
R. R. Sgarro PPL Bell Bend, LLC
Manager-Nuclear Regulatory Affairs 38 Bomboy Lane, Suite 2

;Berwick, PA 18603 V 0
Tel. 570.802.8102 FAX 570.802.8119 * =,-

rrsgarro@pplweb.com

T M

June 17, 2009

ATTN: Document Control Desk
U.S. Nuclear Regulatory Commission
Washington, DC 20555-0001

BELL BEND NUCLEAR POWER PLANT
SUBMITTAL OF ADDITIONAL INFORMATION
BNP-2009-123 Docket No. 52-039

The purpose of this letter is to provide calculation packages and a site drawing that were
reviewed by the NRC staff during the Hydrology Audit conducted for the Bell Bend Nuclear
Power Plant (BBNPP) in May 2008 and were identified in the respective draft Requests for
Additional Information.

The calculation packages and provided drawing are:
1. Low Flow Recurrence Interval and Low Flow Statistics, Rizzo and Associates, dated

March 31, 2008 - (Draft Request for Information No. 16 (RAI No. 16) - RHEB-2856,
Question 02.04.11-1)

2. ESWEMS Retention Pond Sizing, Project 161642, Black and Veatch, dated June 26,
2008- (Draft Request for Information No. 16 (RAI No. 16) - RHEB-2856, Question
02.04.11-1 and Draft Request for Information No. 23 (RAI No. 23) - RHEB - 2853,
Question 02.04.08-1(3))

3. Plant Arrangement ESWEMS Pond Section and Details Drawing 161642-1 EMS-Si 102,
Revision 1, Project 161642, Black and Veatch, Issue Date May 28, 2009 - (Draft
Request for Information No. 23 (RAI No. 23) - RHEB -2853, Question 02.04.08-1 (a))

If you have any questions or need additional information, please contact the undersigned at
570.802.8102.

/ declare under penalty of perjury that the foregoing is true and correct.

Executed on June 17, 2009

Respectfully,

Rocco R. Sgarro V

Enclosures: As stated

RRS/jf 1L-UYT9



June 17, 2009 BNP-2009-123 Page 2

cc: (w/o Enclosures)

Mr. Samuel J. Collins
Regional Administrator
U.S. Nuclear Regulatory Commission
Region I
475 Allendale Road
King of Prussia, PA 19406-1415

Mr. Michael Canova
Project Manager
U.S. Nuclear Regulatory Commission
11555 Rockville Pike
Rockville, MD 20852
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Purpose:

1. Develop a frequency distribution (or determine the recurrence interval) of low flow

events, which could potentially have an adverse impact on the Bell Bend site, based

on historic USGS daily flow data recorded at the Wilkes-Barre and Danville gage

stations along the Susquehanna River (immediately upstream and downstream from

the site, respectively).

2. Estimate low flow statistics Q1,1o, Q7,10, and Q30,1o based on historical USGS flow

data recorded at Wilkes-Barre and Danville gage stations.

3. Low flow statistics including the Q1,1O, Q7,10, and Q30,10 will also be transferred from

the upstream and downstream gages to the ungaged site using drainage area ratios

(DAsit/DAgage) as suggested by the USGS and PaDEP. These analyses will estimate

both the recurrence interval and impact of localized drought events.

Assumptions:

When transferring the low flow statistics (Qi,1o, Q7,1o, and Q30,10) from the upstream and

downstream gages to the ungaged site, the following assumptions were made:

* The ungaged drainage area at the site is hydrologically similar to the upstream and

downstream gage drainage areas at Wilkes-Barre and Danville, respectively.

Multiplying any gage low flow statistic by the associated drainage area ratio provides

a good estimate of that particular statistic across the site drainage area so long as the

drainage area ratio is within the maximum suggested range of 1/3 to 3 as suggested

by the USGS and PaDEP (see Reference 3).

Methodology.:

Low flow recurrence intervals will be estimated using three (3) different frequency

distribution techniques: Weilbull, Gumbel, and log Pearson Type III. Low flow statistics

calculated at the upstream and downstream gage stations will be transferred to the site using

drainage area ratios as proposed by the USGS and PaDEP (see Reference 3).

Input:

USGS daily streamflow data for Wilkes-Barre (USGS 01536500) and Danville (USGS

01540500) gage stations.
G:\DJWVBerwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\LF Recurrence Interval Calc
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References:

USGS Streamflow Data Website: http://waterdata.usgs.gov/, date accessed: 3/19/2008, daily

streamflow data for Wilkes-Barre (USGS 01536500) and Danville (USGS 01540500) gage

stations.

Linsley, Ray K., J.B. Franzini, D.L. Freyberg, and G. Tchobanoglous, 1992, "Probability

Concepts in Planning," Water-Resources Engineering. B.J.. Clark and E. Castellano, ed., 4 th

ed., McGraw-Hill, Inc., New York, pp. 140-144 and pp. 808-809 (Table A-5). (Attached as

"Reference 1")

SSES NPP FSAR Report, Rev. 46, Figure 2.4-6, 06/93. (Attached as "Reference 2")

"Computing Low-Flow Statistics for Ungaged Locations on Pennsylvania Streams By Use of

Drainage-Area Ratios," http://pa.water.usgs.gov/pc38/flowstats/revised deplowflow.pdf,

date accessed: 3/27/2008. (Attached as "Reference 3")

Electronic File Locations:

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre Daily Flow Data

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville Daily Flow Data

Calculations:

1. Low Flow Frequency Distributions

All of the frequency distribution techniques that are developed in this calculation to

estimate the recurrence intervals associated with low flow events at each gage station are

more commonly used to estimate flood event frequencies. However, by adjusting the

procedure slightly to accommodate for low flow events when calculating the Weilbull

recurrence intervals to establish an estimated frequency distribution, and by calculating

the probability that the flow is less than (as opposed to greater than or equal to) a flow

event of a given magnitude (instead of solving for P, solving for 1 - P) when developing

the other frequency distributions, all three (3) methods can be used effectively to estimate

the frequencies of low flow events.

a. Weilbull Frequency Distribution:

When considering all three distribution methods being used to conduct this low flow

frequency analysis, the Weilbull distribution has the most basic approach when it

comes to estimating low flow recurrence intervals. Annual low flows taken from

G:ADJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\LF Recurrence Interval Calc
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USGS daily flow data are simply arranged in ascending order based on their

magnitude with the lowest flow on record being first, and the recurrence interval is

calculated based on how the low flow ranks among all other flows within the period

of record. The Weilbull formula for recurrence interval estimation is given below,

and the calculated return periods corresponding to the low flows recorded at each

gage station (Wilkes-Barre and Danville) can be found inAttachmentA. For

additional information regarding this approach, see Reference 1. Note that the

Weilbull procedure described above has been adjusted for low flow; the procedure

given in Reference I is for peak flow.

p:=- (Equation 1)
Tr

Tr:= N + I (Equation 2)

P = probability of occurrence.
N = period of record.
m = mth smallest flow in data series.
Tr = recurrence interval.

b. Gumbel Frequency Distribution:

Developed under the argument that the distribution of flows within a given area is

unlimited, the Gumbel distribution incorporates more advanced statistical

applications in its projection of recurrence intervals for various low flow events. The

probability of a flow of lesser magnitude occurring is calculated based on a factor

"b" as shown in the equations below, and the corresponding recurrence interval is

taken as the inverse of the probability of occurrence (Tr = 1 / P). The frequency

calculations made using the Gumbel approach can be found in Attachment A; for any

additional information consult Reference 1. Note that Equation 2 has been adjusted

for low flow; the equation given in Reference I is for peak flow (probability that a

flow of equal or greater magnitude occurs).

P:= 1 -(I -e-e- (Equation 3)

b:= .(x - Xb + 0.45.oa) (Equaton 4)
0.7797- - x

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\LF Recurrence Interval Calc
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1

x.2
(Equation 5)

P = probability of occurrence.
X = flood magnitude in cfs.
Xbar = average flood magnitude from data series in cfs.
ax = standard deviation of annual low flows from data series.

c. Log Pearson Type III Frequency Distribution

Adopted by the U.S. Water Resources Council in 1967 as a standard for use by

federal agencies, the log Pearson Type III procedure converts the series of USGS
gage station data for annual low flow to logarithms and computes the mean, standard

deviation, and skew coefficient (g).

N-Y (Xlog - Xlogbar)3
gskew :-

(N - 1).(N - 2).(Clog--

1

alog~x :=( (Xi~gN- Xl~g-bar )2 2

(Equation 6)

(Equation 7)

N = period of record.
gskew = skew coefficient.
Xiog = log X.
Xlog bar = average "log X" from data series.

Glog-x = standard deviation of "log X" from data series.

To construct the frequency distribution for the two gage stations, values for the

frequency factor K were interpolated from Table A-5 (see Reference 1) at various

recurrence intervals (2, 10, 25, 50, 100, and 200 years) for the computed value of g.

The flow (X) was then estimated for each return period using the following equation:

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\LF Recurrence Interval Calc
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Xiog:= Xlog bar + K.'iogx (Equation 8)

K = value from Table A-5 (see Reference 1, used linear interpolation
based on calculated skew coefficient from data series).

Remember that the probability (P) corresponding to these estimated flows is of a flow

of equal or greater magnitude occurring based on the given data series. Therefore, the

probability of occurrence of a flow lower than the estimated flow (X) can be
expressed as 1 - P. This probability is then plotted against flow to develop the low

flow frequency distribution. Plots comparing the three (3) calculated frequency

distributions, as well as the extrapolation of log Pearson Type III distributions at the

Wilkes-Barre and Danville gage stations, can be found in Attachment B. For more

information about the log Pearson Type III distribution method, consult Reference 1.

2. Site Low Flow Statistics

Low flow statistics including the 1-day 10-year low flow (Q1,10: low stream flow over 1

day which, on a statistical basis, can be expected to occur once every 10 years), 7-day 10-

year low flow (Q7,10: low stream flow over 7 consecutive days which, on a statistical

basis, can be expected to occur once every 10 years), and 30-day 10-year low flow

(Q30,10: low stream flow over 30 consecutive days which, on a statistical basis, can be
expected to occur once every 10 years) were calculated for the Wilkes-Barre and
Danville gage stations on the Susquehanna River using USGS daily flow data from water

years 1906 through 2006. The overall mean, median and harmonic mean were also

calculated at each station. Upstream and downstream low flow statistics (Q1,10, Q7,10, and

Q30,10) were transferred to the site using drainage area ratios (DAsiteDAgage) as suggested
by the USGS and PaDEP (see Reference 3). The upstream and downstream gage

drainage areas are measured by the USGS as follows: DAug = 9,960 square miles and

DAdg = 11,220 square miles, respectively. The impact point drainage area (DAip), or site

drainage area, is taken as 10,200 square miles (Reference 2). All calculated statistics are

summarized in Table 2.

