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Conversion Factors

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (miz) 2.590 square kilometer (km?)
Flow rate
cubic foot per second (ﬂ3/s) 0.02832 cubic meter per second (m3/s)
cubic foot per second per square cubic meter per second per
mile [(ft*/s)/mi?] 0.01093 square kilometer [(m>/s)/km?]

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C)+32

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8

Vertical coordinate information is referenced to the North American Vertical Datum of 1988
(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.



Analysis of Flood-Magnitude and Flood-Frequency Data
for Streamflow-Gaging Stations in the Delaware and
North Branch Susquehanna River Basins in Pennsylvania

By Mark A. Roland and Marla H. Stuckey

Abstract

The Delaware and North Branch Susquehanna River
Basins in Pennsylvania experienced severe flooding as a result
of intense rainfall during June 2006. The height of the flood
waters on the rivers and tributaries approached or exceeded the
peak of record at many locations. Updated flood-magnitude and
flood-frequency data for streamflow-gaging stations on tribu-
taries in the Delaware and North Branch Susquehanna River
Basins were analyzed using data through the 2006 water year to
determine if there were any major differences in the flood-dis-
charge data. Flood frequencies for return intervals of 2, 5, 10,
50, 100, and 500 years (Q2, Q5, Q10, Q50, Q100, and Q500)
were determined from annual maximum series (AMS) data
from continuous-record gaging stations (stations) and were
compared to flood discharges obtained from previously pub-
lished Flood Insurance Studies (FIS) and to flood frequencies
using partial-duration series (PDS) data.

A Wilcoxon signed-rank test was performed to determine
any statistically significant differences between flood frequen-
cies computed from updated AMS station data and those
obtained from FIS. Percentage differences between flood fre-
quencies computed from updated AMS station data and those
obtained from FIS also were determined for the 10, 50, 100, and
500 return intervals. A Mann-Kendall trend test was performed
to determine statistically significant trends in the updated AMS
peak-flow data for the period of record at the 41 stations. In
addition to AMS station data, PDS data were used to determine
flood-frequency discharges. The AMS and PDS flood-fre-
quency data were compared to determine any differences
between the two data sets. An analysis also was performed on
AMS-derived flood frequencies for four stations to evaluate the
possible effects of flood-control reservoirs on peak flows. Addi-
tionally, flood frequencies for three stations were evaluated to
determine possible effects of urbanization on peak flows.

The results of the Wilcoxon signed-rank test showed a sig-
nificant difference at the 95-percent confidence level between
the Q100 computed from AMS station data and the Q100 deter-
mined from previously published FIS for 97 sites. The flood-
frequency discharges computed from AMS station data were
consistently larger than the flood discharges from the FIS; mean

percentage difference between the two data sets ranged from 14
percent for the Q100 to 20 percent for the Q50. The results of
the Mann-Kendall test showed that 8 stations exhibited a posi-
tive trend (i.e., increasing annual maximum peaks over time)
over their respective periods of record at the 95-percent confi-
dence level, and an additional 7 stations indicated a positive
trend, for a total of 15 stations, at a confidence level of greater
than or equal to 90 percent. The Q2, Q5, Q10, Q50, and Q100
determined from AMS and PDS data for each station were com-
pared by percentage. The flood magnitudes for the 2-year return
period were 16 percent higher when partial-duration peaks were
incorporated into the analyses, as opposed to using only the
annual maximum peaks. The discharges then tended to con-
verge around the 5-year return period, with a mean collective
difference of only 1 percent. At the 10-, 50-, and 100-year return
periods, the flood magnitudes based on annual maximum peaks
were, on average, 6 percent higher compared to corresponding
flood magnitudes based on partial-duration peaks.

Possible effects on flood peaks from flood-control reser-
voirs and urban development within the basin also were exam-
ined. Annual maximum peak-flow data from four stations were
divided into pre- and post-regulation periods. Comparisons
were made between the Q100 determined from AMS station
data for the periods of record pre- and post regulation. Two sta-
tions showed a nearly 60- and 20-percent reduction in the
100-year discharges; the other two stations showed negligible
differences in discharges. Three stations within urban basins
were compared to 38 stations without significant urbanization.
The Q100 was determined for each station and subsequently
divided by its respective drainage area, producing a yield (cubic
feet per second per square mile) for each station. The mean
yield for the three urban sites was 365 (ft*/s)/mi’ compared to
174 (ft3/ s)/mi2 for the non-urban sites.

