.e. p = P((X,) = 2) = | — P((Xf) = i), i=1, ., N,

The marks <X,> form a stochastic process, for example {2112122111} is a possible realisation

when N = 0. Using the associated marks, an inter-amrival process {X} can be broken down into
sequences of clusters, where a cluster of size C is defined to be a sequence of inter-arrival times beginning
with a type 2 inter-amrival time followed by C-1 type 1 inter-arrivals. ‘The random variable ¢ follows a
Geometric distribution with mean we = p™', and probability function: P(C =j) u p(] — p)H, forj =
1. 2,3, ... Therefore, provided pe = 1, the inter-arvival process {X3} forms a cluster point process. In
the examplc above, the realisation {2112122111} containg four clusters represented by: {211}, {213, {2}
and {2111}, with C raking the vatues 3, 2, 1 and 4 respectively. In this example, the clusters ol inter-
arrival times arct {7, Ay, XG), { X Xs), (X6}, and {45, Xy, Xo, Xl

We may also define a ‘storm’” to be a cluster of C rainfall events, where each event in the storm
ks a slarting time detcrmined by a cluster of inler-arrival times {X: § = & ..., &-1+C) and the duration
process {4 7=k .., k-[+C}, so that starting times in the storm are given byt 4= X, + oy + ., i = K,
coes A=1+C, where 41, and fi are the starting time and lifetime of the last event in the preceding stonm.
In the previous cxample, the cluster of inter-arrival fimes {X5, Xs, Xo, X1a), where & =7 and € = 4, gives
a storm of four rainfall events with ardival times: =X+ 8+ L v = Xe vt GV bty = Xo ¥ ta + Ie | fn
=Xt b+ 1y,

Let f; be the probability density function (PDF) for a type | inter-arrval time and /3 be {he PDF
for a type 2 inter-arrival time. Then, the probability density function (MDF) for X, {i = L, ..., N) is given
by:

g(x)y= (=) [+ il £ (x) {n

Thus, the {X,} form a scrics of independent identically distributed random variables with PDF {1},
flerce, the series {0} is essentially a renewal process using the mixed density (1) to give clusters of
rainfall events, Le. {X:} is a ‘Renewal Cluster Process’.

3. Fitting Procedure and Inference
Let {x5i=1, ..., N} be a series of observed inter-arrival times.  From (1), the log-liketihood
[unction is given by:

LI = i [ng(x'.} = iln{(l - ,Ur_! )fz()‘:} + nl‘trmlfé(x’)} @

To it the model, some distributions need to be postulated for /7 and /. The following were
cansidered as they represent a wide range of positive-valued random variables:

A. Exponential; fx)=e™"/u
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B. Gamma: f{x) = xf e ™" /{F(ﬁ)ap}
C. Weibult f(x)= B’ e o P
D. Log-Normal: Flx)y= exp{——uﬁ(in X - (1)2} /(xﬁ\&;)

The madel pararoeters o be cstimated include the mean cluster size (j1.), and the scale and shape
parameters (o ff; /= 1, 2) for cach lype of inter-amival time. For each combination of £ and £ (A-D
above), the PDE (1) can be fitted by maximising the log-tikelihood (2) with respect o the parameters.
The Akaike Information Criteria {AIC = -2xLL + 2xmunber of parameters, Akaike 1974) can be used to
choose the best distributions {or f; and /; from A-D above, i.e. a distribution lor (1) that gives the best fit
to the data.

Using the mixed distribution {1) cnables objective inferences to be made aboul the statistical
praperties of cvents within and between stormsy, for example the mean cluster size 4, can be estimated
without having to subjectively separale storms in the data. The fitted model can also be used to estimate
a conditional probability that two successive events are within the same storm given (he observed time
between the evenis. This is the prabability that the inter-arrival time is of type 1 given an observed inter-

arrival time x, and is given by,
(1= A (x) () 3)

4. Analysis of Data

A continuous-tine record of rainfall data (Kelbura, near Wellington; 41.283°8, 174.767°F;
1955-95) was provided by the New Zealand National Institute of Water and Atmospheric Research
{NIWA) for use in this study. This record was the longest complete data set available containing starting
and finishing times of evenls in continveus-time. To describe the various fitting procedures, and data
analysis, it is helpfud to adopt the {ollowing notation.

