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Evaluation of Long-Term Trends in Hydrologic and Water-
Quality Conditions, and Estimation of Water Budgets
Through 2013, Chester County, Pennsylvania

By Ronald A. Sloto and Andrew G. Reif

Abstract

An evaluation of trends in hydrologic and water quality
conditions and estimation of water budgets through 2013 was
done by the U.S. Geological Survey in cooperation with the
Chester County Water Resources Authority. Long-term hydro-
logic, meteorologic, and biologic data collected in Chester
County, Pennsylvania, which included streamflow, ground-
water levels, surface-water quality, biotic integrity, precipita-
tion, and air temperature were analyzed to determine possible
trends or changes in hydrologic conditions. Statistically sig-
nificant trends were determined by applying the Kendall rank
correlation test; the magnitudes of the trends were determined
using the Sen slope estimator. Water budgets for eight selected
watersheds were updated and a new water budget was devel-
oped for the Marsh Creek watershed. An average water budget
for Chester County was developed using the eight selected
watersheds and the new Marsh Creek water budget.

Annual and monthly mean streamflow, base flow, and
runoff were analyzed for trends at 10 streamgages. The peri-
ods of record at the 10 streamgages ranged from 1961-2013 to
1988-2013. The only statistically significant trend for annual
mean streamflow was for West Branch Brandywine Creek near
Honey Brook, Pa. (01480300) where annual mean streamflow
increased 1.6 cubic feet per second (ft*/s) per decade. The
greatest increase in monthly mean streamflow was for Bran-
dywine Creek at Chadds Ford, Pa. (01481000) for December;
the increase was 47 ft¥/s per decade. No statistically significant
trends in annual mean base flow or runoff were determined
for the 10 streamgages. The greatest increase in monthly
mean base flow was for Brandywine Creek at Chadds Ford,
Pa. (01481000) for December; the increase was 26 ft*/s per
decade.

The magnitude of peaks greater than a base streamflow
was analyzed for trends for 12 streamgages. The period of
record at the 12 stream gages ranged from 1912-2012 to
2004—11. Fifty percent of the streamgages showed a small
statistically significant increase in peaks greater than the
base streamflow. The greatest increase was for Brandywine
Creek at Chadds Ford, Pa. (01481000) during 1962-2012; the
increase was 1.8 ft¥/s per decade. There were no statistically
significant trends in the number of floods equal to or greater
than the 2-year recurrence interval flood flow.

Twenty—one monitoring wells were evaluated for statisti-
cally significant trends in annual mean water level, minimum
annual water level, maximum annual water level, and annual
range in water-level fluctuations. For four wells, a small sta-
tistically significant increase in annual mean water level was
determined that ranged from 0.16 to 0.7 feet per decade. There
was poor or no correlation between annual mean groundwater
levels and annual mean streamflow and base flow. No correla-
tion was determined between annual mean groundwater level
and annual precipitation. Despite rapid population growth and
land-use change since 1950, there appears to have been little
or no detrimental effects on groundwater levels in 21 monitor-
ing wells.

Long-term precipitation and temperature data were avail-
able from the West Chester (1893—2013) and Phoenixville,

Pa. (1915-2013) National Oceanic and Atmospheric Admin-
istration (NOAA) weather stations. No statistically significant
trends in annual mean precipitation or annual mean tempera-
ture were determined for either station. Both weather stations
had a significant decrease in the number of days per year

with precipitation greater than or equal to 0.1 inch. Annual
mean minimum and maximum temperatures from the NOAA
Southeastern Piedmont Climate Division increased 0.2 degrees
Fahrenheit (F) per decade between 1896 and 2014. The num-
ber of days with a maximum temperature equal to or greater
than 90 degrees F increased at West Chester and decreased at
Phoenixville. No statistically significant trend was determined
for annual snowfall amounts.