Introduction

As a result of intense rainfall from June 23 through June
29, 2006, the Delaware and North Branch Susquehanna River
Basins in Pennsylvania experienced severe flooding. The height
of the flood waters on the rivers and tributaries approached or
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exceeded the peak of record at many locations, prompting a
Presidential disaster declaration on June 30, 2006. This was the
third major flood along the Delaware River in 22 months. In
response to this flooding, the Department of Homeland Secu-
rity, Federal Emergency Management Agency (FEMA) Region
11, and the U.S. Geological Survey (USGS) Pennsylvania
Water Science Center began a study to analyze flood-magni-
tude and flood-frequency data for streamflow-gaging stations
(stations) on tributaries within the Delaware and North Branch
Susquehanna River Basins in Pennsylvania.

This study updates and compares flood frequencies deter-
mined from annual maximum series (AMS) data from continu-
ous-record stations to flood discharges obtained from previ-
ously published Flood Insurance Studies (FIS) to determine
whether there were any major differences in the flood-discharge
data. The study also computes flood frequencies using partial-
duration series (PDS) data to determine how the use of this PDS
data may affect the flood frequencies compared to those deter-
mined using the AMS data. The potential effects of regulation
and urbanization also were included in the study.

Purpose and Scope

This report presents the results of (1) a comparison of
updated AMS-derived flood-frequency discharges and flood
discharges from previously published FIS, (2) a comparison of
flood-frequency discharges computed using updated AMS and
PDS peak-flow data, and (3) an analysis of the potential effects
of regulation and urbanization on updated AMS-derived flood
frequencies in the Delaware and North Branch Susquehanna
River Basins. A flood-frequency analysis with recurrence inter-
vals of 2, 5, 10, 50, 100, and 500 years (Q2, Q5, Q10, Q50,
Q100, and Q500, respectively) was performed for 41 stations in
the Delaware and North Branch Susquehanna River Basins in
Pennsylvania (fig. 1) (appendix 1). Thirty-six of the 41 stations
had 30 or more years of continuous record; the other 5 stations
had 25 or more years of record.

A Wilcoxon signed-rank test was performed to determine
any statistically significant differences between flood frequen-
cies computed from updated AMS station data and flood fre-
quencies obtained from FIS. Percentage differences between
flood frequencies computed from updated AMS station data
and those flood frequencies obtained from FIS also were calcu-
lated for the 10-, 50-, 100-, and 500-year return intervals. A
Mann-Kendall trend test was performed to determine any statis-
tically significant trends in the updated AMS peak-flow data for
the period of record at the 41 stations. In addition to AMS sta-
tion data, PDS data were used to determine flood-frequency dis-
charges. The AMS and PDS flood-frequency data were com-
pared to determine any differences between the two data sets.
An analysis was performed on AMS-derived flood frequencies

for four stations to evaluate the possible effects of flood-control
reservoirs on peak flows. Additionally, flood frequencies for
three stations were evaluated to determine possible effects of
urbanization on peak flows.

Previous Studies

Bulletin 17B of the Interagency Advisory Committee on
Water Data (Water Resources Council, Hydrology Committee,
1981) outlines procedures for performing flood-frequency anal-
ysis of annual maximum peaks. Flood Insurance Study Reports
have been developed for many communities in the Common-
wealth and are available from the Federal Emergency Manage-
ment Agency (2006).

Methodology Used in Analysis

A USGS computer program, PeakFQ, utilizing the LP3
frequency distribution, was used to determine flood-frequency
discharges (Kathleen Flynn, U.S. Geological Survey, written
commun., 2005) at 41 streamflow-gaging stations within the
Delaware and North Branch Susquehanna River Basins in
Pennsylvania. This program performs statistical flood-fre-
quency analyses of AMS data following procedures recom-
mended in Bulletin 17B (Water Resources Council, Hydrology
Committee, 1981). The flood-frequency analysis is sensitive to
the number of annual maximum peaks used in the analysis, and
the resulting flood-frequency discharge can be skewed either
high or low by dominant wet or dry periods, respectively. Sta-
tions having a minimum of 30 years of record through the 2006
water year1 were used to limit the effect of possible bias associ-
ated with shorter periods of record. The exceptions were five
stations having a minimum of 25 years record; four of these sta-
tions are subject to flood-control regulation and the period of
record after regulation was used to reflect current conditions,
the remaining station had a non-continuous period of record
(with a collective total of 25 years). These stations along with
their respective periods of record are identified in appendix 1.
The peak-flow data from water year 2006 was provisional at the
time of the analysis and is subject to change; however, it was
used in the analysis to include the June 2006 flooding in the
Delaware and North Branch Susquehanna River Basins.