Results:

1. Low Flow Frequency Distributions

The extended tables showing all calculations can be found in Attachment A; plots

comparing the three (3) calculated frequency distributions, as well as the

extrapolation of log Pearson Type III distributions at the Wilkes-Barre and Danville

gage stations, can be found in Attachment B. The table below summarizes the

recurrence intervals calculated for the lowest on record flow at each gage station.

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\LF Recurrence Interval Calc
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TABLE 1 - ESTIMATED RECURRENCE INTERVALS

2. Site Low Flow Statistics

All low flow statistics are summarized in the table below.

TABLE 2 - SUMMARY OF LOW FLOW STATISTICS

Station Drainage Area Period of Q1,ol Q7,lo Q3o,lo Mean Median Harmonic
Gage [mi2 ] Record [cfs] [cfsl [cfs] [cfs] tcfs] Mean [cfs]

Wilkes-Barre 9,960 1906 - 2006 799 850 1,032 13,606 7,390 4,283
(upstream) ____________ ____ _____ _____ _____ ____ ____Danville

(downstream) 11,220 1906-2006 945 1,017 1,284 15,501 8,770 5,262

Site (using upstream 10,200 - 818 870 1,056 - -

gage)

Site (using 10,200 859 924 1,167
downstream gage)

Excel worksheets showing the calculations of all low flow statistics, along with the
USGS daily flow data that was used for analysis at each gage station, can be found in
the following file locations:

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre Daily Flow Data
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville Daily Flow Data

Conclusions:

The safety of the BBNPP site can be evaluated further now that the recurrence interval and
impact associated with various low flow events have been estimated.

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\LF Recurrence Interval Calc
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Attachment A

Calculated Low Flow Frequency Distributions (Weilbull, Gumbel, and Log Pearson Type III) for
Wilkes-Barre and Danville USGS Gage Stations

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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Low Flow Probability Distribution Formulas

The Weilbull, Gumbel, and Log Pearson Type III distribution methods are commonly used to
determine the probability of a flood event occurence. However, the same models can be
used for low flow by solving for the probability that the flow is less than, as opposed to
greater than or equal to, a flow event of a given magnitude (instead of solving for P, solve
for I - P).

Weilbull Distribution:
1

P:=
Tr

(Equation 1)

(Equation 2)
N+ I

Tr.-
m

P = probability of occurrence.
N = period of record.
m = mth smallest flow in data series.
Tr = recurrence interval.

P:= I- (1- e- e)Gumbel Distribution: (Equation 3)

(Equation 4)b=.7 .(X - Xbar + 0.45.r x)0.7797 -acx

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiver-Data
GADJW\Berwick NPP (07-389 1)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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I

N-1
xb )22

(Equation 5)

P = probability of occurrence.
X = flood magnitude in cfs.
Xbar = average flood magnitude from data series in cfs.
ox = standard deviation of annual low flows from data series.

log Pearson Type III
Distribution:

N.Z(XIog - Xlog._bar) 3

gskew :
(N - 1).(N - 2).(%Logx)

1

alog-x 7= (Xi, '- X Io -bar)J

(Equation 6)

(Equation 7)

N = period of record.
gskew = skew coefficient.
Xlog = log X.
Xlog bar = average "log X" from data series.
alog.x = standard deviation of "log X" from data series.

G:\DJW\Berwick NPP (07-389 1)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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Xlog Xlogbar + K'aiogx (Equation 8)

K = value from Table A-5 in text (see Reference 1, used linear
interpolation based on calculated skew coefficient from data series).

Developing the Log Pearson Type III Distribution for the low flow scenario follows the same appoach as for peak
flow: calculate the skew coefficient based on the available gage station flow data, and using that value interpolate
the corresponding frequency factor (K) at various recurrence intervals to develop a frequency distribution which can
be used to estimate flow. Since the formulas and tables above that are used to develop this distribution were
created to determine the probability of peak flow events (probability of occurence I recurrence interval of a flow of
equal or greater magnitude), the probability of the estimated flow that is of intrest for low flow analysis is instead the
probability that a flow of lower magnitude occurs. Therefore, the distribution is created by plotting the estimated
flow against the recurrence interval, which is calculated using 1 - P for probability as opposed to P.

*Text Reference: 'Water-Resources Engineering," McGraw-Hill, Fourth Edition. (Chapter 5: Probability
Concepts in Planning)

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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Low Flow Frequency Distributions (Weilbull and Gumbel) for Wilkes-Barre Gape Station

*Calculations based on complete USGS gage station data taken from 1899 to 2006.

No 108
rM n until. 0

S M31M I.J • ML. 9-- 1.n M ELM

rnLow Flow, 1000 cfs Low Flow (X), cfs Ya

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

0.53
0.63

0.66

0.69
0.70

0.72

0.72

0.75

0.76

0.78
0.78

0.80

0.81

0.82

0.82

0.82

0.83

0.86

0.87

0.89

0.89

0.89

532

625

658

686

700

720

720

749

760

779

780

795

810

815

820

820

831

860

871

887

892

893

1964
1939
1941
1962
1963
1900
1955
1999
1908
1959
1953
1991
1911
1965
1899
1913
1995
1910

1966
1985
1954
1912

109.0

54.5

36.3

27.3
21.8

18.2

15.6

13.6

12.1

10.9

9.9

9.1

8.4

7.8

7.3

6.8

6.4

6.1

5.7

5.5

5.2

5.0

0.0092

0.0183

0.0275

0.0367

0.0459

0.0550

0.0642

0.0734

0.0826

0.0917

0.1009

0.1101

0.1193

0.1284

0.1376

0.1468

0.1560

0.1651

0.1743

0.1835

0.1927

0.2018

-888

-795

-762

-734
-720

-700
-700

-671

-60
-641

-640

-625

-610

-605

-600
-600

-589

-560

-549

-533

-528
-527

788,051

631,583
580.221

538,348
518,000

489,611

489,611

449,868

435,233

410,525

409.245

390,278

371,761

365,689

359,667

359,667

346,594

313,289

301,096

283,793

278,491

277,436

-1.25

-1.06

-0.99

-0.93
-0.91

-0.86

-0.86
-0.81

-0.78

-0.74

-0.74

-0.71

-0.68

-0.67

-0.66

-0.66
-0.64

-0.58

-0.55

-0.52
-0.51

-0.51

0.0302

0.0557

0.0673

0.0783

0.0842

0.0930

0.0930

0.1068

0.1123

0.1221

0.1226

0.1307

0.1391

0.1419

0.1448

0.1448

0.1512

0.1687

0.1756

0.1858

0.1890

0.1896

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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*Calculations based on complete USGS gage station data taken from 1899 to 2006.
N= 108

a•n Ifi~ rl l1Iil a.R n

• • • Low Flow, 1000 cfs Low Flow (X),cts Year

0.92

0.93

0.95

0.97

0.97

0.97
0.98
1.00

1.01

1.01

1.02

1.05

1.05

1.05

1.06

1.06

1.06
1.06

1.06

1.08

1.09

1.10

1.15
1.15

1.16

1.19

924

932

951

970

970
970

980

1,000
1,010

1,010

1.020

1,050
1.050
1,050

1,060

1,060

1,060

1,060
1,060

1,080
1,090

1,100

1,150

1,150

1,160

1,190

2002

1932

1918

1907

1909
1930

1983

1929
1943

1949

1980

1906

1982

2005

1917

1923
1948

1957

1988

1931

1969

2001

1936
1944

1916

1989

4.7

4.5

4.4

4.2

4.0
3.9

3.8

3.6
3.5

3.4

3.3

3.2

3.1

3.0

2.9

2.9

2.8
2.7

2.7

2.6

2.5

2.5

2.4

2.4

2.3

2.3

0.2110
0.2202

0.2294

0.2385

0.2477

0.2569

0.2661
0.2752

0.2844

0.2936

0.3028

0.3119

0.3211

0.3303

0.3394

0.3486
0.3578

0.3670

0.3761

0.3853

0.3945

0.4037

0.4128
0.4220

0.4312

0.4404

-496

-488

-469

-450

-450

-450

-440
-420

-410

-410

-400

-370

-370

-370

-360

-360
-360

-360

-360

-340

-330

-320

-270
-270

-260

-230

245,741
237,873

219,701

202,250

202,250

202,250

193,356

176,167

167,872

167,872

159,778

136,695

136,695
136,695

129,400

129,400

129,400

129,400

129,400

115,411

108,717

102,222

72,750
72,750

67,456

52,772

-0.44
-0.43

-0.39
-0.35

-0.35

-0.35
-0.33

-0.29

-0.27

-0.27

-0.25

-0.18

-0.18

-0.18

-0.16

-0.16

-0.16
-0.16

-0.16

-0.12

-0.10

-0.08

0.02

0.02
0.04

0.10

0.2102
0.2156

0.2287

0.2420

0.2420

0.2420

0.2492
0.2635

0.2708

0.2708

0.2781

0.3003

0.3003

0.3003

0.3078

0.3078

0.3078

0.3078

0.3078
0.3228

0.3303

0.3378

0.3757
0.3757

0.3833

0.4060

G:\DJW]Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



Q PAUL C. R izzo AssocIATEs, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By. ifi Date o4-ab --Y

Low Flow Recurrence Interval and Sheet No. A7 of A27
Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1899 to 2006.

N: 108
r.n= ttin n~ft: nmurll s-Rmrral

[mJ Low Flow, 1000 cfs Low Flow (X), cfs Year

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

1.20

1.21

1.25

1.26
1.28

1.28

1.32

1.33

1.33

1.34

1.35

1.38

1.39

1.44

1.44
1.45

1.46

1.47

1.49
1.50

1.50

1.50

1.50

1.51
1.52
1.57

1,200
1,210

1,250

1,260

1,280

1,280
1,320

1,330

1,330

1,340

1,350
1,380
1,390

1,440

1,440
1,450

1,460
1,470

1,490

1,500

1,500

1,500

1,500
1,510
1,520

1,570

1934

1993

1914

1987

1961
1981

1952
1921

1970
1933

1928
1926
1951
1960
1997
1971
1940

1979

1915
1919
1947

1972
1998
1968
1978
1984

2.2
2.2

2.1

2.1

2.1

2.0

2.0
1.9

1.9

1.9

1.8
1.8

1.8

1.8

1.7

1.7

1.7
1.7

1.6

1.6

1.6

1.6

1.5

1.5
1.5

1.5

0.4495

0.4587

0.4679

0.4771

0.4862

0.4954

0.5046
0.5138

0.5229

0.5321

0.5413
0.5505

0.5596

0.5688

0.5780

0.5872

0.5963
0.6055

0.6147

0.6239

0.6330

0.6422

0.6514
0.6606

0.6697

0.6789

-220

-210

-170

-160

-140

-140

-100

-90

-90

-80

-70

-40

-30
20

20

30

40

50
70

80

80

80

80
90
100

150

48,278

43,983

28,806

25,511

19,522
19,522

9,945
8,050

8,050

6,356

4,861

1,578

883
411

411

917

1,622

2,528

4,939
6,445

6,445

6,445

6,445

8,150
10,056
22,583

0.12

0.14

0.23

0.25

0.29

0.29

0.37
0.39

0.39

0.41

0.43

0.50

0.52
0.62

0.62

0.64

0.66

0.68

0.72

0.74

0.74

0.74

0.74

0.76
0.78
0.89

0.4135

0.4210

0.4508

0.4582

0.4729

0.4729

0.5018

0.5089

0.5089

0.5159

0.5230

0.5437

0.5505

0.5836

0.5836

0.5901

0.5964

0.6028

0.6152

0.6213

0.6213

0.6213

0.6213
0.6274

0.6334
0.6624

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



[~C Q PAUL C. Rizzo AssocIAmS, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By fI Date o4-,3-o.'