Let &; be the number of event starting times that occur in the ith year and &, be the number of

eveni starling times that occur in the fth month of the ith vear respectively, so z N“, =N (i=1, .
i

-3

41,7+ 1, ..., 12). Furthermore, let the starting time and lifetime (in hours) of the &th evenl starting in
the jth month of the ith year be ¢ and [ respectivety (measured relative to the starting time of the
record) and let xip =t - e - L (01,2, 4 7= 02, 120 k= 1, L N Note that whils
fy must be in the jih month, it 15 possible tor £ +y o be in the (7+1)h month for events that overlap
two adjacent months,  The total number of events N in the 4l-vear record was 24560, ie N =

>ji E,;’ Nu‘ 2,- N, = 24560,

To cnsure that leng dry inlervals would be included when fitting the modcl, some care was
needed when choosing values for £ and 4,5 When i = /= 1 (January of the first year), these were taken
to be zere, e fue = Lo = 0. Otherwise they were taken to be Lo “f,-,q v > 1 o

[

liyg ™ {f"H?“.JV._u;_ ( = 1), corresponding (o the starting time of the last event in the previous month,
and [:,,f,o = Er’,fwl,N,_,m. (= Nord,,= 1',7!“.{\,'4_” (F = 1, j = 1), the lifetime of the last event with

starting time in the previous month. For months in which the last event did not overlap the pext month
{but excluding December of the last year), a total of M, 1 1 inler-arrival times were considered, where the

last interval was faken to be xr.lj‘_,\‘._;“, = [L,/IL' -[‘.LN., '”I:.;,N,, (i=1,2, ..,41, 7= 1,2, .., I,

excluding i =41t and j ~ 12, with the obvious adaptation for / - 12 and 7 < 413 . Thus, inter-arrival
limes spanning two adjacent months are included in the ftting for both months,

The parameter estimates for cach calendar month ;7 were thus oblained by maximising the
following:

41 ¥y +1
L, =% 2 Ing(x,,,) , @)
imt 1=
where each combinations of A-D for £, and /> was used in (4), j = 1, .., 12 To ensure a unique

solution exists for each combination of /i and f2, the minimisation is subjcct tor g > Wy, where py and py
are the mean type 1 and type 2 infer-arrival times respectively. The maximisation of {4) was carried out
numerically using the Simplex method (Nelder and Mead 1965), implemented on a micro-computer
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using the algorithm by "Neil (1985}, This produced 12 estimates of cach parameter for each fitted
distribution (1).
Table 1 summarises the log-likelihood and AIC values for each fitted distribution of f7 and /3,

12
where the lop-likelihoods L1 are summed over the months, t.c. LL = 2}_4 Lﬁj.. The overall best
fitting distributions are the Log-Normal distribution (D) for /7 and the Weibull distribution {C) for /3
(Table .

TABLE 1 Log-likelihood and AIC values
Tor fiand /> (given to 4 significant figurcs)

fi £; -LL AIC
A A 85040 1303060
A B 64870 129800
A ¢ 64780 129600
A B 64730 129600
B A 5080 130200
B B 64790 125700
B ¢ 64630 125400

jwrd

64310 | 128700

65060 | 130200
" 64360 120800
¢ | 64740 | 129800
D1 oa44s0 | 129000
Al 63790 | 127700
D B 63720 127600
Bl ol 63710 | 127500
D b1 6isse (27800

o oo o
w >

The monthly parameter estimates {or the best fitting models are plotted in Figures 1-5, where it
can be seen that the cstimates reflect some wel-known observed seasonal changes in precipitation, For
example, over (Southern Hemisphere) winter months there are more storms on average, correspanding to
a decrease m the scate parameter in Figure 4. In addition, the mean cluster size increases during Wister
months which represents an increase in frontal weather systems {Figure 1), Also, note that the mean
cluster size 1s always greater than one, which provides statistical evidence that rainfalt events are clustered
tn 1ime.
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Figure 1: Estimates of ., fitted values (x) FEiguig 2: Estimates of a;; fitted values (x)