To compare flood frequencies derived from AMS station
data to those compiled from FIS, an initial list of 117 sites from
FIS within a 10-mi radius of any of the 41 streamflow-gaging
stations was compiled by FEMA Region III (Dana Moses, Fed-
eral Emergency Management Agency Region III, written com-
mun., 2006). Four streamflow-gaging stations did not have any
associated FIS data and were removed from the analysis. Flood-
frequency discharges were computed for the remaining 37 sta-

1A water year is the 12-month period from October 1 through September 30. The water year is designated by the calendar year in which it ends and which
includes 9 of the 12 months. Thus, the year ending September 30, 2006, is called the “2006 water year.”
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Figure 1. Streamflow-gaging stations used in the analysis of flood-magnitude and flood-frequency data in the
Delaware and North Branch Susquehanna River Basins, Pennsylvania.

tions using recommended procedures (Water Resources Coun-
cil, Hydrology Committee, 1981). The flood frequencies were
then transferred from the 37 streamflow-gaging stations to the
117 sites from the FIS using drainage-area ratios. Twenty of
these sites were removed from the analysis because they were
outside the recommended range of 0.5 to 1.5 times the drainage
area of the station for drainage-area ratio transfers (Stuckey and
Reed, 2000). A total of 97 sites from 37 station-based FIS were
used in the analysis. From these 97 sites, FEMA Region III
identified 59 sites where flood frequencies were determined
using station data, labeled as Log-Pearson Type III (LP3) or
Bulletin 17B. The remaining 38 sites either utilized other meth-
ods to compute flood frequencies or the method used was
unknown.

Flood frequencies and data were compared and analyzed
using the Wilcoxon signed-rank test, percentage differences,
and the Mann-Kendall test. The Wilcoxon signed-rank test is a
nonparametric test that was used to determine whether the flood
frequencies computed from AMS station data and those from
the FIS were significantly different (Helsel and Hirsch, 1992).
Percentage differences between flood frequencies determined
from AMS station data and the FIS were determined for Q10,
Q50, Q100, and Q500. However, there were instances when
only the FIS Q100 was available for comparison to the corre-
sponding AMS-derived flood frequency. The Mann-Kendall
test is a nonparametric test used to detect trends within data sets
(Helsel and Hirsch, 1992). It was performed on the annual max-
imum peaks for each of the 41 stations to determine if a positive
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trend existed, increasing annual peak flows over the period of
record. The Wilcoxon signed-rank and Mann-Kendall tests
were performed using a 95-percent confidence interval to pro-
vide a reasonable balance between maximizing the probability
of finding significant differences between the data sets and min-
imizing the probability of failing to find any significant differ-
ences that exist.

In addition to AMS station data, PDS data were used to
determine flood magnitudes and frequencies. PDS data include
all peaks above a base discharge. The base discharge at each sta-
tion is selected such that, on average, three independent peak
discharges, including the annual maximum, exceed the base
discharge each water year (Langbein and Iseri, 1960).

The partial-duration peak discharges for 41 stations in the
Delaware and North Branch Susquehanna River Basins were
compiled and examined. Five stations were removed from the
analyses because of an insufficient number of partial-duration
peaks.

Flood frequencies using PDS data were determined using
the PeakFQ software and modifying the results. Because the
PeakFQ program was designed to process AMS data, it has cer-
tain inherent characteristics that make it more difficult for PDS
analysis. One such processing characteristic is that the number
of peaks per station can not exceed 180. While this limitation
was not an issue with the AMS data sets, there were some
instances when the number of partial-duration peaks for an indi-
vidual station exceeded this value. Although other methods may
exist regarding the processing of PDS data by PeakFQ, the
method implemented in this study consisted of PDS data-set
reduction based on peak-flow distribution. Beginning with the
lowest peaks within a PDS data set, duplicated values were
removed until the data set was reduced to 180. The distribution
of flows within a partial-duration peak data set tends to be
skewed toward the lower end, where relatively smaller flows
are more numerous, are closer in value, and are more likely to
be duplicated. A sensitivity analysis was not performed to ana-
lyze the potential implications of a reduced PDS data set on the
PeakFQ results.

After the necessary data sets were reduced to 180 values,
the partial-duration peaks were processed by PeakFQ to deter-
mine flood magnitudes and frequencies. The Bulletin 17B pro-
cedures treat the occurrence of flooding at a site as a sequence
of annual random events or trials (Kathleen Flynn, U.S. Geolog-
ical Survey, written commun., 2005). Because each PDS year
had more than one peak, the results needed to be normalized on
the basis of the average number of peaks per year (r-value) for
each station. For instance, if a station has observed flow for 61
years during which 166 partial-duration peaks were recorded,
its resulting r-value would be 166/61 =2.72. The application of
this value to the PeakFQ results consisted of dividing the return
periods (for example; 2, 5, and 10) by the r-value; resulting in
adjusted return periods (for example; 0.74, 1.84, and 3.68,
respectively) being estimated for designated discharges. After
the adjusted return periods were obtained, the desired return
periods and associated discharges were calculated by interpola-
tion. The following example shows the steps involved with the
normalizing process for one station:

Example:
1. Station: 01451500, Lehigh River at Walnutport, Pa.
2. Period of record: 19462006 (61 years)
3.  Number of partial-duration peaks: 166
4

r-value = number of partial-duration peaks/number of
years of record

r-value = 166/61
r-value = 2.72
Example of PeakFQ results with adjusted return periods for

streamflow-gaging station 01451500 with 61 years of record and
166 partial-duration peaks.