Low Flow Recurrence Interval and Sheet No. A8 of A27
Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1899 to 2006.

N= 108
(sn. Mt~tinn fl*12 flMIkae..R2rrn~

- [
m Low Flow, 1000 cfs Low Flow (X), cfs Year

75

76

77

78
79

80

81

82

83

84

85

86

87

88

89
90

91

92

93

94
95

96

97

98
99

100

1.58

1.60

1.61

1.66
1.66

1.67

1.70
1.74

1.76

1.76

1.81

1.81

1.84

1.85

1.85
1.85

1.88

1.90

1.95

2.00
2.20

2.26

2.26
2.28

2.29
2.29

1,580

1,600

1,610

1,660
1,660
1,670
1,700

1,740

1,760

1,760

1,810
1,810

1,840

1,850
1,850

1,850

1,880
1,900

1,950

2,000
2,200

2,260

2,260
2,280

2,290
2,290

1938
1927
1922
1935
1974
1924
1958
1925
1956
1988
1901
1903
1973
1946
1950
1977
1937
1975
1996
1902
1904
1942
1990
2000
1920
1992

1.5

1.4

1.4

1.4

1.4
1.4

1.3

1.3
1.3

1.3

1.3

1.3

1.3

1.2

1.2

1.2

1.2
1.2

1.2

1.2

1.1

1.1

1.1
1.1

1.1
1.1

0.6881

0.6972

0.7064

0.7156

0.7248

0.7339

0.7431
0.7523

0.7615

0.7706

0.7798

0.7890

0.7982

0.8073

0.8165

0.8257

0.8349
0.8440

0.8532

0.8624

0.8716

0.8807

0.8899
0.8991

0.9083
0.9174

160

180

190

240

240
250

280
320

340

340

390

390

420

430

430

430

460
480

530

580
780

840

840

860
870
870

25,689

32,500

36,206

57,733

57,733

62,639

78,556

102,578

115,789

115,789

152,317

152,317

176,633

185,139

185,139

185,139

211,856

230,667

281,195

336,722

608,833

706,067

706,067

740,078
757,383
757,383

0.91

0.95

0.97

1.07

1.07

1.09

1.15

1.24

1.28

1.28

1.38

1.38

1.44

1.46

1.46

1.46

1.53

1.57

1.67

1.77

2.19

2.31

2.31
2.35

2.37

2.37

0.6679

0.6789

0.6843

0.7102

0.7102
0.7152

0.7297

0.7481

0.7569

0.7569

0.7779

0.7779

0.7897

0.7935

0.7935

0.7935
0.8046

0.8117

0.8284

0.8438

0.8936

0.9054

0.9054
0.9090
0.9108

0.9108

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:ADJW\erwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



[PAUL C. R IZZO ASSOCIATES, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By 6fi Date o4-ao- ,

Low Flow Recurrence Interval and
Low Flow Statistics (BBNPP)

Sheet No. A9 of A27
Project No. 07-3891

Calculations based on complete USGS gage station data taken from 1899 to 2006.

Nz 108
,Il![IV "l]|tlIIVl! Vfltll l!lIlllllll[•]•€l I !

Low Flow, 1000 cfs Low Flow (X), cfs

m Low Flow, 1000 cfs Low Flow (X),cfs jYear

101

102

103

104
105

106

107
1o8R

2.50
2.62

2.71

2.83

2.90

3.15

3.58

2,500

2,620

2,710

2,830

2,900

3,150

3,580
3.600

1967

1905

1945

2004

1994

2006

2003

1976

1.1
1.1

1.1

1.0

1.0

1.0
1.0

1.0

0.9266

0.9358

0.9450

0.9541

0.9633

0.9725
0.9817

0.9908

1,080

1,200

1,290
1,410

1,480

1,730

2,160

2.180

1,167,000

1,440,667

1,664,817

1,988,883

2,191,222

2,993,861

4,666,800

4.753.611

2.80

3.05

3.24

3.48

3.63

4.14

5.03

5.07

0.9412

0.9538

0.9615

0.9698

0.9738

0.9843

0.9935

0.9937

1
1

1

1

1

1

Avg.= Xb= 1,420

Sum=f 153,330 .... 0 41,440,078

a.- 622.3

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre_-RiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



Q PAUL C. Rizzo AssocIATEs, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. A10 of A27
Chkd.By_f!21 Date o4- 3o- -? Low Flow Statistics (BBNPP) Project No. 07-3891

Low Flow Frequency Distribution (1og Pearson Type II1b for Wilkes-Barre Gaee Station

*Calculatons based on complete USGS gage station data taken from 1899 to 2006.

N= 108
n oc.aa na.. nhng~. m.~

a Sim giu i u1 n I l Iw - !m

Low L
m Flow, (" L Fl Year

1000 cf. I () f

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

19
20
21
22

0.53

0.63

0.66

0.69

0.70

0.72

0.72
0.75

0.76

0.78

0.78

0.80

0.81

0.82

0.82

0.82

0.83

0.86

0.87

0.89
0.89

0.89

532
625

658

686

700

720
720

749

760

779

780
795

810

815

820

820

831

860

871

887
892

893

1964

1939

1941
1962

1963

1900

1955
1999

1908
1959

1953

1991
1911

1965

1899

1913

1995
1910

1966

1985

1954
1912

2.726

2.796
2.818

2.836

2.845

2.857

2.857

2.874

2.881

2.892

2.892
2.900

2.908

2.911

2.914

2.914

2.920

2.934

-0.390

-0.320
-0.297

-0.279

-0.271

-0.258
-0.258
-0.241
-0.235
-0.224

-0.224

-0.215

-0.207
-0.205

-0.202

-0.202

-0.196

-0.181

0.152

0.102

0.089

0.078

0.073

0.067

0.067

0.058

0.055

0.050

0.050
0.046

0.043

0.042

0.041

0.041

0.038

0.033

-0.0592

-0.0327

-0.0263

-0.0218

-0.0198

-0.0173
-0.0173
-0.0140

-0.0130
-0.0113
-0.0112

-0.0100
-0.0089
-0.0086

-0.0082
-0.0082

-0.0075

-0.0060

0.3031 2
10

25

50
100

200

0.5
0.1

0.04

0.02
0.01

0.005

0.5
0.9

0.96
0.98
0.99

10.995

2.0000
1.1111

1.0417

1.0204

1.0101

1.0050

-0.0505
1.3092

1.8500

2.2126

2.5462
2.8589

1,279
2,218
2,761

3,197
3,660
4,154

2.940
2.948

2.950
2.951

-0.176

-0.168

-0.165
-0.165

0.031

0.028
0.027
0.027

-0.0054
-0.0047

-0.0045
-0.0045

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville_RiverData



Q PAUL C. R izzo AssocIATEs, INC.C ONSULTANTS 0
By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. All of A27
Chkd.By. S Date o4-3o-8- Low Flow Statistics (BBNPP) Project No. 07-3891_

*Calculations based on complete USGS gage station data taken from 1899 to 2006.

N: 108

Gage Station Data (Wilkes-Barn)

Low Low FlowJ Flow, Low, Flo Yea
11000 cfs I(Xcs I Ya

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

41
42
43
44

45
46
47
48

0.92

0.93

0.95

0.97

0.97

0.97

0.98

1.00

1.01

1.01

1.02
1.05

1.05

1.05

1.06

1.06
1.06

1.06

1.06

1.08

1.09

1.10

1.15
1.15
1.16

1.19

924

932

951

970

970

970

980

1,000

1,010

1,010

1,020

1,050

1,050

1,050

1,060

1,060

1,060

1,060

1,060

1,080

1,090

1,100

1,150

1,150

1,160

1,190

2002

1932

1918

1907

1909

1930

1983

1929

1943

1949

1980

1906

1982

2005

1917

1923

1948

1957

1988

1931

1969

2001

1936

1944

1916

1989

2.966

2.969

2.978

2.987

2.987

2.987

2.991

3.000

3.004

3.004

3.009

3.021

3.021

3.021

3.025

3.025

3.025

3.025

3.025

3.033

3.037

3.041

3.061

3.061

3.064

3.076

-0.150
-0.146

-0.138

-0.129
-0.129

-0.129

-0.124

-0.116
-0.111

-0.111

-0.107

-0.095

-0.095

-0.095

-0.090

-0.090

-0.090

-0.090

-0.090

-0.082

-0.078

-0.074

-0.055
-0.055

-0.051
-0.040

0.023
0.021

0.019

0.017
0.017

0.017

0.016

0.013

0.012
0.012

0.011

0.009

0.009

0.009

0.008
0.008

0.008
0.008

0.008

0.007

0.006

0.006

0.003
0.003

0.003
0.002

-0.0034
-0.0031

-0.0026

-0.0021

-0.0021

-0.0021

-0.0019

-0.0015

-0.0014

-0.0014

-0.0012

-0.0008

-0.0008
-0.0008

-0.0007
-0.0007

-0.0007
-0.0007

-0.0007

-0.0006

-0.0005

-0.0004

-0.0002
-0.0002

-0.0001
-0.0001

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville RiverData



[Q PAUL C. Rizzo AssoclAmS, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. A12 of A27
Chkd.By. fir Date 64- 3o-oy Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculaions based on complete USGS gage station data taken from 1899 to 2006.