Data from 1974 to 2013 for three stream water-quality
monitors in the Brandywine Creek watershed were evaluated.
The monitors are on the West Branch Brandywine Creek at
Modena, Pa. (01480617), East Branch Brandywine Creek
below Downingtown, Pa. (01480870), and Brandywine Creek
at Chadds Ford, Pa. (01481000). Statistically significant
upward trends were determined for annual mean specific
conductance at all three stations, indicating the total dissolved
solids load has been increasing. If the current trend continues,
the annual mean specific conductance could almost double
from 1974 to 2050. The increase in specific conductance likely
is due to increases in chloride concentrations, which have been
increasing steadily over time at all three stations. No correla-
tion was found between monthly mean specific conductance
and monthly mean streamflow or base flow. Statistically
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significant upward trends in pH were determined for all three
stations. Statistically significant upward trends in stream tem-
perature were determined for East Branch Brandywine Creek
below Downingtown, Pa. (01480870) and Brandywine Creek
at Chadds Ford, Pa. (01481000). The stream water-quality data
indicate substantial increases in the minimum daily dissolved
oxygen concentrations in the Brandywine Creek over time.

The Chester County Index of Biotic Integrity (CC-IBI)
determined for 1998-2013 was evaluated for the five biologi-
cal sampling sites collocated with streamgages. CC-IBI scores
are based on a 0—-100 scale with higher scores indicating better
stream quality. Statistically significant upward trends in the
CC-IBI were determined for West Branch Brandywine Creek
at Modena, Pa. (01480617) and East Branch Brandywine
Creek below Downingtown, Pa. (01480870). No correlation
was found between the CC-IBI and streamflow, precipitation,
or stream specific conductance, pH, temperature, or dissolved
oxygen concentration.

A Chester County average water budget was developed
using the nine estimated watershed water budgets. Aver-
age precipitation was 48.4 inches, and average streamflow
was 21.4 inches. Average runoff and base flow were 8.3 and
13.1 inches, respectively, and average evapotranspiration and
estimation of errors was 27.2 inches.

Introduction

Measurements of streamflow, groundwater levels, and
surface-water quality have been collected throughout Ches-
ter County, Pennsylvania, by the U.S. Geological Survey
(USGS) on a systematic basis for about 45 years. Analysis of
these long-term datasets provides valuable insight into pos-
sible changes in the hydrologic system that may be caused by
urbanization, climate, and (or) other factors.

This study determined statistically significant trends
and relations in and among the following long-term hydro-
logic, meteorologic, and biologic data—streamflow, runoff,
base flow, precipitation, air temperature, groundwater levels,
surface-water quality, and biotic integrity. Water budgets were
updated for eight selected watersheds, and a new water budget
was developed for the Marsh Creek watershed. Water-budget
components include precipitation, streamflow, runoff, base
flow, change in groundwater storage, and evaporation and
estimation errors. Where appropriate, estimates of changes in
surface-water storage and imported or exported water were
used. This study was done by the USGS in cooperation with
the Chester County Water Resources Authority (CCWRA).

Purpose and Scope

The purpose of this report is to analyze long-term
hydrologic data (greater than 10 years of record) collected in
Chester County and to identify statistically significant tem-
poral trends and relations. Data analyzed include streamflow,

base flow, runoff, precipitation (rainfall and snowfall),

air temperature, groundwater levels, stream water qual-

ity (pH, temperature, dissolved oxygen concentration, and
specific conductance collected at water-quality monitors), and
biotic integrity for various periods from 1961 to 2013. The
cause of any identified trends is beyond the scope of this study
and is not discussed. Water budgets for eight selected water-
sheds were updated, and a new water budget was developed
for the Marsh Creek watershed.

Description of Study Area

Chester County, which occupies 750.5 square miles (mi*)
in southeastern Pennsylvania (fig. 1), is a rapidly growing
county; in 2013 the population was 509,468 (U.S. Census
Bureau, 2014). The county has experienced a continuing rapid
increase in population since 1950 (fig. 2). Most of this popula-
tion growth is suburban with the conversion of farmland and
woodland to housing developments.