Adjusted return

Annual . Discharge
Return period .
exceedence . . (cubic feet per
- period (Return Period /
probability second)
r-value)

0.995 1.005 0.37 250
.99 1.010 37 272
95 1.053 .39 360
9 1.111 41 431
.8 1.250 46 553
S 2 74 987
2 5 1.84 2,040
1 10 3.68 3,180
.04 25 9.19 5,360
.02 50 18.4 7,710
.01 100 36.8 10,900
.005 200 73.5 15,200
.002 500 184 23,300

5. Calculate the desired return periods and associated
discharges by interpolation for comparison to the AMS
PeakFQ results for the 2-, 5-, 10-, 50-, and 100-year return

periods.

Example of interpolated return periods

and discharges for streamflow-gaging
station 01451500 with 61 years of record and
166 partial-duration peaks.

Desired Return  Discharge (cubic

Period feet per second)
2 2,140
5 3,700
10 5,560
50 12,500
100 17,200




Four stations (three in the North Branch Susquehanna
River Basin and one in the Delaware River Basin) were effected
by flood-control reservoirs. Annual maximum peak-flow data
from these four stations were divided into pre- and post-regula-
tion periods to analyze the effects of flood-control reservoirs on
flood peaks. A minimum of 10 percent of the watershed sub-
jected to regulation was used as a threshold to divide the period
of record.

Land-use data at the 41 stations in the North Branch Sus-
quehanna and Delaware River Basins were compiled and exam-
ined. Only three of the stations had urban land use greater than
50 percent. To explore the effects of urban development on
peak discharges, the 3 stations with urban land use greater than
50 percent were compared to the 38 stations with lower percent-
ages of urbanization.

Analysis of Flood Magnitudes and Flood
Frequencies

Annual Maximum Peak Discharges

The results of the Wilcoxon signed-rank test (p-value =
0.00) on data from 97 sites showed a significant difference at
the 95-percent confidence level between the transferred Q100
computed from AMS station data and the Q100 determined
from previously published FIS. The Wilcoxon signed-rank test
also was done on the 59 sites identified by FEMA Region III as
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using station data to determine Q100, and again, the results
(p-value = 0.00) showed a significant difference between the
two data sets.

For the 97 sites used in the comparison, the flood-fre-
quency discharges computed from AMS station data were con-
sistently larger than the flood discharges from the FIS. The
mean percentage difference between the two data sets ranged
from 14 percent for the Q100 to 20 percent for the Q50 (table 1).
Twenty of the 97 sites did not have Q10, Q50, and Q500 flood
discharges available in the FIS. The complete comparison
between the data sets is shown in appendix 2. The relation
between the Q100 from the FIS and the transferred Q100 deter-
mined from AMS station data is shown in figure 2. As the dis-
charge magnitudes increase, the transferred Q100 determined
from AMS station data consistently is greater than the Q100
from the FIS (fig. 2).

Of the 97 sites, 59 sites were identified by FEMA Region
III as having flood frequencies determined using station data.
Mean values were computed for the Q10, Q50, Q100, and Q500
and were compared to corresponding mean values determined
from AMS station data. The mean percentage difference
between the two data sets ranged from 16 percent for the Q100
to 21 percent for the Q10 (table 1). Fourteen of the 59 sites did
not have Q10, Q50, and Q500 data available in the FIS. A pos-
sible explanation for the higher flood-frequency discharges
associated with the AMS station data could be the inclusion of
recent peak-flow data; flood-insurance studies completed prior
to the recent flood events would not have incorporated these
data into their flood-frequency estimates.

Table 1. Mean percentage difference between flood-peak discharge estimates determined
from annual maximum series station data’ and Flood Insurance Studies?, Delaware and North
Branch Susquehanna River Basins, Pennsylvania.

Recurrence Interval

Summary

Statistic 10-year 50-year 100-year 500-year
All methods®
Mean 17 14 19
Count 77 97 77
Gaging-station methods®
Mean 21 16 18
Count 45 59 45

]Flood-frequency magnitudes computed from gaging-station data based on Log-Pearson Type III distribution
of annual maximum peaks and transferred to sites using drainage-area ratios.