N= 108
2• aQ dae aa/tlla _

m Low [o Fo
m Flow, LMW cFo Year

1000 cfs (X If

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

1.20

1.21

1.25

1.26

1.28

1.28

1.32
1.33

1.33

1.34

1.35

1.38

1.39

1.44

1.44

1.45

1.46
1.47

1.49

1.50

1.50

1.50

1.50

1.51

1.52

1.57

1,200

1,210

1,250

1,260

1,280

1,280

1,320
1,330

1.330
1,340

1,350

1,380

1,390
1,440

1,440

1,450
1,460
1,470

1,490

1,500

1,500

1,500

1,500

1,510

1,520

1,570

1934

1993

1914

1987

1961

1981

1952
1921
1970

1933

1928

1926
1951

1960

1997

1971

1940
1979

1915

1919

1947
1972

1998

1968

1978

1984

3.079

3.083

3.097

3.100

3.107

3.107

3.121
3.124

3.124

3.127

3.130

3.140

3.143

3.158

3.158

3.161

3.164
3.167

3.173

3.176

3.176
3.176

3.176

3.179

3.182

3.196

-0.037

-0.033

-0.019

-0.015

-0.009

-0.009

0.005
0.008

0.008

0.011

0.015

0.024

0.027

0.043

0.043

0.046

0.049
0.052

0.057

0.060

0.060

0.060

0.060

0.063

0.066

0.080

0.001

0.001

0.000

0.000

0.000

0.000

0.000
0.000

0.000

0.000

0.000

0.001

0.001

0.002

0.002

0.002

0.002
0.003

0.003

0.004

0.004

0.004

0.004

0.004

0.004

0.006

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000
0.0000

0.0000

0.0000

0.0000

0.0000

0.0001

0.0001

0.0001

0.0001
0.0001

0.0002

0.0002

0.0002

0.0002

0.0002

0.0003

0.0003

0.0005

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



Q PAUL C. Rizzo AssocIATEs, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. A13 of A27
Chkd.Byfýi Date o4- 3o -o Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1899 to 2006.

N= 108
•- n Statinn Data fillka R Im

LOW LO Flo
Flow, LX Fflow Yearm 1000 cfs " (X ..

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

1.58

1.60

1.61

1.66

1.66
1.67

1.70

1.74

1.76

1.76

1.81
1.81

1.84

1.85

1.85

1.85

1.88

1.90

1.95

2.00

2.20

2.26

2.26

2.28

2.29

2.29

1,580

1.600
1,610

1,660

1,660
1,670

1,700

1,740
1,760

1,760

1,810

1,810

1,840

1,850

1,850
1,850
1,880
1,900

1,950
2,000

2,200

2,260

2,260
2,280

2,290

2,290

1938

1927
1922

1935

1974

1924

1958

1925
1956

1986

1901

1903

1973

1946

1950
1977

1937

1975
1996

1902

1904

1942

1990

2000

1920
1992

3.199

3.204

3.207

3.220

3.220

3.223

3.230

3.241

3.246

3.246

3.258

3.258

3.265

3.267

3.267

3.267

3.274

3.279

3.290

3.301

3.342
3.354

3.354
3.358

3.360

3.360

0.083

0.088

0.091

0.104

0.104

0.107

0.115

0.125

0.130

0.130

0.142

0.142

0.149

0.151

0.151

0.151
0.158

0.163

0.174

0.185

0.227

0.238

0.238
0.242

0.244
0.244

0.007

0.008

0.008

0.011

0.011

0.011

0.013

0.016
0.017

0.017

0.020

0.020

0.022

0.023

0.023
0.023

0.025

0.027

0.030

0.034

0.051

0.057

0.057

0.059

0.060

0.060

0.0006

0.0007

0.0008

0.0011

0.0011

0.0012

0.0015
0.0019

0.0022

0.0022

0.0029

0.0029

0.0033

0.0035

0.0035

0.0035

0.0040
0.0043

0.0053

0.0064

0.0117

0.0135

0.0135

0.0142
0.0145

0.0145

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



Q PAUL C. Rizzo AssocIATEs, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. A14 of A27
Chkd.By. fj- Date o4-z o-os? Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1899 to 2006.
No 108

Flow," 
I (X, fYa

LowTTmlFlow. Low Flow iYear
1000 cfs (X) of's _____

101

102

103

104

105

106

107

108

2.50

2.62

2.71

2.83

2.90
3.15

3.58

3.60

2,500

2,620

2,710

2,830

2,900

3,150

3,580

3.600

1967

1905

1945

2004

1994

2006

2003

1976

3.398

3.418

3.433

3.452

3.462

3.498

3.554

3.556

0.282

0.303

0.317

0.336
0.347

0.383

0.438

0.441

0.080

0.092

0.101

0.113

0.120
0.146

0.192

0.194

0.0225

0.0277

0.0319
0.0380

0.0417

0.0560

0.0841

0.0855

SA V .= - 1,420 1 (lo gX ),.= 3.116 --
Sum - 153,330 336.498 3.300 0.1731 -

Gin x Z 0.176

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre RiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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By DW Date 3/31/2008 Subject
Chkd.By f-n Date o4- 0o-0 g

Low Flow Recurrence Interval and
Low Flow St atistics (flBNPP'•

SheetNo. A15 of A27
Project No. 07-3891

... ... . .. ... .. St ts ic . .... P)

Low Flow Probability Distribution Formulas

The Weilbull, Gumbel, and Log Pearson Type III distribution methods are commonly used to
determine the probability of a flood event occurence. However, the same models can be
used for low flow by solving for the probability that the flow is less than, as opposed to
greater than or equal to, a flow event of a given magnitude (instead of solving for P, solve
for I - P).

Weilbull Distribution:
1P := I

Tr
(Equation 1)

(Equation 2)
N+ITr :=

m

P = probability of occurrence.
N = period of record.
m = mth smallest flow in data series.
Tr = recurrence interval.

P:= I - .- e-e)Gumbel Distribution: (Equation 3)

(Equation 4)b=.7 .(X - Xbar + 0.45 ax)0.7797 • cr x

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre_RiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



PAUL C. Rizzo
CONSULTANTS

ASSOCIATES, INC.

By DW Date 3/31/2008 Subject
Chkd.By I Date *ao-o-',

Low Flow Recurrence Interval and
Low Flow Statistics (BBNPP)

SheetNo. A16 of A27
Project No. 07-3891

1

Z(X - Xbar) 2ax --( N -1I (Equation 5)

P = probability of occurrence.
X = flood magnitude in cfs.
Xbar = average flood magnitude from data series in cfs.
ax = standard deviation of annual low flows from data series.

log Pearson Type III
Distribution:

N.k N1(Xlog - Xlog_bar) 3

gskew :

(N - 1).(N - 2)'(Cl_)"--

CIog_x:= Z(X g - Xlogbar)j 2
N-1I

(Equation 6)

(Equation 7)

N = period of record.
gskew = skew coefficient.
Xlog = log X.
Xlog bar = average "log X" from data series.
alogx = standard deviation of "log X" from data series.

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiver-Data
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville_RiverData



P AUL C. R izzo ASSOCIATES, INC.CONSULTANTS Q
By DW Date 3/31/2008 Subject
Chkd.By __ýE Date o4-30-o-

Low Flow Recurrence Interval and
Low Flow Statistics (BBNPP)

Sheet No. A17 of A27
Project No. 07-3891

Xlog := XIogbar + K' .o_ (Equation 8)

K = value from Table A-5 in text (see Reference 1, used linear
interpolation based on calculated skew coefficient from data series).

Developing the Log Pearson Type III Distribution for the low flow scenario follows the same appoach as for peak
flow: calculate the skew coefficient based on the available gage station flow data, and using that value interpolate
the corresponding frequency factor (K) at various recurrence intervals to develop a frequency distribution which can
be used to estimate flow. Since the formulas and tables above that are used to develop this distribution were
created to determine the probability of peak flow events (probability of occurence / recurrence interval of a flow of
equal or greater magnitude), the probability of the estimated flow that is of intrest for low flow analysis is instead the
probability that a flow of lower magnitude occurs. Therefore, the distribution is created by plotting the estimated
flow against the recurrence interval, which is calculated using I - P for probability as opposed to P.

*Text Reference: 'Water-Resources Engineering," McGraw-Hill, Fourth Edition. (Chapter 5: Probability
Concepts in Planning)

3:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
3:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



LPAUL C. R izzo AssocIAT s, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By ; Date o4-ao-og

Low Flow Recurrence Interval and
Low Flow Statistics (BBNPP)

Sheet No. A18 of A27
Project No. 07-3891

Low Flow Frequency Distributions (Weflbull and Gumbel) for Danville Gage Station

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

N: 101

Gagetation Data IDanvlleJ

mlI Low Flow, l000 cts Low Flow (X), cfsJ Year

1
2
3
4
5

6
7
8
9
10
11
12
13
14
15
16
17
18

19
20
21
22

0.56

0.72

0.84

0.84

0.86

0.88

0.89

0.90
0.92

0.92

0.92

0.92

0.95

0.98

0.99

1.02

1.06

1.09

1.10

1.11

1.12

1.15

558

722

839

840

855

876
888

900
918

920

920

920

952

982

991

1,020

1,060

1,090

1,100

1,110

1,120

1,150

1964
1939
1963
1999
1908
1955
1962
1965
1959
1913
1930
1932
1941
1991
1953
1936
1966
2002

1910
1954
1909
1949

102.0 0.0098 -1,160

51.0
34.0

25.5

20.4

17.0

14.6

12.8

11.3

10.2

9.3

8.5

7.8

7.3

6.8

6.4

6.0

5.7

5.4

5.1

4.9

4.6

0.0196
0.0294

0.0392

0.0490

0.0588

0.0686

0.0784

0.0882

0.0980

0.1078

0.1176

0.1275

0.1373

0.1471

0.1569

0.1667
0.1765

0.1863

0.1961

0.2059

0.2157

-996
-879
-878
-863
-842
-830
-818
-800
-798
-798
-798
-766
-736
-727
-698

-58
-628

-618

-608
-598
-568

1,346,588

992,864

773,390

771,632

745,504

709,681
689,607

669,821

640,681

637,484

637,484

637,484

587,408

542,323
529,148

487,799

433,524

394,919

382,450

370,182

358,113

323,108

-1.50

-1.20

-0.99

-0.99

-0.96

-0.93

-0.91

-0.88
-0.85

-0.85

-0.85

-0.85
-0.79

-0.74

-0.72

-0.67

-0.60

-0.55

-0.53

-0.51
-0.49

-0.44

0.0116

0.0359

0.0672

0.0675

0.0725

0.0798

0.0842

0.0888

0.0958

0.0966

0.0966

0.0966

0.1100

0.1235

0.1276

0.1416

0.1620

0.1782

0.1837

0.1893

0.1950

0.2123

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJWNBerwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



L QP AUL C. R izzo ASSOCIATES, INC.CONSULTANTS Q
By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. A19 of A27
Chkd.Byfrn Date 04- 30-08 Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