The watersheds in Chester County encompass tributaries
to the Delaware River and Chesapeake Bay. Delaware River
tributaries include streams in the Christina River watershed
(Brandywine, Red Clay, and White Clay Creeks), streams in
the Schuylkill River watershed (French, Pickering and Valley
Creeks), and streams that drain directly to the Delaware River
(Darby, Crum, Ridley, and Chester Creeks) (fig. 1). Octoraro
Creek drains to the Susquehanna River, and Big Elk Creek
drains to the Elk River, before draining into the Chesapeake
Bay.

Methods

Water-level, streamflow, and water-quality data for statis-
tical analysis were compiled from the USGS National Water
Information System (NWIS) database (U.S. Geological Sur-
vey, 2014). Climatic data, which includes precipitation (rain-
fall and snowfall) and temperature data, were compiled from
National Oceanic and Atmospheric Administration (NOAA)
monthly summaries (National Oceanic and Atmospheric
Administration, 2014). The biological data used for statisti-
cal analysis were compiled from four USGS data reports.
Complete analytical and biological results are given by Moore
(1989) for 1969-80, Reif (1999) for 1981-94, Reif (2000) for
1995-97, and Reif (2004) for 1998-2000. Data collected from
2001 to 2013 were published in the USGS annual water-data
reports for Pennsylvania (U.S. Geological Survey, 2002—13).

Statistically significant trends were determined by apply-
ing Kendall’s rank correlation test (Kendall, 1938) and the
Sen slope estimator (Sen, 1968). The Kendall rank correlation
coefficient, typically referred to as Kendall’s tau coefficient, is
a statistic used to measure the association between two mea-
sured quantities. The test is a non-parametric hypothesis test
for statistical dependence, based on the tau coefficient. Trends
are considered statistically significant at the 95-percent or
greater confidence level (p = 0.05 or less). Upward trends are



75°45'

75°30'

Introduction

40°15" |~
CHESTER COUNTY
‘l/,
“‘I
|
| 01430300
1
L
LANCASTER COUNTY : Chambers
_.-’z Lake
40°
# 01480500

CHESTER COUNTY

BERKS COUNTY /

1
o o
ek
\A/W = \

-

oL,
Valley Forge j==3#"

arsh Creek C\»@Q’
Lake Valley
) o
(7% -
01480700 \,ﬁsﬁ§¥5
Downingtown < 4
&
‘6/
Coatesville 01480870 -
Modena West Chester v
®
'/
Chester Cree/g_\ i
(;‘ e
Northbrook o
/ DELAWARE COUNTY

39°45'
PENNSYLVANIA
DELAWARE
MARYLAND
EXPLANATION
:] Delaware River Drainage Basin
| Chesapeake Bay Drainage Basin
l:| Schuylkill River Drainage Basin
l:| Christina River Drainage Basin
0 10 20 MILES Stream
39°30' |— } ‘ T T ‘ I ‘ | 01479820 A Sampling site and number
0 10 20 KILOMETERS °

Municipality

01473169
-~

Base from U.S. Geological Survey digital data, 1983, 1:100,000
Universal Transverse Mercator Projection
Zone 18

Figure 1.

Location of streamgages and drainage areas/basins in Chester County, Pennsylvania.

3



4 Trends in Hydrologic and Water-Quality Conditions, and Estimation of Water Budgets Through 2013, Chester County, Pa.

600,000

500,000 -

400,000 |-

300,000 -

Population

200,000 -

100,000 |-

1920

1980

0 | | | |
1880 1900 1940 1960 2000 2020

Year
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(U.S. Census Bureau, 2014)

identified by a positive slope; downward trends are identified
by a negative slope. For water level, the opposite is true.

Annual data consist of one value per year, generally the
annual mean value. Monthly data consist of the monthly mean
value for the period of record for each month of the year.
Monthly values were tested for trends using the Kendall’s
tau test and the Sen slope. Trends were considered statisti-
cally significant at the 95-percent or greater confidence level
(p =0.05 or less).

Correlations between variables were made using simple
linear regression. For each regression, the correlation coef-
ficient (1?) was evaluated to determine whether a relation exists
between the two variables.