2Flood-frequency magnitudes from Flood Insurance Studies compiled by Dana Moses (Federal Emergency

Management Agency, written commun., 2005).

3 All methods refers to any method for determining flood-frequency magnitudes from the compiled Flood In-

surance Studies.

4Gaging-station methods refers to methods for determining flood-frequency magnitudes from the compiled
Flood Insurance Studies as Log Pearson Type I1I or Bulletin 17B, which are based on gaging-station data.
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The results of the Mann-Kendall test showed that eight sta-
tions exhibited a positive trend (increasing annual maximum
peaks over time over their respective periods of record at the 95-
percent confidence level) (table 2). It is worth noting that the
analyses for an additional seven stations indicated a positive
trend, for a total of 15 stations, at a confidence level of greater
than or equal to 90 percent. This positive trend could be attrib-
uted to a number of different factors, including increased inten-
sity short-term rainfall, increased impervious surface, or urban-
ization, within the basin.

000°00



Analysis of Flood Magnitudes and Flood Frequencies 7

Table 2. Stations with significant positive trends in annual maximum peak flows over period of record, Delaware
and North Branch Susquehanna River Basins, Pennsylvania.

U.S. Geological Survey . Level of
station identification Station name Period significance
number of record (p-value)

95-percent confidence level

01438300 Vandermark Creek at Milford, Pa. 1962-2006 0.03
01439500 Bush Kill at Shoemakers, Pa. 1909-2006 .01
01440300 Mill Creek at Mountainhome, Pa. 1961-2006 .01
01447720 Tobyhanna Creek near Blakeslee, Pa. 1962-2006 .03
01451500 Little Lehigh Creek near Allentown, Pa. 1946-2006 .00
01452000 Jordan Creek at Allentown, Pa. 1945-2006 .04
01471980 Manatawny Creek near Pottstown, Pa. 1975-2006 .01
01473900 Wissahickon Creek at Fort Washington, Pa. 1962-2006 .00
90-percent confidence level

01442500 Brodhead Creek at Minisink Hills, Pa. 1970-2006 .10
01447680 Tunkhannock Creek near Long Pond, Pa. 1966-2006 .08
01452500 Monocacy Creek at Bethlehem, Pa. 1945-2006 .07
01516500 Corey Creek near Mainesburg, Pa. 1955-2006 .08
01531500 Susquehanna River at Towanda, Pa. 1980-2006 .10
01532000 Towanda Creek near Monroeton, Pa. 1914-2006 .06
01540500 Susquehanna River at Danville, Pa. 1980-2006 .06

Partial-Duration Peak Discharges

The partial-duration peak discharges for 41 stations in the
Delaware and North Branch Susquehanna River Basins were
compiled and examined. Five stations were removed from the
analyses because of an insufficient number of partial-duration
peaks. Hydrologic data from stations with regulated flow were
divided into pre- and post-regulation periods. Because a focus
of this study was primarily on current conditions, two stations
were analyzed only on the basis of their post-regulated dis-
charge period: 01531500 Susquehanna River at Towanda, Pa.
(1980-2006), and 01536500 Susquehanna River at Wilkes-
Barre, Pa. (1980-2006).

The Q2, Q5, Q10, Q50, and Q100 determined from AMS
and PDS data for each station, along with their respective per-

centage differences, are shown in appendix 3. The mean values
of the collective percentage differences for the various flood
frequencies are shown in table 3. The flood magnitudes for the
2-year return period are 16 percent higher when partial-duration
peaks are incorporated into the analyses, as opposed to using
only the annual maximum peaks. The discharges tend to con-
verge around the 5-year return period; the mean collective dif-
ference was only -1 percent for the 5-year return period. At the
10-year return period, the discharges associated with the PDS
data are slightly lower (-5 percent) than when the AMS data are
used. This trend continues for the 50- and 100-year return peri-
ods, where the differences between the PDS and AMS data are
-7 and -6 percent, respectively.

Table 3. Mean percentage difference between flood-frequency magnitudes determined from partial-duration
and annual maximum series peak flow data, Delaware and North Branch Susquehanna River Basins, Pennsylvania.

Number of Recurrence interval
stations used in
analysis 2-year 5-year 10-year 50-year 100-year
36 16 -1 -5 -7 -6
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The relation of the results appears to be attributed to the
larger number of lower magnitude peaks that are included in the
partial-duration peak-flow data sets. Typically, recurrence
intervals based on PDS and AMS data sets tend to converge
after about 10 years. In ordinary hydrologic analysis, a 5 percent
difference may be considered tolerable (Chow, 1964). Taking
into consideration the 5-percent tolerance, the results of this
analysis generally appear to support the conclusion that
although differences may exist between the PDS and AMS
flood-peak discharges for the lower return periods, the effect is
not as significant at the higher return periods.