NZ 101

Gage Station Data (Danville)

m Low Flow, 1000 cfs Low Flow (X), cfs

23 1.21 1,210 1911 4.4 0.2255 -508 258,497 -0.33

24 1.21 1,210 1948 4.3 0.2353 -508 258,497 -0.33

25 1.22 1,220 1923 4.1 0.2451 -498 248,428 -0.31

26 1.22 1,220 1931 3.9 0.2549 -498 248,428 -0.31

27 1.24 1,240 1907 3.8 0.2647 -478 228,891 -0.28

28 1.24 1,240 1980 3.6 0.2745 -478 228,891 -0.28

29 1.25 1,250 1943 3.5 0.2843 -468 219,423 -0.26

30 1.27 1,270 1944 3.4 0.2941 -448 201,086 -0.22

31 1.28 1,280 2005 3.3 0.3039 -438 192,217 -0.21

32 1.29 1,290 1952 3.2 0.3137 -428 183,549 -0.19

33 1.30 1,300 1983 3.1 0.3235 -418 175,080 -0.17

34 1.31 1,310 1934 3.0 0.3333 -408 166,812 -0.15

35 1.31 1,310 1957 2.9 0.3431 -408 166,812 -0.15

36 1.31 1,310 1961 2.8 0.3529 -408 166,812 -0.15

37 1.40 1,400 1929 2.8 0.3627 -318 101,395 0.01

38 1.42 1,420 1997 2.7 0.3725 -298 89,058 0.04

39 1.43 1,430 1982 2.6 0.3824 -288 83,189 0.06

40 1.45 1,450 1969 2.6 0.3922 -268 72,052 0.10

41 1.45 1,450 1988 2.5 0.4020 -268 72,052 0.10

42 1.47 1,470 1940 2.4 0.4118 -248 61,715 0.13

43 1.48 1,480 1995 2.4 0.4216 -238 56,847 0.15

44 1.51 1,510 1993 2.3 0.4314 -208 43,441 0.20

45 1.54 1,540 1971 2.3 0.4412 -178 31,836 0.26

46 1.57 1,570 1985 2.2 0.4510 -148 22,030 0.31

47 1.58 1,580 1970 2.2 0.4608 -138 19,162 0.33

48 1.60 1,600 1912 2.1 0.4706 -118 14,025 0.37

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville RiverData

0.2485 4

0.2485 4
0.2547 4

0.2547 4

0.2673 4

0.2673 4

0.2736 4

0.2863 3

0.2927 3

0.2991 3

0.3056 3

0.3121 3

0.3121 3

0.3121 3

0.3710 3

0.3841 3

0.3907 3

0.4038 2

0.4038 2

0.4168 2

0.4233 2

0.4428 2

0.4620 2

0.4810 2

0.4873 2

0.4997 2



[~QQ PAUL C. R IZZO AssocIAmS, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By frr Date o4-3o-oS

Low Flow Recurrence Interval and Sheet No. A20 of A27
Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

101
Gage Station Data (Danvill

m ILow Flow, 1000 cfs Low Flow (X), cfs Year

1.61

1.63

1.64

1.64
1.66

1.68

1.70

1.70

1.70

1.70

1.71

1.71

1.72

1.73

1.73

1.80

1.81

1.81

1.81

1.90

1.92

1.96

1.96
1.97

1.99

2.00

1,610

1,630

1,640

1,640
1,660

1,680

1,700
1,700
1,700

1,700

1,710

1,710

1,720

1,730

1,730

1,800

1,810
1,810

1,810

1,900

1,920

1,960

1,960
1,970

1,990

2,000

1987
1947
1906
1951
1989
2001

1914
1915
1918
1998
1968
1981
1938
1933
1935
1922
1919
1921
1926
1979
1928
1937
1974
1984
1972
1920

2.1 0.4804 -108 11,756 0.38 0.5059 2

2.0

2.0

2.0

1.9

1.9

1.9

1.8

1.8

1.8

1.7

1.7

1.7

1.6

1.6

1.6

1.6

1.5

1.5

1.5

1.5

1.5

1.4
1.4

1.4

1.4

0.4902

0.5000

0.5098
0.5196

0.5294

0.5392

0.5490

0.5588

0.5686

0.5784

0.5882

0.5980

0.6078

0.6176

0.6275

0.6373

0.6471

0.6569

0.6667

0.6765

0.6863

0.6961
0.7059

0.7157

0.7255

-88

-78

-78
-58

-38

-18

-18

-18

-18

-8

-8

2

12

12

82

92

92

92

182

202

242

242
252

272

282

7,819

6,151

6,151

3,414

1,477

340

340

340

340

71

71

2

134

134

6,654

8,386

8,386

8,386

32,969

40,632

58,358

58,358

63,290

73,753

79,284

0.42

0.44

0.44
0.47

0.51

0.54

0.54

0.54

0.54

0.56

0.56

0.58

0.60

0.60

0.72

0.74

0.74

0.74

0.90

0.94
1.01
1.01

1.03
1.06

1.08

0.5181

0.5242

0.5242
0.5362

0.5481

0.5597

0.5597

0.5597

0.5597

0.5655
0.5655

0.5713

0.5769

0.5769

0.6155

0.6208

0.6208

0.6208

0.6663

0.6759

0.6944

0.6944
0.6989

0.7077

0.7121

G:\DJWNBerwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre_RiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData



[PAUL C. Rizzo AssociATES, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By _rvi Date 64-30-19_

Low Flow Recurrence Interval and
Low Flow Recurrence Interval and

Low.Flow.Stati.tics ..... '[

Sheet No. A21 of A27
Project No. 07-3891

Low Flow Statistics (BBNPP)

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

101

I

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

93
94
95
96
97
98
99
100

2.03

2.04

2.06

2.10

2.11

2.14

2.15

2.15

2.15

2.16

2.20

2.20

2.27

2.30

2.38

2.49

2.64

2.70

2.83

2.87

3.09

3.22

3.35

3.37

3.64

4.10

-ow Flow (X), cfs Year

2,030 1927 1.4 0.7353 312

2,040 1946 1.3 0.7451 322

2,060 1916 1.3 0.7549 342

2,100 1960 1.3 0.7647 382

2,110 1978 1.3 0.7745 392

2,140 1956 1.3 0.7843 422

2,150 1917 1.3 0.7941 432

2,150 1925 1.2 0.8039 432

2,150 1950 1.2 0.8137 432

2,160 1977 1.2 0.8235 442

2,200 1958 1.2 0.8333 482

2,200 1986 1.2 0.8431 482

2,270 1924 1.2 0.8529 552

2,300 1973 1.2 0.8627 582

2,380 1942 1.1 0.8725 662

2,490 1975 1.1 0.8824 772

2,640 1996 1.1 0.8922 922

2,700 1967 1.1 0.9020 982

2,830 2000 1.1 0.9118 1,112

2,870 1992 1.1 0.9216 1,152

3,090 1990 1.1 0.9314 1,372

3,220 1945 1.1 0.9412 1,502

3,350 2004 1.1 0.9510 1,632

3,370 1994 1.0 0.9608 1,652

3,640 2006 1.0 0.9706 1,922

4,100 1976 1.0 0.9804 2,382

(Water Resources)\Wilkes-Barre_RiverData
(Water Resources)\DanvilleRiverData

97,079

103,410

116,673

145,599

153,330

177,725

186,256

186,256

186,256

194,988

231,914

231,914

304,234

338,229

437,680

595,327

849,299

963,488

1,235,597

1,326,123

1,881,216

2,254,725

2,662,035

2,727,698

3,692,448

5,671,896

1.13

1.15

1.19

1.26

1.28

1.33

1.35

1.35

1.35

1.37

1.44

1.44

1.56

1.62

1.76

1.96
2.22

2.33

2.56

2.63

3.03
3.26

3.49

3.53

4.01

4.83

0.7248

0.7289

0.7371

0.7527

0.7565

0.7676

0.7712

0.7712

0.7712

0.7748

0.7885

0.7885

0.8109

0.8198

0.8417

0.8680

0.8974

0.9073

0.9258

0.9307

0.9527

0.9623

0.9700

0.9710

0.9820

0.9920

1

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11
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Low Flow Recurrence Interval and Sheet No. A22 of A27
Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

101

Gage StaFow 0 f LowJFlno()c

m ILow Flow, 1000 cfs Low Flow (X), cfs Year

101

102

103

104

105

106

107

108

4.34 4,340 2003 1.0 0.9902 2,622 6,872,652 5.26 0.9948 1

Avg.= X=._= 1,718 -
Sum= 1 173,561 0- 51,572,457

.=- 718.1

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. A23 of A27
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Low Flow Frequency Distribution (lo! Pearson Tyve IHI) for Danville Gaze Station

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

101

Gaue Station Data (Danville

j Low Fiow, 1000 LowFlow Year

0.56

0.72

0.84

0.84
0.86

0.88

0.89

0.90

0.92

0.92

0.92

0.92

0.95

0.98

0.99

1.02

1.06
1.09

1.10

1.11

1.12

1.15

1.21

558

722

839

840

855

876

888

900
918

920

920

920

952

982

991

1,020
1,060

1,090
1,100

1,110

1,120

1,150

1,210

1964

1939

1963

1999

1908

1955

1962

1965

1959

1913

1930

1932

1941

1991

1953

1936

1966

2002

1910

1954

1909

1949

1911

2.747

2.859

2.924

2.924

2.932

2.943

2.948

2.954

2.963
2.964

2.964

2.964

2.979

2.992

2.996
3.009

3.025

3.037

3.041

3.045

3.049

3.061

3.083

-0.454

-0.343

-0.277

-0.277

-0.269

-0.259

-0.253

-0.247

-0.238

-0.237

-0.237

-0.237

-0.222

-0.209

-0.205

-0.192

-0.176

-0.164
-0.160

-0.156

-0.152

-0.140

-0.118

0.207

0.117

0.077

0.077

0.072

0.067

0.064

0.061

0.057

0,056
0.056
0.056

0.049

0.044
0.042

0.037

0.031

0.027
0.026

0.024

0.023

0.020

0.014

-0.0939

-0.0402

-0.0213

-0.0212

-0.0195

-0.0173

-0.0161

-0.0150

-0.0135

-0.0134

-0.0134

-0.0134

-0.0110

-0.0091

-0.0086

-0.0071

-0.0054

-0.0044

-0.0041

-0.0038

-0.0035

-0.0028

-0.0017

0.1110 2

10

25

50

100

200

0.5
0.1

0.04
0.02
0.01

0.005

0.5
0.9

0.96
0.98
0.99

0.995

2.0000

1.1111

1.0417

1.0204

1.0101

1.0050

-0.0188

1.2930

1.7886

2.1127

2.4079

2.6802

1,577
2,649

3,222

3,663
4,116

4,584

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)TFSAR 2.4.11 (Water Resources)\Danville RiverData



Q PAUL C. Rizzo ASSOCIATES, INC.CONSULTANTS 0
By DW Date 3/31/2008 Subject
Chkd.By_ E Date o41- s-og

Low Flow Recurrence Interval and Sheet No. A24 of A27
Low Flow Statistics (BBNPP) Project No. 07-3891

*Calculations based on complete USGS gage station data taken from 1906 to 2006.