for ¢ach month and the fitted harmonic equation 5 for euch month and the fited hanmonic eguation 6
{dotted curve). {dotted curve).
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Eigure 5: Estimates ot fu; fitted values (x)

for cach month and the fitted harmenic equation 9
(dotted ting),

The seasonal variation in (he parameter estimates suggested it might be reasomable to use
harmonie curves for the best filing distributions.  This reduces the number of estimales and provides a
smooth transition over a year, avoiding discontinuities between adjacent months.  The adequacy of this
appreach can be tested using AIC.

A single harmonic wave scemed appropriate for (he monthly estimates in Figures 1, 3, and 4,
whilst the more complex seasonal pattern in Figure 2 suggested a sccond-order harmonic was needed, In
Figure 5, the monthly estimales appear (o follow no seasonal pattern, which suggested no harmonic wave
was needed and the parameter estimates can be trealed as constant throughout the year, We thus
considered the following equations for the model parameters:

)= exp{mc + A(_sin(?,m:/ T+2wi(l+e” ))} 3

()=, + A, sin(2at/ T+ 2 (1 + ")) 4 B, sinf2at/ T a2 i1+ @
B(ty=cxpim, +4, sin(2m/ T+ 2Kl +e™ }}} 7

v, {2) = exp g, + Ay, sin(fflm‘/ T+2xil + ¢ 3)} (8]

Bt = exp{mﬂ! } ] @

where £ is ttme of year (in hours), 7 is the total number of hours in the year {T = 8784 for leap vears;
otherwise T = 8760). The cxponential funclions expi.l arc used to ensure the estimates take positive
values, which is essential for the distribution parameters in (5), (7)-(9). The logistic functions, which
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take the form 27 A1 +¢”) , ure used to ensure all angles lie botween O and 2x radians.  Under this e

parameterisation, the density function of the (#-1)th interval between the ith and (i+1)th event depends on
the finishing time 4 + /; of the ith event, so thai the log-likelihood function takes the forn:

N
-1 . -1 .
LL= E ln{(l RO [i—l))jl (ot x )+ ul (Y, 'I"‘Irul).fz(f.:ﬁ!wxf)} ()
=t
where # = {; = 0 and & is the number of events in the 41-year record (analogous to the monthly intervals,
the first interval in all years aficr 1935 was obtained by measuring from the last event in the preceding
year).
‘The mean type 1 and type 2 inter-arrival limes (1 and Wy} come directly from (he expressions
for the Log-Narmal and Weibull randoi vartables, and arc given by

AGE cxv{al(r) +5 N0} (an
(1) = e, (OT(1 4 B, (1)) (12)

where I” denotes the Gamma functien.

The harnonic parameters on the right hand side of equations 5-9 were estimated by maximising
the likelitood function und are given in Table 2 and shown as dotted lines in Figures | 10 5. For the
harmonic parameterisation, the AIC was 127140, which is tess than the AIC for ali the models in Table
t. Thus, the reduction in the number of parameters is well justified, and the harmonic cstimates can be
used in preference 10 the monihly values.

TABLE2: Hanmonic Parameter Estimates
and their Standard Erroes {in parenthesis)

Parameter Estimate
M, 1.33 {0.061}
A, -0.151 (0.036)
i 0.744 (0r.24)
", 0,167 (0.062)
e 0.0354 (0.0077)
(}u: 2.79 (0.36)
]3‘€Il 0.0739 ((LH6)
¢“1 2.14 (0.85)
"y 0.149 (0.016)
AB. .0498 {0.0051)
{]{I‘ 2.39 ((.40)
m,, 3.70 {0.041)
" 0.387 (0.047)
9{: 1.6l (0.29)
N -0.271 {(0.018)

The estimated harmonic coefficients were used in equations 3-12 {0 determine how the mean cluster size
e, and the mean inter-arrival times (1 and pa} varied over the year (Figures 6, 7, and 8). Again, the
figures refleet some well-known seasonal properties of rainfall. For example, on average, storms are more
frequent and contain larger clusters during the winter months, which is characteristic of frontal weather
(Figures 6 and 8). Due to equation 6, a4 more complex seasonal pattern is evident in Figare 7 for the
expecied time between successive events in the same storm system, wilh a fendeney for winter events to
be clustered closcr together.