Possible Effects of Regulation and Urbanization

In an attempt to analyze the effects of flood-control reser-
voirs upstream of stations on the flood peaks, annual maximum
peak-flow data from three stations on the Susquehanna River
(01531500, 01536500, and 01540500) and one station on
Tulpehocken Creek (01471000), a tributary to the Schuylkill
River, were divided into pre- and post-regulation periods. A
minimum of 10 percent of the watershed subjected to regulation
was used as a threshold to divide the periods of record for the
stations. Reservoir operating procedures were not taken into
consideration. Comparisons were made between the Q100
determined from AMS station data for the pre- and post-regula-
tion periods of record. The results for station 01471000 Tulpe-
hocken Creek near Reading and station 01531500 Susquehanna
River at Towanda showed a nearly 60- and 20-percent reduction
in the 100-year discharges, respectively. The results for station
01536500 Susquehanna River at Wilkes-Barre and station
01540500 Susquehanna River at Danville showed negligible
differences in discharges.

This variability in results of the pre- and post-regulation
comparison may be attributed to the length of respective periods
of record and the percentage of basin previously influenced by
regulation. For instance, the three Susquehanna River stations
all had significantly longer periods of record associated with
pre-regulation than with post-regulation. A shorter period of
record is more likely to be influenced by either a dominant wet
or dry period, which could bias the associated discharges. Sec-
ondly, with regard to percentage of basin previously influenced
by flow regulation, a station is not categorized as a flow-regu-
lated site until the percentage regulation is equal to or greater
than 10 percent of the drainage area. Flows from each of the
three Susquehanna River stations had previously been influ-
enced by the effect of flow regulation (to varying degrees) prior
to reaching the threshold of 10 percent. As a result, a station that
had been subjected to increasing percentages of flow regulation
over time may have experienced a resulting attenuation in flow
discharge. This appears to be the case with stations 01536500
and 01540500, which had experienced higher degrees of flow
regulation compared to station 01531500. This attenuation
could have affected the pre-regulated Q100 to the degree that
once the station was classified as regulated, the post-regulated
Q100 discharge may not be noticeably different.

The drainage basins of each of the 41 stations included in
this study have a percentage urban of less than 50 percent
except for the basins of three stations in the Philadelphia
area: 01465798 Poquessing Creek at Grant Ave. at Philadel-
phia, 01467048 Pennypack Creek at Lower Rhawn St. Bridge,
Philadelphia, and 01473900 Wissahickon Creek at Fort Wash-
ington, which have percentages urban of 76, 74, and 54, respec-
tively. The analyses of urban flood characteristics associated
with these sites consisted of a comparison of the urban to non-
urban Q100 yield and a hydrograph comparison for the June
2006 peak-flow event.

To explore the potential effects of urban development on
peak discharges, the 3 stations with higher percentages of
urbanization were compared to the 38 stations without signifi-
cant urbanization. The Q100 was determined for each station
and subsequently divided by its respective drainage area, pro-
ducing a yield (cubic feet per second per square mile) for each
station. The Q100 yields for the urban sites ranged from 290 to
460 (ft3/s)/mi2, compared to a range of 28 to 426 (ft3/ s)/mi2 for
the non-urban sites. Mean yields were then calculated for the
urban and non-urban sites. The mean yield for the three urban
sites was 365 (ft3/s)/mi2 compared to 174 (ftS/S)/mi2 for the
non-urban sites, a difference of almost 110 percent.

The hydrologic response of a watershed affected by urban
development may differ from that of a drainage basin relatively
unaffected by anthropogenic influences. This hydrologic
response is likely to be most noticeable under peak-flow condi-
tions through higher peaks with larger flood volumes. To exam-
ine this, hydrographs were developed for an urban station
(01473900) and a non-urban station (01471980) for the June 28,
2006, peak-flow event (fig. 3). The stations selected were com-
parable in drainage area and geographic location, and the June
2006 flood ranked in the top five flood events of record at both.
Urban development for these two basins comprises approxi-
mately 50 percent for the urban station and 2 percent for the
non-urban station of their respective drainage areas. As evi-
denced from figure 3, the hydrographs differ in the sense that
flow in the urban setting (station 01473900 Wissahickon Creek
at Fort Washington) reached a higher peak than the non-urban
station (01471980 Manatawny Creek near Pottstown).