N= 101
Gaae Station Data (Danrvije1

Low Flow, 1000 Low Flow Year

1.21

1.22

1.22

1.24

1.24

1.25

1.27

1.28
1.29

1.30

1.31
1.31
1.31

1.40

1.42

1.43

1.45

1.45

1.47

1.48

1.51

1.54

1.57

1.58

1.60

1.61

1,210

1,220

1,220

1,240

1,240

1,250

1,270

1,280

1,290

1,300

1,310
1,310

1,310

1,400

1,420

1,430

1,450

1,450

1,470

1,480

1,510
1,540

1,570

1,580

1,600

1,610

1948

1923

1931

1907

1980

1943
1944

2005
1952

1983

1934

1957

1961

1929

1997

1982

1969

1988

1940

1995
1993

1971
1985

1970

1912

1987

3.083

3.086

3.086

3.093

3.093

3.097

3.104

3.107

3.111

3.114

3.117
3.117

3.117

3.146

3.152
3.155

3.161
3.161

3.167

3.170

3.179
3.188

3.196
3.199

3.204

3.207

-0.118

-0.115

-0.115

-0.108

-0.108

-0.104

-0.097

-0.094
-0.091

-0.087

-0.084

-0.084

-0.084

-0.055

-0.049

-0.046

-0.040
-0.040

-0.034

-0.031

-0.022

-0.014

-0.005
-0.002

0.003

0.006

0.014

0.013

0.013

0.012

0.012

0.011

0.009
0.009
0.008

0.008

0.007
0.007

0.007

0.003

0.002

0.002

0.002
0.002

0.001

0.001

0.000

0.000

0.000
0.000

0.000

0.000

-0.0017

-0.0015

-0.0015

-0.0012

-0.0012

-0.0011

-0.0009
-0.0008

-0.0007
-0.0007

-0.0006
-0.0006

-0.0006

-0.0002

-0.0001

-0.0001

-0.0001

-0.0001

0.0000

0.0000

0.0000

0.0000

0.0000
0.0000
0.0000

0.0000

G:\DJWBerwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-389 1)\FSAR 2.4.11 (Water Resources)\Danville RiverData
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*Calclations based on complete USGS gage station data taken from 1906 to 2006.
101

Gage Sation Data (Danvlle)

-' Low Flow, 1000 Low Flow Year
m ~cfs" M.) cfs Ta

50
51
52
53
54

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

1.63
1.64

1.64
1.66

1.68

1.70

1.70
1.70

1.70

1.71

1.71
1.72

1.73

1.73

1.80

1.81

1.81
1.81

1.90

1.92

1.96

1.96

1.97

1.99

2.00

2.03

1,630
1,640

1,640

1,660
1,680

1,700

1,700

1,700

1,700

1,710

1,710

1,720
1,730
1,730

1,800

1,810
1,810

1,810

1,900

1,920

1,960
1,960

1,970

1,990

2,000

2,030

1947

1906

1951

1989

2001

1914

1915
1918

1998

1968

1981

1938

1933

1935

1922

1919

1921

1926

1979

1928

1937

1974

1984

1972
1920

1927

3.212

3.215

3.215

3.220

3.225

3.230

3.230

3.230

3.230

3.233

3.233

3.236

3,238

3.238

3.255

3.258

3.258

3.258

3.279

3.283

3.292

3.292

3.294

3.299

3.301

3.307

0.011
0.014

0.014

0.019

0.024
0.029

0.029

0.029
0.029

0.032

0.032

0.034

0.037

0.037

0.054

0.057

0.057
0.057

0.078

0.082

0.091

0.091

0.093

0.098
0.100

0.106

0.000
0.000

0.000

0.000

0.001

0.001

0.001

0.001
0.001

0.001

0.001

0.001

0.001

0.001
0.003
0.003
0.003

0.003

0.006

0.007

0.008

0.008

0.009

0.010
0.010

0.011

0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0001

0.0001

0.0002
0.0002

0.0002

0.0002

0.0005

0.0006
0.0008

0.0008

0.0008

0.0009
0.0010

0.0012

- I

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiver Data
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*Calculations based on complete USGS gage station data taken from 1906 to 2006.
Na 101

76

Gag Stio Daa(2nI)

m I Low Flow, 1000 Low Flow Year
cfs (X), efa

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101

2.04

2.06

2.10

2.11

2.14

2.15

2.15

2.15

2.16

2.20

2.20
2.27

2.30
2.38

2.49

2.64

2.70

2.83

2.87

3.09
3.22

3.35

3.37
3.64
4.10

4.34

2,040

2,060

2,100

2,110

2,140

2,150

2,150

2,150

2,160

2,200

2,200

2,270
2,300

2,380

2,490

2,640

2,700
2,830

2,870

3,090

3,220
3,350

3,370

3,640
4,100

4,340

1946

1916

1960

1978

1956

1917

1925

1950

1977

1958

1986

1924

1973

1942

1975

1996

1967

2000

1992

1990

1945

2004

1994

2006

1976

2003

3.310 0.109 0.012
3.314

3.322

3.324

3.330

3.332

3.332

3.332

3.334

3.342

3.342

3.356

3.362

3.377

3.396

3.422

3.431

3.452

3.458

3.490

3.508

3.525

3.528

3.561

3.613

3.637

0.113

0.121

0.123
0.129

0.131

0.131

0.131

0.133

0.141

0.141

0.155

0.161

0.175

0.195

0.221

0.230

0.251

0.257

0.289

0.307
0.324

0.327

0.360
0.412
0.436

0.013

0.015

0.015

0.017

0.017

0.017
0.017

0.018

0.020
0.020

0.024

0.026

0.031

0.038

0.049

0.053

0.063

0.066

0.083

0.094

0.105

0.107

0.130

0.169
0.190

0.0013

0.0014

0.0018

0.0019

0.0022

0.0023

0.0023

0.0023

0.0024
0.0028

0.0028

0.0037

0.0041
0.0054

0.0074
0.0107

0.0122

0.0158

0.0169

0.0241

0.0289

0.0340

0.0348

0.0467
0.0698

0.0831
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-Barre RiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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*Calculations based on complete USGS gage station data taken from 1906 to 2006.

alx=- 0.172

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Danville_RiverData
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Attachment B

Low Flow Frequency Distribution Plots for Wilkes-Barre and Danville USGS
Gage Stations

G\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\anville-RiverData



%QPAUL C. Rawzo AssocIns, INC.
CONSULTANTS 0

By DW Date 3/31/2008 Subject
Chkd.By Am Date 64- ao- r8

Low Flow Recurrence Interval and
Low Flow Statistics (BBNPP)

Sheet No. B2 of B3
Project No. 07-3891

Low Flow Frequency Distributions (Wilkes-Barre USGS Gage Station)1.0 - - . -- - -

0.8 - . .. .

0.6 * Weilbull Distribution
*Gumbel Distribution

* Log Pearson Type III Distribution
0.4 .

0.2

0.0 .. .... . . ... .... ..

500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500
Flow, X [cfs]

Extrapolation of Log Pearson Type III Distribution
(Wilkes-Barre USGS Gage Station)

4,500---1- 1"---I- .- I Ii
4,000

3,500

,' 3,000
1:2,500•-- _ R2 0. 8372

20 M

1,500

1,000

500 
1 A

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Recurrence Interval, Tr [yr]

*Trendline obtained from the extrapolation of the log Pearson Type III Distribution used to estimateflow for a given recurrence interval.

G:\DJW\Berwick NPP (07-389 1)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJWM\erwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\DanvilleRiverData
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Low Flow Frequency Distributions (Danville USGS Gage Station)

I L . J I JP 4

0.8

~0.6 *Weilbull Distribution
Gumbel Distribution
Log Pearson Type IH Distribution -

0.42

0.2 ... ..

500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000
Flow, X [cfs)

Extrapolation of Log Pearson Type HI Distribution
(Danville USGS Gage Station)

5,000

4,500

4,000

3,500 8 .3.162
y=Y3 785.3x~

, 3,000 2R
2  0.8S32

2,500

2,000

1,500

1,000

500

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Recurrence Interval, Tr [yr]

*Trendline obtained from the extrapolation of the log Pearson Type III Distribution used to estimate
flow for a given recurrence interval.

G:\DJW\Berwick NPP (07-3891)\FSAR 2.4.11 (Water Resources)\Wilkes-BarreRiverData
G:\DJW\Berwick NPP (07-389 1)NFSAR 2.4.11 (Water Resources)\Danville RiverData
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"Water-Resource Engineering" Text
(Frequency Distribution Formulas and Table A-5 Included)
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500

FtGIJRE 5&.
Integrated histogram of awmual flood paks for tha Suquehasnqia Jie at Hurlnubrg, PcnnSylvmArnl
(1574-1949%

5.2 Recurence laterval

The recurrence interval' is defiped averaaie i n linAyears Etween thb
d maaitude , a • , o a' flgor t The

mth largest flood in a data series has been equaled or exceeded m times in the
period of record. N years aud an estimate of its recurrence interval T, as given by
the WOilbuU rorimula is

N+ I

Several other formulas have been suo sted for the calculation of recurrence
interval or return period. The disagreement between the various formulas is limited
to the larger floods, where m is small. It of equals 5 or more, the calculated values
of T, by ali methods are almost identical. Equation (5.1) can be used to define
plotttng positions (Fig, 5.3), which provide a good estimate of flood flows with
return periods of less than 20 yr.

i'! ,:;:•"1 ...........

'Reocrreace intervnl is al&, ifcrrcd to as remurm perjkd. There is no implication that ftoods with a
return period of T, will recur precielly 7T, years apart For exampk, one.wotld expect the 5-yr flood
to be equaIed or excecad approximateiy 20 thes in a 100-yr peiod. The recurrncot coutd oour fni
s-meiWw years or there mighti be. a span of considerably moe than 5 yr between recurrences.
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Volues of b

U

&
I

E

8

ReCuirsnc interval in yews$

PlGUIR 5.3
Frequecy curv• otannual floods for theSusquehanva Rivet at Harrisburg, PtASylvenia (1874-1949).

If an ,venat bman a true rcut-trrce interval of T, yere then the probability P

that tf willbe equaled or exceeded in any one ygar is

EDT (5-2)
Since the only possibilities are that the event will or will not occur in any year,
the probability that it will not occur in a given year is I - PA From the principles
of probability, the probability / that at least one event t&at equals or exceeds
tfle T~ye event Will occur in-anw--erie of N Yoars is

(5.3)
This equation is derived as follows;

P is the probability of the oocurrencc of an event
I - P is'the probability that the event will not occur.
(I - PX1 - P) is the probability the event will not occur in two successiveyears.(1 - P)3 is the probability that the event will not occur in three successive

years.
(1 - P)I- is the probability that the event will not occur during a span of N

successive year.
Hence = 1 - (1 - p)" is the probability that the event will occur during

a span of N years.