In Figure 9, the approximate probability that two successive events come from the same storm
system, as 4 [unction of their temporal separation, is plotted, using expression (3). For any temporal
separation, summer cvents have a slightly higher probability of coming from the same system compared
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with winter events, which is due to swnmer storms being less frequent (Figure 9). In the absence of
other metenrological information, the model predicts that two cansecutive events, which are separated by
less than abowt 8 hours, are moare likely to belong to the same storm cluster (probability > §.5).
Conversely, evenis separated by more than about 8 hours are more likely 1o belong to a different storm
cluster (Fipure ). ]
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Figwe 6 The mean cluster size pe (+ 1 SE) against ime of Figue 7: The mean inler-amival time p, (= 1 8F; in hours)
yead. between successive events in the same storm .cluster plotied
against time.

Figue 8 The mean inter-arrival time g, (= 1 SE; in hones)

LA LE )

between successive storm clusters platied against time. Eigurs 92 The approximate probability {1-axis) thal wo successive

events came fiorn the sume slorm chusigr plotred against tseir lemparzal
separation {r-axis). The dotted line is for winler cvents {taken as the

midpoint in the year, i.c. with 1= 4380 = !E" I65xAA i cquations -

). whilst the solid line is for suommer events (taken as ¢ = 0 in
cqualions 3-9).

5. Residual Analysis

Having obtained the best fitting model out of those considered, we now move on to the problem
of assessing goodness-of-fit and determining whether a better fitting model is likely 10 exist.  This is
achieved via a general analysis ol residuals (c.g. see Cox and Snell, 1968), where the “residuals’ in the
present context are defined as follows.

As before, letx; = d- tia -l (i = 1, .., N) be the observed times belween successive events,

and let G(x)= P{X = x) be the fitted disiribution function of the times X belween successive events.
We define the ith residual 7, 1o be;

s —ln{ -G | a3

Under the above transformation, the residuals will be a series of independent  standard
exponential random variables, provided the model adequately fits the data, 11 is sometimes more

convenient fo work with #, = G(x;) which forms a serics of independent uniform random variables over

the interval (0, 1), agaim assuming the model adequately fits the data. Departures from  these
distributions indicate lack-of-fit and may suggest another model is more appropriate.  Appropriate tests
include assessing goodness-of-fil 1o the cxponentiat and uniform distribitions and tooking for lack of
independence (e.g. serial correlation) in the residuals. Ogata (1988) gave a similar analysis in the context
of earthquake modeiling,
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Plots for the residuals and transformed residuals are given in Figures 10-13. The cumulative
distribution plot (Figure 10) indicates that the residuals are very close to exponential, because they e
approximately on a straight line of unit slope, and that an overall good fit has been obtained, llowever,
discrepancies in the upper tail are not readily seen in this plot, so quantiles were alsa plotted and are
shown in Figure 11, Some discrepancies are evident in the upper 1% rail, which implies the fitted model
will unider-predict exireme dry periods {Figure 11). For applications in which a good fit to the extremes
iy important, the model may therefore need to be modified, but this was beyond the seope of the research
presented here.,