The analyses presented may not be solely a function of
urbanization. Other factors, such as period of record, geology,
rainfall intensity, or base-flow characteristics, also may have
contributed to the observed effects. Further analyses with addi-
tional stations would be needed to more adequately define the
effects of urbanization.
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Figure 3. Hydrograph of June 28, 2006, flood for streamflow-gaging stations 01473900 Wissahickon Creek at Fort
Washington and 01471980 Manatawny Creek near Pottstown, Pennsylvania.

Summary

The Delaware and North Branch Susquehanna River
Basins in Pennsylvania experienced severe flooding as a result
of intense rainfall occurring June 23, 2006, through June 29,
2006. The height of the flood waters on the rivers and tributaries
approached or exceeded the peak of record at many locations.
Updated flood-magnitude and flood-frequency data for stream-
flow-gaging stations (stations) were analyzed using data
through the 2006 water year on tributaries within the Delaware
and North Branch Susquehanna River Basins in Pennsylvania.
Flood frequencies determined from annual maximum series
(AMS) data from continuous-record stations were compared to
flood discharges obtained from previously published Flood
Insurance Studies (FIS) to determine whether there were any
major differences in the flood-discharge data. The flood fre-
quencies were compared using the Wilcoxon signed-rank test
and percentage differences. The Mann-Kendall test was used to
analyze trends in the AMS station data. Flood frequencies were
computed using partial-duration series (PDS) data to determine
how the use of PDS data may affect the flood frequencies com-

pared to those determined using AMS data. The potential
effects of regulation and urbanization also were included in the
study.

The results of the Wilcoxon signed-rank test on data from
97 sites showed a significant difference between the Q100 com-
puted from the AMS station data through the 2006 water year
and the Q100 determined from previously published FIS.
Flood-frequency magnitudes computed from updated station
data were consistently larger than the flood-frequency dis-
charges previously published in the FIS. The mean percentage
difference between the two data sets ranged from 14 percent for
the Q100 to 20 percent for the Q50.

The results of the Mann-Kendall test showed that eight sta-
tions exhibited a positive trend (an increase in annual maximum
peaks) over the period of record at the 95-percent confidence
level. An additional 7 stations indicated a positive trend, for a
total of 15 stations, at a confidence level of greater than or equal
to 90 percent. This positive trend could be attributed to a num-
ber of different factors, including increased intensity short-term
rainfall, increased impervious surface, or urbanization, within
the basin.
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The mean flood-frequency magnitude determined using
PDS station data for the 2-year return period was approximately
16 percent higher than when using only the AMS station data.
The flood-frequency discharges tend to converge around the 5-
year return period; the mean collective difference for the 5-year
return period was only -1 percent. At the 10-year return period,
the discharges associated with annual maximums are slightly
higher (approximately 5 percent) than the partial-duration peak
discharges. This trend continues for the 50- and 100-year return
periods where the mean collective differences between the PDS
and AMS data are -7 and -6 percent, respectively. The relation
of the results appears to be attributed to the larger number of
lower magnitude peaks that are included in the PDS data sets.

To examine potential effects of flow-regulated sites, com-
parisons were made at four stations between the Q100 deter-
mined for the pre-regulation period and the Q100 determined
for the post-regulation period using updated AMS station data.
The results for two stations showed a nearly 60- and 20-percent
reduction in the 100-year discharges. The results for the other
two stations showed negligible differences in discharges. This
variability in results may be attributed to the length of respec-
tive periods of record and percentage of basin previously influ-
enced by regulation.

Three stations with urbanization were compared to 38 sta-
tions without significant urbanization in order to explore the
potential effects of urbanization on peak discharges. The AMS-
derived Q100 was determined for each station and subsequently
divided by its respective drainage area, producing a yield (cubic
feet per second per square mile) for each station. The mean
Q100 yield for the three urban sites was 365 cubic feet per sec-
ond per square mile compared to 174 cubic feet per second per
square mile for the non-urban sites, a difference of almost 110
percent. The results of the analyses may not be solely a function
of urbanization. Other factors, such as period of record, geol-
ogy, rainfall intensity, or base-flow characteristics, also may
have contributed to the observed effects.
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Appendix 1. Station summary data for streamflow-gaging stations in the Delaware and North Branch Susquehanna River Basins,
Pennsylvania.