~QQ P AUL C. R izzo AssocIAmS, INC.
CONSULTANTS Q

By DW Date 3/31/2008 Subject Low Flow Recurrence Interval and Sheet No. Refl 5 of Refl 9

Chkd.By __' Date o4- 3o -o' Low Flow Statistics (BBNPP) Project No. 07-3891

142 WATE-.MJSOURCM ENG1NWW11"O

P*aAbility that go gevt of given nrurrence interval wil be equaled or

"N~gab during peziods of "Armes lengtho

Proobabity I tw Vffou Faiwd

T.. .Ir 5r 10If 2S .. SO.yr 1 100yr 200y. M .yr

1 1.0 1.0 0 10 1A) t b1.0 1b
2 0 N 0.97 0999 * A u * S

5 0. 0,7 Q89 0.96 1
10 0.1 0•1 065 093 M095 * *

50 0.m2 iO A 0,40 064 W.o7 0.98

10D 0:.O01' 025 010 0. 0.M40 0,63 0897 a.9937' 00 . .0 0.05 02 039 0463 0.9

aw fet CgW Jlan u bevAt bcI]a Iy btf •Wal p IpCut.tput P ksOM kw , b.I " IaMwly.

"#fabie 5.2. wlih hnR l ewr¶ t. .rr t. (5.3)..shows that theere ireand

rhmng that ._lthe 100-yr..flood or gre 201-r o l-,o. greatAei_ and.

even a 22 perceMnt probae!lity that the 200-r flood (or greater) might ocour i the

50-yr period. On the otler hand, there are 36 chances in 100 that the 50-yr flood
will not occur in any 50-yr period. Equation, 5.3 (or Table 5.2) may be used to
estimate the risk of failure during the lifetime of a project when using different

design criteria.
Table 52 illustrates also that there can be no infer=n= that the "N~year

flood" will be equaled or exceeded exactly once in every period of N years. All

that is meant is that in a long period, say 10,000 year, there will be 10,000/N

goods equal to or greater than the N-year flood. All such floods might occur in

consecutive years, but this is not very probable.
If the design flood for a particular project is to have a recuence interval

much shorter than the period of record, its value may be determined by plotting

peak flows versus T, as computed from Eq. (5.1) and sketching a curve through

the plotted points (Fig. 5.3). Because of inaccuracies in the plotted positions of the

larger flood, a line sketched to conform to these floods may depart substantially

from the location of the true frquency curve.

53 Statistical Methods for Estimating the
Frequency of Ruze Events

With an extremely long period of record it would be possible to use a swmaller

class interval, and Fig. 51 might approach a smooth frequenc distribution such

as Fig. 5.4. The ordinates of Fig. 5.4 are probability density and the abscissas are

the rhagnitudes of the floods, The ratio of the awea under the curve above any

mnagnitude X, to the area under the entire curve is the probability that X, will b1
equaled or exceeded in any year.

.1

'I

¾.~

A

d
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ldcaitc4 tood fnequency distributioixFloes magnitutde. cs

Many kinds of events conform to one of several standard frequency distribu-
tions that have been studied at length #nd the equation of the distribution well
cstablisbed. The probability of such events can be determined quite easily, Only
a very large number of samples (i.e., a long record length) will permit accurate
definition of a distribution, and to streamflow records are long enough to
positively establish the appropriate distribution. It is known that Xmwmt be greater
than zero and that future floods will exce•d those that have been observed.

Several distributions have been suggested' as appropriate for streamflow,
but there is no real proof of their validity. Fisher ard Tippctt2 showed that if one
selected the largest event from each of many large samples, the distribution of
these extreme values' was independent of the original distribution and conformed
to a limiting function. Gumbel' suggested that this distribution of extreme values
was appropriate for floodan"alysis since the annual flood could be assumed to be
the largest of a sample of 365 possible values each year. Based on the argument
that the distribution of floods is unlimited, i.e, (hat there is no physical limit to
the maximum flood, he proposed that the probability P of the occurrence of a
rvalue equal to or geater thai• any X be express! as

SI - -- (5.4)
where'e is the base of Natural lp rithmrs and bis given by

1F n..Fter, Thbozetika Frueuuncg Curves, Thcm; ASCF; Vol. 87, pp. 142-17., 1924; Allen Hazen,
Flo dFlwsa Wiley, New York,. 1930, and L R. Beard. StafistiiWa Analysis in Hydrology. Tram.x

. 'AS VoJ 103. pp. 1110-1160. 1943.
2T1A. PFisher anid . H, C. Tippct?. Limiting Fo•m• o tho Frequency Dis-ribution of the Laip" t or
Smailldst MwmberolF a Sampke Auc. Cwrnbr~dj Phda& &oc, Vol, 24, pp, 1.W0-90 1928.

'Giiiumbal, Mloods Estimated by the Probability Method, Blug. Nrwr,-J~ecur, Vol. 134, pp, 833-1137.
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1A Eq. (5.5), Xis the flood magnitude with the probability P. X is the aritbhmetic
average of oilfl oods in the strims and.a is the standa &deiation of the series
computed frora

(5.6)

whereN is the number of items in the series (the number of years of record),
The probability P is related to the recurrence interval T by Eq. (5.2)1 Values of b
corresponding to various return periods are given in Appendix A..4,

Ex*Jam31e 5m1. Usng the data of Tabc 5., fred the theoretical rocrxenme interval for
a flood flow of 700,000 fs usixg the immbel approach.

,9,utou. Expresmiag all flows in thousands of ts, from tho table. T ( 287.9 and am
(962,361/75)P- = 113.3. When X = 700. .J

b0.7797x 113.3 700 - 298 + 0.45(113.3)] am 5-24

The recurrmce interval for X=.700 is, from Eqs. (5$2) and (5A),

i = 189 yr

By the sam method T, . 1.28 yr when X- 200 and 6.89 yr when X 400, These
points are shown on Fig. 5.3 by the large cirde..

The plotting paper used for Fig. 5.3 is constructed by laying out on a
linea scale of b the corresponding values of 2" -• P from Eq. (5.4). Thus the
aom•iutod line will be straight, and it is sufficient to calculate the return period

corresponding to two flowi. A third point is a convenient check.
In 1967, the M&S. Water Resources Council' ado oted the lo,:gAos3pL

tu distribution (o w Ihe !o normal is a special came e) astandax.d foru usqb
c a ncies The purpose was to achie-ve i-dization of proedur., The

reoommende'-procedure2 is to convert the series to logarithms and compute the
mean, standard deviation, and sAM coefflcient b Which is

N (108 x - og)

- (N- 1)(N - 2X 1  x1)3  (5.7)

The values of x for various periods are computed from
l1og X wlog X-Kax V\j.? (5.8), x- + Kas) .

A Uniform Techniqtm for betwrnining Flood Flow Frequensmi. US,, Water AeMOwecS C• . ".'

Hjf•*. Co- M'. 15, Dciuber 1967, Revised Junr 1977,

Subcommittee on Hydrology. Methods of Flow Frequeasy Atalym, Ieeragmncy C&*mm, Water
Rnwoureor &Al 13, USA Government Printing Offime Walhingloh, DAC April 1966.
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4Table A4 Valmes of the reduced vriate beor-respndling to vadious values of return periodand prcmbility of exeea~v [F4 (5.5))
R64pDod Rleurn Probabiity ofvauate peiod exMWA Wb f"Z~¶ p
0.000 [,58 0.320.367 2.00 015000.579 2.33 0A291.500 5M0 O2O0

2-970 2U.o 0.m03.902 50.0 O.020
4.AO JpO 9A&5296 200 0.O006"DO 403 010025

able A-5 Values of K for me with ft In

Rgcur'aice iattry'va, yr

2 1_0 25 so 100 200
Skew 

Cn~~codficient
U50 '10 4 2 1 W5

3.0,
2.0
1,8

1.6
1.4
1.2
t0

0:9
0.8

0..?

0.4
0.3

07.1

-0W96
-0360
-0.307
-0.282

-0.2S4
-0.225
-0.195
-0.164
-0-148
-0,132
-0.116
-0.099
-0.00
-0.066
-O.050
-0.033
-0.017

1.13 2.278
L.M0 2.262
L302 =229
1I.- 2.193
L329 2.A63
1,337 2.129
1340 2.037
1340 2.043
1.339 2.018
1.336 1993
1-3337 1.967
1.324J 1.939
1.323 1.910
1.311 1*.90
1.309 1.849
1,30! i.18
1.292 1.795

.152 4,051 4.M
3.048 3.45 4.6W2
2_912 3,05 4=98
IM41 3.499 4,147
2,780 3.389 3IM9
21706 3.271 3.828
2626 3.149 3.661
2,542 3.022 3.489
2.498 2.957 3.401
2-453 2.91 3312
2;407 2 724' 3.123
2.359 75) 3.102
2,311 2,696 3.041
2261 2U1S 2t949
2.211 2544 21%.6
2.159 2,472 2.763.
2.107 2,400 2.670*
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WEtUI. rTABLO 809

Return= iwtvai, yr

2 10 25 50 I0% 2M0

Skmw~ate
ooafidie
0 s0 30 4 2 t 0.5

0 0 1.282. 1,750. 2.054k 2.326. 2.576
-0.1 0.017 1.270 1,716 2.M00 2= 2.482
-0.2 0.033 1.258 1.680 1.945 2.178 2.3e8
-0.3 0050 1,245 1645 1.890 2M104 22.94
-OA 0066 1.231 1,606 1.834 0.29 2201
-014 0.033 1.216 2.567 1.777 11955 2.108
-ad 0.099 1.200 1328 1720 1.830 2016
-0.7 0.316 1.183 lA89 1.663 Ji.O 1.926
-0.s 0,132 1.166 1.448 1.06 1,733 1837
-0.9 0.148 1.147 1407 I59 M .660 1,749
- 1O 0.164 1.128 1366 1,492 1.588 L664
- 1.2 0.195 1,086 12M82 1379 1.449 1501
-A 225 1.041 1.19" 1.270 J.318 L351
-1.6 0.254 0.994 1.116 2-1.6 1.197 1216
- 1.8 0.2= 0.945 1.05 JL069 1.0o7 L097
-2.0 0.307 0.B99 0.959 0.980 0.990 (,995
-2.5 0WO 0.771 0,793 0.798 0,799 0.800-. 3.0 0-396 0.60 0.666 0.666 0.667 0.667

Table A-&u Areas of cireles
(EnRIgsh units)

Area
Diametcr,
in. in,

0.25
04$
OLO
2.0

310
4.0
2A1
t~o

20.0
12.0o

M049 0.O0034
0a196 Q00136
0785 O.00545
3.142 0.0218
7,069 0.0491

12.57 0,0873
28.27 0,196
A027 0.349
78.54 0.45

113.10 0W785
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USGS / PaDEP: Computing Low Flow Statistics for Ungaged
Sites Using Drainage Area Ratios

httv://pa.water.usgs.2ov/pc38/flowstats/revised devlowflow.pdf
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Computing Low-Flow Statistics for Ungaged Locations on Pennsylvania Streams By Use of
Drainage-Area Ratios

Introduction
The U.S. Geological Survey (USGS), in cooperation with the Pennsylvania Depatment oflnvimental

Protection (PaDEP), developed low-flow statistics for approximately 2,800 ungaged locations on streams in

Pennsylvania by use of afteilow statistics from str.vemlow-gaging stations and d ninago-ar,• ratios tanging from

one-thbrd to three ti-es. Tbese low-flow statistcs will aid PaDEP in reviewing requests for permits associated with

srcam-watcr withdrawals from, and 4.-Mucnt discharges to, Pennsylvania streams.