Residual scrial correlations (i.e. the correlation between ry and riy) are plotted apainst lag (£) in
Figure 12. A small persistent correlation is present and indicates dependence in the residual series
(Figure 12}, This was investigated further by plotting the (+6)th uniform residual apainst the
corresponding fh residual (for all 7). The resut is shown in Figure 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 righi
hand and bottom [cft hand corners of the figure), Some further research would be needed to find the
causc of this correlation. It may be due to small undertying trends in the data, caused by climate change
or the El Nino effcct, which could be modelled by including tower frequency harmonics in the equations
for the model paramcters.
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Figurg 19: The cumulative distribution funciiou evaluated for
the residuals (r). The points, which appear as a slight curve,
are the expeeted values for a standard exponentiat
dhstribution plotted against the empirical cumulative
distribution function. Deparfuses from the hine indicate tack-
of-fit of the residuals to the exponential distribution,

Figure [1: A guantile-plot for the residuals, where a quantile
is & pereentile expressed as a decinml. The points (x} are the
expected quantiles under a standard cxponential distribution
plotted against the empirical quantiles. Departures from the
line indicate lack-ef-fit of the residuats to the esponential
distribution.
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Figure 13: Plotof the {41 1th residual {uniform

Figyre 12: The residual autocorrelitions plotted against lag £, N X . . i
transtormatnion, w, ,) against the ith residual {w,).

i.e. the comrelation between ryand 1 (= 1, . S0}
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6. Conclusions

A renewal ¢luster model was proposed for the analysis of inter-acrival limes of rainfall events in
comtinuous-time. A fitting procedure was given, which used maximum likclihood for parameter
estimation and the AIC (o choose the best [ilting distributions. For the Wellington data, the log-Noermal
distribution was found 1o provide the best il to the times between successive storm clusters, whilst the
Weilbull distribution was found to provide the best fit to the times between succcssive events in the
same storm cluster. It was found that the mean cluster size and parameters for the disiributions of inter-
artival times could be represented as harmonic curves, withoue a significant reduction in the likelihood.
The mean number of events in a storm cluster was always greater than one, providing statistical evidence
thal the recorded events were clustered in time.

The plots of the residual series showed that overall the model fitted the data, although a slight
under-prediction of extreme values was evident. The residual series were slightly dependent, which may
be due to small underlying trends caused by T Nino or climate change. Some further research would be
needed to address these problems should they be deemed of practical signilicance,

In conclusion, the rencwal cluster model is recommended for the statistical analysis of rainfall
data in continuous-time, as it provides an objective basis on which to mfer probability distributions for
the inter-arrival process and the expected number of evenls in a storm cluster.
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Abstract This paper describes a new methodology for determining stochastic design
storm patterns by the probability model with multi-local peaks, A storm cluster is
defined as a sequence of rainy periods bounded by two dry periods, Using multi-variate
probability density function we obtain the joint probability distribution of duration,
depth, and local peak for a storm part. Using historical hourly rainfali data, we
demonstrate design storm patterns with multi-local peaks by the proposed method.

INTRODUCTION

A design storm for flood-control projects in Japan is defined as having three charac-
teristics: the total rainfall, time and spatial distributions. Following the determination
of the design total rainfall, the time distribution shape may be determined ta be almost
the same as the time disiribution shape of a historical heavy storm causing a large
flood. This method has been barely investigated using probability theory. Especially,
the joint probability of occurrence of the design total rainfall and hourly rainfall
intensitics around the peak governing the maximum discharge of flood has been hardly
clarified. Thercfore, we propose a probability model for evaluating multi-local peaked
design storms using multi-variate probability density functions.

CONVENTIONAL METHOD (ENLARGEMENT METHOD OF HISTORICAL
STORMS)

Up to the present, design storms for floed-control project for a river drainage basin

with sufficient hydrological data have been determined in the following nwanner:

{a) The design return period T is decided on the basis of the population and assets
in the river basin and inundated area.

() The rainfall duration is usoally set to one or two days.

(¢}  The rainfall depth corresponding (o the design return period T¢7 is calculated
using single-variate statistical analysis,

{d) A historical siorm that caused a flood is enlarged to convert its rainfall depth
into a design total rainfafl. .