A water budget integrates all the components of the
hydrologic cycle for a single watershed. Under natural condi-
tions, the hydrologic system is in long-term equilibrium.
Averaged over a long period of time, the amount of water
entering a watershed is approximately equal to the amount of
water leaving the watershed plus changes in groundwater and
surface-water storage. The water budget equation is

P+IMP=SF+AGWS + ASWS +ASM -EXP+ET (1)
where
P is precipitation,
IMP is water imported into the watershed,
SF is streamflow leaving the watershed,
AGWS is change in groundwater storage,
ASWS is change in surface-water storage
(impoundments),
ASM is change in soil moisture,
EXP is water exported from the watershed, and

ET is evapotranspiration plus errors in estimation

of the other components.

Water budgets were calculated on an annual basis
with the start and end of the water budget in the early win-
ter (January 1) when soil moisture is assumed to be at field
capacity. Because the water budget begins and ends when the
soil is assumed to be saturated, the change in soil moisture is
zero. Only those terms applicable to a particular watershed are
included in the equation for that watershed. All terms in the
equation can be measured or reasonably estimated except ET.
Thus the equation is solved for ET. Errors in the calculation or
estimation of the other terms affect the calculated ET and are
included in the ET term.

Precipitation data (P) were obtained from available
NOAA precipitation stations in or near each watershed. Aver-
age precipitation for the watershed, where data from multiple
precipitation stations were available, was estimated by using
the Thiessen polygon method of areal rainfall determination
(Thiessen, 1911). Streamflow data (SF) were obtained from
USGS streamgages. The annual change in groundwater stor-
age (AGWS) was estimated from water-level records for wells
in the Chester County Observation Well Network (fig. 3).

The annual change in groundwater storage was calculated by
subtracting the December water level from the previous year’s
December water level, converting the difference to inches,

and multiplying the result by the specific yield of the aquifer
(McGreevy and Sloto, 1980, p. 18). The annual change in
surface-water storage (ASWS) was estimated from data pro-
vided by impoundment owners. Imported and exported water
estimates were included in the ET term unless they represented
more than 0.5 percent of the total water budget.

In addition, streamflow was partitioned into runoff and
base flow using the local minima method of the HYSEP
hydrograph-separation program (Sloto and Crouse, 1996).
Base-flow yield (base flow normalized by drainage area) was
calculated to remove the influence of drainage area on base
flow. Base-flow yield is measured in inches and used in water
budgets and in trend analysis. Linear regression was done to
determine any relations of runoff and base flow to precipita-
tion. Annual streamflow, runoff, and base flow were compared
to the percentage of annual precipitation. The low threshold
streamflow used in linear regressions was determined by cal-
culating the 10-percent streamflow-duration. The low thresh-
old value is unique for each gage and represents a streamflow
that 10 percent of all recorded streamflows have been less than
or equal to.

Limitations

Often, multiple influences cause changes in the hydro-
logic system. For example, changes in the hydrologic system
may be caused by changes in climate, land use, pumping,
diversions, water use, discharges, and regulation of stream-
flow. These changes may exert varying levels of influence
at different times, either singularly or together. Although it
may be possible to determine a statistically significant trend
in a hydrologic variable, it may be difficult or impossible to
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Figure 3. Location of monitoring wells in the Chester County Observation Well Network and National Oceanic and Atmospheric
Administration weather stations, Chester County, Pennsylvania, and vicinity. (NOAA, National Oceanic and Atmospheric Administration)

pinpoint the exact cause or causes; thus, determining the cause  system. Periods of drought or above average precipitation

of changes was beyond the scope of this report. can cause short-term trends in hydrologic conditions that are
Many of the hydrologic and biological characteristics a normal hydrologic response. Decreasing surface water and

measured are influenced by precipitation patterns. Upward or groundwater levels during 1961-65 are directly related to the

downward trends in characteristics over short periods of time unusually dry conditions that occurred during 1961-65 (fig. 4).

(1-5 years) may be directly related to recent precipitation pat-  All short-term changes in a characteristic are best viewed with

terns and are not due to long-term changes in the hydrologic the precipitation pattern during the time frame measured.
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Figure 4. Annual mean precipitation in southeastern Pennsylvania from the National Oceanic and Atmospheric Administration,

Southeastern Pennsylvania Piedmont Climate Division, 1960-2013.