Methodology
Low-flow smtiti from 312 USGS strcamflww-gAging stations (gages) were computed as describld in,

Ehlke and Reed (1999). The gages used in the computations were active and discontinued stations with at least 10

yams of continuous record and were representative of the hydrologic vondidons encountered throughout

Pennsylvania.. Th computed low-flow statistics include the I-day 10-year low flow (QI ,), 7-day 10-year low flow

(Q 0), 30-day 10-year low flow (Q38,10), mean, median, harmonic mean, and flow-duration table.

Regulation and diversion ofsreamflow can significantly modify low-fl&w discharges, Larg reservoirs are

often requIred to teleae apredetemined amout of wtrto -qrupplemnt struomlow during droughts; dive.sions can

decrease •reamflow during drougbts. Occasionally, these withdrawals are discharged to different stream basin,

incresing •te atreamllow in the discharge basin. Regulation is defned for this website as a stream with an upstream

flood-control reservoir(s) which co•trols 10 percent or more of the oontatibting basiun If regulation began, wile the

gage was in operamdo•. recorws were analyzed for pre-regulation, post-regulaticn, and entire period of record

5treemflow conditions. In the case of multiple upstrrarn reservoirs controlling the streamflow, the year in which the

reservoir was built that makes the cumulative controlled area equal to 10 percent determines the break in record.

Because divcrsions are mome difficult to quanily and are not always published, basin with diVersdon of streamflow

were analyzed the same as a basjn without any divrion.

http://pa.water.usjzs.gov/pc3 8/flowstats/revised deplowflow.pdf
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The low-flow statistics preseied in this web appicatia were transfed upstem t o=41W and

downstream to three fti the &rainage area ofa nearby. hydrologically simils pe. While statistics were mriputed

for pro-regalation, post-regulation and the entire perioW ofrecoid for gages with upstream regtaulation, only the post-

regalation conditions are iramftared to bridges. To urmsfer either prm-regaladton or entire period statistics to sites

tipgftrn and downstream based on drainage area rutis, follow the example shown below.

Example Thansfer the Q1. 10 computed from pro-regulation conditions from gage 0 1541500 on Clearfield
Crceek to a site upsburna with a drainage ame of 194 miý The drainage area at the gage is 5"71 Mi2 and the Q7. 1O is 21

fl3j8.

I Determine the drainage area (DA) ratdo:

DA•,/ I DAS - 194f371 - 0.52

2. Multiply the calculamd ratio times the low-flow stathisc at the gap:

0,52 * 21 = II ftI/s

The period of record for a gage can also influence computed low-flow statistics. Short period ofrecords which
includc one or more droughts can result in a lowered low-flow statistic. A gage which was operated for a short period

during wet conditions, with the absence of any drought periods, can have associated elevaied tow-flow statistics. A

gage should ideally have a period of record which contains both normal and drougot conditions extended tbrougbout

a long period of tlime. 1"he period ofrecord shown tot each gage in the websire application should be inspected to

ensure that the computed low-flow statistic is applicable to the specified needs of the user.

httD://Da.water.usis. 2ov/Dc3 8/flowstats/revised detlowflow.Ddf
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Low-flow sta=s fom gaoa we, ransfsed to approxmnaely 2,700 hydrologically sinilar (including
streams affctod by carbonate bedro* mining, and fegulation) ungaged locations upstrem and downstream from
iiegages anthe basis ofdrainage-area ratios (ratios). To deataeine a ratio •gane approptiate for hxnsferring low-flow
statistics, the Q7,to statistics ftim 74 gapes reported by Ehlko and Reed (IM99) were conqpate To maximizi•e the
number of applicable paired gaget used in the ana"ys, some gages wer used in multiple paired comparisons. Th
analysis produced 92 ompaisn from 46 paired gages that are hydrologically similar and have ratios ranging from
0.24 to 4.2 times.

Low-flow regionalization was last done In Pennsylvaiia by the USOS in 1982. Flippo (1982b) presew 12

regional reression equations for estimating Q7,10 statistics at ungaged locations in Pennsylvania and reported that
two. thirds of the regression estimates were expected to be within standard errors of estimate, that range from 20 to 45
peroent (Flippo, 1902a, 1982b). For this study. the Q? autistic and the median standard error of egtiute from
Flippo (I 982b), 33 percen, were selected as analysis wool for testing the transferred statisticsThe QTIo statistie was
chostm as tho rpromnivo statistic bocause it is the only commonly used low-flow statistic the rgrmssion equations
predict.

Resulta of the anatyses ae listed in table I and shown in figures 1, 2, and 3. fiicludeA in table I for each paired

comparison are the gage nmibers, periods of record by ciimatic year, drainage areas, drainage-area ratios, the Q.10
statistics reported in Ehlike amd Reed (1999), the taferrcd QT,10 sttistics that use the ratios. nd the abeohne

pewrent differences between the reported and ft transferted Q7,10 ctlisticm The largest absolue percent differeaco,

125 p=r4nt, is at a 1.8 ratio, aW the smallst percent differenne 0.29 percent is at a 0-41 ratfo (table 1).

http§://pa.water.usgs.gov/pc38/flowstats/revised deplowflow.pdf
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Tne relation between ratio and absolute percent dilfesce for the 92 comparison is shown in figure 1.
Vertical solid and dashed lines are supenrposed attatio range" of ree-third to thr=e times and one-half to two timem,
respectively. The inedian standard eor ofestimate for regrmssion from Flippo (1992b), 33 percent. is superimposed
as a hori=nall dashed line for validity testing. Of the 76 comparisons that fall within the ratio range of on -third to
three times, 62. or 82 percent have absolhre percent differences less da or eqeal to the median standard error of
estimate for regression. Of the 64 comparisons Mt fall wthin! the ratio range of one-half to two times, 53, or 83
percent, have absolute percent difid*enes less Own ot equial to the median smdard error of estimate for reg•fefion.
Extending the range from one-half to two times to one-third to three times results in 12 additional sitm, 9 of which
have absolute percent diffekmcs less than or equal to the median dn4rd eaor of estimate for regression. The
median absolute percent differece for both the ono-third to three times ratio and the one-half to two times ratio
ramges is 14 percent. which it lower tha the median stadard error of estimafte for regressin from Flippo (1982b). Of
the 16 oompinriaosn tba fell outs•ie the one-third to three times raio, only 3, or t9 perceot, hay* absolute percent

differeces less than the median standard error of estimate for regression,

A comparison between the computed 0Q.0 statistics as reported in Ehlke and Reed (1999) and the 76
trasferre Q7JO stolistis that arc within the one-third to three times ratio is shown in figure 2. The greatst outlier

occuts at 3.210 ft3/s. with a trmsf-rred Q7,10 equalling 2,110 1ftis (fg, 2). An analysis of the relation between
absolute pernent differeice and drainage area, not included herein, revealed no bias.

The relation between the absolute percent difference and the gage peiod of record for the 76 transferred Q7,0
st*a ti s that are within the one-third to three times ratio is shown in figure 3. Vertical dashed lines are superimposed
at 20 and 40 ye of record, and the me4ian standard errorof estimate fr regression from Flippo (1982b) 33
percen, is superimposed as a borimital dashed line. Of te 33 gages with less than 20 years of record, 8, or 24
percent, have absolute percent differencAs that exceed the median standard e&or of esfimate for regression. Of the 20
gages with periods of record between 20 and 40 years, 4, or 20 percedt, have absolute percent difference that exceed
the median smadard error of estimate for regress.o. And oftho 23 gagew with more than 40 years oftecord, only 1,
or 4 percvmt, has an absolute perent difference that exceeds the median stdard error of estmate for regression.

http://pa.water.usgs.2ov/pc38/flowstats/revised deplowflow.pdf



Q PAUL C. R izzo AssocuAms, INC.CONSULTANTS

By DW Date 3/31/2008 Subject Low Flow Recurrence Interval andChkd.By ifn Date o4-, 3o- Low Flow Statistics (BBNPP)

0
Sheet No. Ref3 6 of Ref3 12
Project No. 07-3891

Conclusions
Wbile the avayses discussed herein do not cutegotically preclude the use of ratios ouLide the one-4hird to

three tims range to transfer computed low-Dow statistics on hydrologically similar streams in Pennsylvania, they do
suggest the one-third to th-ee times ratio is as appropriate as a one-falfto two times ratio as a maximum marge. in
addition, dte validity tets dscussed herein Indicae that t'ansfen'rig low-flow statisocs eomputed at Iong4etm gages
to hydrologicaly similmr, upstream and downstream ungaged locations within a one-thirn to three times ratio range is
as reliable as, if not more i.a=, the regression equations developed by Flippo (1982b) to estimate Q7.o. Because the
Q7,10 statistic is representative of whet is oAe considored very low-flow cmditions, the method discussed hbmin
shold produce similar rmits with otber low-flow statistics.

http://pa.water.usgs.gov/pc38/flowstats/revised deplowflow.pdf
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http://pa.water.usgs.gov/pc38/flowstats/revised deplowflow.pdf
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Glossary
1-day 1*-year low flow (QI,10). in cubic feet per secoud, is the aveage mininwom streamflow expected for

I day once every 10 years.

7-day 10-year low Dow (Qjo), in cubic feet per econd, is the average minimum streamflow expected for
7 consecutive days once every 10 yewrs.

30-day 10-year low flow (Q30,1s), in cuic fWee per second, is the average minimum stresflow expected
for 30 consecuve days once every 10 years,

Climatc year is a 12-month period from April 1 to Malrch 31.

httD://Da.water.usys. ,ov/oc3 8/flowstats/revised denlowflow.Ddf
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Flow-dtwatim a table, in cubic feet per second, incluius t(he stnmfloaw that was equaled or exceeded for
indicated pementage oftime.

Herwonic men, in cubic feet per secor4 is the rciprocal ofthe dibllmedc mean ofthe reciprocals ofa set
of sarafkw values for a specific period of record (Spiegel, 1961).

Mean, in cubie fet p second, is the average flow for a stream during a specific period of reord.

Median, in cubic feet per second, is the flow of a stream 1br which thfr ar equal numbers greawftean or
Im than flow occavences during a specific period of record.
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