{(e) Storms whose short-term (1, 3-, 6- or 12-hour) rainfall depths around the peak
are judged by probability evalvation to exceed a certain return period {usually
500 years) much larger than the design return period, are rejected; ultimately
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about 10 design storm patterns are selected.
The above method is named the enlargement method of historical storms. While
it is simple and casy to understand, it has the following disadvantages:

(a)  The enlargement ratio of historical siorms is empirically set to two times or less,
but there is ao theoretical base to this ratio,

(b}  The given return period used for the probability judgement of short-term rainfzll
depths around the peak mentioned above in (e} is set much larger than the
design return period, but there is no theoretical coordination between both return
periods. ‘

{c) ‘Aherefore, storms with heavy short-term rainfall depths around the peak whose
return periods exceed the design return period are often selected as design
storms,

PROBABILITY MODEL WITH MULTI-LOCAL PEAKS
Storm cluster and storm part

To develop a probability model with multi-local peaks, we define a storm cluster and
a storm parl. The storm cluster is a group of storm parts that has triggered a {lood, as
shown in Fig. 1. The storm part is defined as a rainfall part with each local peak in a
storm cluster. The storm cluster and the storm part are separated as follows: First, the
kower limit x,; of the rainfall intensity and the lower limit T, of the non-rainfali duration
are set. If hourly rainfall intensities during a storm are helow x_ and lasts lenger than
T, each sequence belore and afier the storm is regarded as belonging to different storm
clusters. The intensity sequence of one storm cluster is then moving-averaged by the
flood concentration time. If the differences between local maximum and minimum
values of the moving-averaged rainfall intensities are greater than the lower limit ry, the
scquence of the storm cluster is separated into storm parts al the points where the local
minbmum values appear.”

Bivariate probability density function

We introduce a conrtimious multivariate probability density function which has been
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Fig. 1 Schematic depiction of a storm cluster and a storm puirt,
24 H 1
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defined by Hashino (1991 in the same maaner as the multivariate binomial distribution
was proposed by Suzuki (1966). The bivariate probability density function can be
expressed by:

JaR) fof o Lep (e )y-n oy o, '} h

where f(x}, [{y} are the marginal probability density functions for the vanables x and
Y. pay B8 the coclficient of cross-correlation between x and y, g, p, are the means of
x and y, and g,, o, are the standard deviations of x and y.

The conditionat probability distribution function F(x [y} is given by:

AN =R p -, | o] Ao )

where F(x} is the marginal probability distribution function of x.

‘Three-parameter gamma distributions are used o express the marginal distribu-
tions F(x) and F(y} of the statistics in 4 storm part, i.e. duration, depth and short-term
ramnfall depth around the peak, because the gamma distribufion is capable of expressing
the disteibution of sums even if there are auto-correlations among the statistics {Kotz
& Adams, 1964).

Annual maximum distribution and retura period
The non-exceedance probabitity of the annual maxima distribution with total duration

D, total rainfall R and short-term rainfall depth y around the peak of a storm part in a
storm cluster with n peaks, is expressed as follows:

WD, yeexpl-A {1 - FO o, .M (3
HIR  J=expl A1 -FO @, ()
HI b =expl-A,{1 - F (¥} )

where D, R and y,,,, are annual maxima of total duration, total rainfall and short-
term rainfall depth around the peak; A, is the annual ocourrence rate of storm clusters
with n peaks; F," D, 0, FRYR_ ) are n-fold convolution of duration and rainfall
respectively; and T (y,. ) is the probability distribution function of shori-terin rainfall
depth around the peak.

Return periods for cach set of statistics of the storm clusters with n peaks are
given by:

TD = O -HPD Y, TR, 3=11{1 - H2R_1 | ©

TG 0 =11 - H5,,0)

DETERMINING DESIGN STORM PATTERNS BY THE PROBABILITY MODEL

Design values that have o be determined in a flood protection plan are the peak
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discharge at the planning point and the capacity of the flood control facilities. It can be

easity 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 rainfall depih. We
therefore adopt ovo mmethods o obtain different design storm patteras, one with which
the total rainfall depth has the design return period TV and the other with which the

peak rainfall intensity has the design return periog T,

Degign storm pafterns with the design return period of the total rainfall depth can
be determined by the {otlowing procedure;

{a)  Caloulate the total rainfall depth R for the design relure period T¢? by using
equation {4),

by Caleolate the duration 1 in relation 1o the total rainfall depth R by using the
conditional probability F(D | R) shown in equation (2).