[miz, square miles]

Us. Geologi_cal Drainage

§urve_y _stat_lon Station name area Period of record Perceu:t

identification (mid) urban

number

01428750 West Branch Lackawaxen River near Aldenville, PA 40.6 1975 - 2006 0.28
01438300 Vandermark Creek at Milford, Pa’? 54 1962 - 2006 4.06
01439500 Bush Kill at Shoemakers, Pa. 117 1909 - 2006 3.65
01440300 Mill Creek at Mountainhome, Pa? 5.8 1961 - 2006 12.80
01440400 Brodhead Creek near Analomink, Pa. 65.9 1958 - 2006 3.70
01442500 Brodhead Creek at Minisink Hills, Pa. 259 1951 - 2006 8.29
01447500 Lehigh River at Stoddartsville, Pa. 91.7 1942 - 2006 7.47
01447680 Tunkhannock Creek near Long Pond, Pa. 20 1966 - 2006 74
01447720 Tobyhanna Creek near Blakeslee, Pa. 118 1962 - 2006 9.90
01449360 Pohopoco Creek at Kresgeville, Pa. 49.9 1967 - 2006 7.30
01450500 Aquashicola Creek at Palmerton, Pa. 76.7 1940 - 2006 2.03
01451500 Little Lehigh Creek near Allentown, Pa. 80.8 1946 - 2006 13.02
01451800 Jordan Creek near Schnecksville, Pa. 53 1967 - 2006 1.79
01452000 Jordan Creek at Allentown, Pa. 75.8 1945 - 2006 4.96
01452500 Monocacy Creek at Bethlehem, Pa. 44.5 1945 - 2006 12.76
01465500 Neshaminy Creek near Langhorne, Pa. 210 1933 - 2006 26.78
01465798 Poquessing Creek at Grant Ave. at Philadelphia, Pa. 21.4 1966 - 2006 76.27
01467048 PennyPack Cr at Lower Rhawn St Bdg, Phila., Pa. 49.8 1966 - 2006 74.41
01468500 Schuylkill River at Landingville, Pa. 133 1948 - 2006° 8.61
01469500 Little Schuylkill River at Tamaqua, Pa. 42.9 1920 - 2006 3.96
01470500 Schuylkill River at Berne, Pa. 355 1942 - 2006 5.74
01470779 Tulpehocken Creek near Bernville, Pa. 66.5 1972 - 2006 4.51
01471000 Tulpehocken Creek near Reading, Pa. 211 1951 - 19784, 1979 - 2006° 3.94
01471980 Manatawny Creek near Pottstown, Pa. 85.5 1975 - 2006 222
01472157 French Creek near Phoenixville, Pa. 59.1 1969 - 2006 1.76
01473900 Wissahickon Creek at Fort Washington, Pa. 40.8 1962 - 20063 53.55
01477000 Chester Creek near Chester, Pa. 61.1 1932 - 2006 38.06
01480300 West Branch Brandywine Creek near Honey Brook, Pa. 18.7 1960 - 2006 2.61
01480500 West Branch Brandywine Creek at Coatesville, Pa. 45.8 1944 - 20063 4.33
01480617 West Branch Brandywine Creek at Modena, Pa. 55 1970 - 2006 10.54
01480675 Marsh Creek near Glenmoore, Pa. 8.6 1967 - 2006 1.49
01481000 Brandywine Creek at Chadds Ford, Pa. 287 1912 - 20063 11.72
01516500 Corey Creek near Mainesburg, Pa. 12.2 1955 - 2006 .06
01531500 Susquehanna River at Towanda, Pa. 7,797 1913 - 19794, 1980 - 2006° 2.17
01532000 Towanda Creek near Monroeton, Pa. 215 1914 - 2006 57
01533400 Susquehanna River at Meshoppen, Pa. 8,720 1977 - 2006 2.02

01534000 Tunkhannock Creek near Tunkhannock, Pa. 383 1914 - 2006 3.06
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Appendix 1. Station summary data for streamflow-gaging stations in the Delaware and North Branch Susquehanna River Basins,
Pennsylvania.—Continued

[mi2, square miles]

U.S. Geological

Survey station Drainage Percent

durvey stat Station name area Period of record 1

identification 2 urban

(mi€)
number

01536500 Susquehanna River at Wilkes-Barre, Pa. 9,960 1899 - 19794, 1980 - 2006° 2.62
01538000 Wapwallopen Creek near Wapwallopen, Pa. 43.8 1920 - 2006 11.14
01539000 Fishing Creek near Bloomsburg, Pa. 274 1936 - 2006 .30
01540500 Susquehanna River at Danville, Pa. 11220 1900 - 19794, 1980 - 2006° 3.11

IPercent urban area is defined by low-intensity residential, high-intensity residential, commercial/industrial/transportation, residential with trees, and
residential without trees in the basin, determined by the National Land Cover Dataset, enhanced.

Zpartial-record crest-stage gage. Only the maximum discharge for each water year is published.
3Period of record not continuous.
“Pre-flow regulated period (less than 10 percent of drainage area subjected to flow regulation).

SPost-flow regulated period (greater than or equal to 10 percent of drainage area subjected to flow regulation).
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22 Analysis of Flood-Magnitude and Flood-Frequency Data for Streamflow-Gaging Stations in Pennsylvania
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