{c) Calculate the n-th peak rainfall intensity y,; that is the maximum intensity ia the
design storm cluster, in relation to the total rainfall R by using the conditional
probability Fly, [R).

{d) Divide duration D into n peaks by using distribution ratio ¢,,. By satisfying d;
by b L + d, = D, the i-th rainfall ¢; can be expressed as:

d=pgd, d={d 0+ by vdg WD, dp%t, (=120 (D

{e) Divide total duration R into n storm parts nsing the distribution ratio ¢,,. By
satisfying r, + 1, + ..., + 1, = D, the i-th rainfall depth r; can be expressed
as

resb ot teld v g v v, IR, oS, (=1,2,.,m) (8)

) Caiculate the local peak rainfall intensities y,, va, ... Yoy DY using distribution
ralio ¢ ;. In determining an hourly patiern for the storm part, it is secessary to
set ¢y, so that v < 1y < yd; and ar the same time the following relationship is
fulfilled:

Vo By il Y < by < bl (b3 (1,200, ) ©)

(g)  Divide the rainfall depth g, of the i-th storm part into the sub-depths r,; and 1,
before and after the peak, respectively, in the storm part, according to
distribution ratio ¥;. Do the same for the duration of the i-th storm part.

NVt T =g - dyy (=1,2,..,0) (10)

th)y  Caleulate the temporal rainfall intensities of the i-th storm part using the
cquations derived from bivariate Freund distribution by Hashino (1988).
On the other hand, design storm patterns with the design return period T of

the peak rainfall infensity can be determined by the following procedure.

{a) Calculate the n-th peak rainfall intensity y,, that is the maximum intensity in the
design storm cluster, for the design return period using equation (5).

(b)  Caleulate the total duration D using the peak rainfall intensity y, and the
conditional probabitity F(By, ).

() Caleslate the total rainfall R using the peak rainfall intensity y, and the
conditional probability PRy, ).

(@)~ Follow steps {d} to (h) of the procedure mentioned above.
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APPLICATION
Desceription of the river basin and runoff model

We have applied the conventional method and the new proposed method to an actual
basin {o discuss a flued control plan deciding the basic design flood discharge and
deciding the capacity of a flood control dam. We sclected the basin of river A with a
basin area of 100 km®. This area has much rain; the annual rainfal] depth is 2500 mm.
About 73% of the whole basin area is mountainous with an urban district alongside the
river downstreamn. We adopted point B (basin area 68.6 km?) as the planning poini for
flood protection with dam C (basin arca 13.9 km?) upstream,

To convert the design rainfall into discharge, we use Kimura's storage function
method, which has been often used when planning Japanese rivers. As shown in Figs
2 and 3, we have adopted a fiood runoff and routing model consisting of six sub-basins
and three river channels. Various parameters for the flood runoff and routing model
have been identified from the hydrological data of major historical floods,

River-mouth

Fig. 2 Schematic description of river A for floed protection planning.

Design storm by the conventional method

The design return period of the flood prolection plan is set to 100 years. The design
rainfall depth fias been set to 500 mum based on a single variate (Gumbel) nrobabifity
distribution of the annual maximum daily rainfall for upstream point B, using the data
between 1957 and 1985. We selected design storm patterns for which the enlargement
rafio s twice or less. Considering the flood concentration time of about 6 hours, design
rainfall patterns ‘with hourly (1-, 3- and 6-hour) rainfall depths around the peak
exceeding the SU0-year return period have been rejected.



320 M. Haskine er al.

g

C

7

T
_M< V

I:J Sub-tasin godel

>4

l; River charmel el
Eolnt B

Fig. 3 Fiood runoff and ronting model,

Desiga storm using the probability model with multi-local peaks

The 3-parameter gamma distributions were adopted to duration, depth and short-term
rainfall depth around the peak for a storm part. For example, Fig. 4 shows the depth
distribution of a storm parl. The calculated values agree well with the measured ones
plotted by Gringorten’s formula,

The annual maximum distributions of total duration, total rainfall depth and
short-term rainfall depth around the peak of a storn cluster are obtained from equations
(33, (4) and (5). For example, Tig. 5 shows the annual maximum distribution of the
total rainfall of a starm cluster with a single peak. The measured and theoretical values
match well,

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

i LS a0 10 B3 i
o{Hn)
Tig. 4 Marginal distribution of R for single pesk clusters.
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Fig. 3 Annual maximum distribution of R for single peak clusters.

previous section where the conditional probability F{y, | R), F(D{R) or F(R|y), F(Diy)
is scl to 0.5, the mean of cach, and the distribution ratios dy;, ¢ and ¢y, ¥, shown
in Table 1 are sel to the average vatues obiained from historical rainfall data.

We decided on six design storm paiterns: three with a total rainfall of T with
one, two, and three local peaks in a design storm cluster, and the other three with peak
rainfall intenasity of T™ and also with one, two and three peaks. Fig. 6 shows a three-
peaked design storm patiern as an example,

Tahle 1 Mean valaes of ¢ and .

Eistribation ratio t-peak clusters 2epeak chusters J-peak chusters

i=1 i=1 =3
S - 0.534 0.381 0.72%
s — 0618 6,387 0.7/
N 0.474 €.34935 0.306
¥, 0.614 0.573 0.581

17 1-th stormd part of a storm clustes

G 4
s
ﬁg A
el
g{{; et U e iijfhf-m
¢ W =8 kY 0

Ligse{h}
Fig, 6 A design storm patten with 3 focsl praks,
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COMPARISON OF THE CONVENTIONAL METHOD AND THE PROPOSED
METHOD

Basic and design flood discharges, respectively, without and with the flood control dam
are calcutated by using design storm patterns decided by the conventional (enlargement)
method and the proposed method. The results are sumimarized in Table 2. Note that the
design outflow discharge from dam C is kept constant at 30 m? 57t

Table 2 shows thal the basic flood discharge, design flood discharge and flood
ontrol capacity obtained by the enlargement method are greater than those by the
proposed method based on the probability model. This is because with the enlargement
method, the return peried of the shori-term rainfall depths around the peak can be as
fong as 500 vears, much larger than the design return period, while the return period
of the short-term mainfall depths around the peak for the proposed method is Limited to
the design return period of 100 years or less,

Tuble 2 Comparison of peak Sond discharges obtained by the proposed and convenonal

methods.
Putterns of desigan storm Flood discharge  Flood discharge  Flood control
at point B {m'/s) of Dum C {m'/s) carz‘acily af Dam C
-
Baswe  DPesign Basic  Design ()
Propased l-peak clusters 916 741 206 3a 3 740 000
methodl
Towad rannfall Topeak clustess 926 T48 210 10 4 200 004
f T ,
! 3-peak elusters T/ 629 7% 30 4 240 000
Proposed topreak clusters 902 731 210 3 2130 000
srtisthiod
Peak rainfull of2-peak clusters (044 840 243 iH 2 89¢ 000
T
J-peak elusters 17 611 170 30 3 190 000
Conventional  Maxbnum valyes 1235 1020 394 30 5 490 000
melod of 1§ design
slorm pitieras
CONCLUSIONS

In planning flood protection for river basing in Japan, the design storm patterns have
been determined by the enfargement method of historical storms, which has some
problems to overcome.

We propose 2 new method using the probability model with multi-local peaks,
This method satisfies the design return period of the flood protection planning for short-
term rainfail dopths around the peak, which govern the maxirmum discharge of tlood,
and allows us to decide various design storm patterns, These advantages will be useful
in flood control and management. However, we will have to study the decision criteria
of distribution ratios ¢ and ¢ in defail for practical applications.
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