Evaluation of Long-Term Trends in
Hydrologic Conditions

Annual mean streamflow, base flow, and runoff were
tested for statistically significant trends for the period of
record for the 10 streamgages listed in table 1. Other evalua-
tions were based on tests of peak streamflow, depth to ground-
water in selected monitoring wells, and meteorological data.

Streamflow

Monthly mean streamflow was tested for statistically sig-
nificant trends for the period of record for the 10 streamgages
in table 2. For monthly mean streamflow, statistically signifi-
cant trends occurred in July (1 station), September (1 station),
October (8 stations), and December (4 stations) (table 2).

All trends were upward, except at the Big Elk streamgage
(01495000) for July. The greatest increase in monthly mean
streamflow was for Brandywine Creek at Chadds Ford, Pa.
(01481000) for December where the increase in streamflow
was 47 ft*/s per decade (fig. 5). This represents an increase in
December streamflow at Brandywine Creek at Chadds Ford,
Pa. (01481000) of approximately 10 percent every decade.
The only statistically significant trend for annual mean stream-
flow was at West Branch Brandywine Creek near Honey
Brook, Pa. (01480300), which exhibited an upward trend

for streamflow (p = 0.044, slope = 0.163) over the period of
record 1961-2013 (fig. 6). Annual mean streamflow increased
1.6 cubic feet per second (ft¥/s) per decade.

Base Flow

Monthly mean base flow was tested for statistically
significant trends for the period of record, 1933-2013, for the
streamgages in table 2. For monthly mean base flow, statisti-
cally significant trends occurred in July (1 station), October
(3 stations), November (2 stations), and December (3 stations)
(table 2). The trend was upward for all stations, except at West
Branch Brandywine Creek at Modena, Pa. (01480617) for
July. The greatest increase in monthly mean base flow was
for Brandywine Creek at Chadds Ford, Pa. (01481000) for
December (fig. 7) where the increase in base flow was 26 ft¥/s
per decade.

Annual base-flow yield was calculated so that annual
base flow could be compared among watersheds. The normal-
ized annual mean base flow and the 1-in-25-year base flow sta-
tistic were calculated for the streamgages in table 3. The 1-in-
25-year base-flow statistic represents base-flow conditions
that have a 4 percent (or 1 in 25) chance of occurring during
any year. The normalized annual mean base flow ranged from
11.1 inches for West Branch Brandywine Creek near Honey
Brook, Pa. (01480300) and West Branch Brandywine Creek
at Coatesville (01480500) to 14.9 inches for East Branch



Table 1. Kendall p-values for annual mean streamflow, base flow, and runoff at 10 streamgages in Chester County, Pennsylvania, and

Cecil County, Maryland.

Evaluation of Long-Term Trends in Hydrologic Conditions

[USGS, U.S. Geological Survey; shading indicates statistically significant trend; trends were considered significant if the p-value was less than 0.05; p-value
measures the significance of the trend, the lower the p-value, the greater the statistical significance]

7

Kendall p-value

USGS Period of Years of
streamgage Streamgage name
b record record Stream-
number Base flow Runoff
flow
01472157 French Creek near Phoenixville, Pa. 1969-2013 45 0.660 0.717 0.674
01479820  Red Clay Creek near Kennett Square, Pa. 1988-2013 26 0.201 0.290 0.186
01480300  West Branch Brandywine Creek near Honey Brook, Pa. 19612013 53 0.044 0.061 0.074
01480500 West Branch Brandywine Creek at Coatesville, Pa. 1971-2013 43 0.445 0.267 0.722
01480617  West Branch Brandywine Creek at Modena, Pa. 1970-2013 44 0.379 0.413 0.413
01480675 Marsh Creek near Glenmoore, Pa. 1967-2013 47 0.389 0.912 0.209
01480700 East Branch Brandywine Creek near Downingtown, Pa. 1966-2013 48 0.248 0.093 0.676
01480870  East Branch Brandywine Creek below Downingtown, Pa. ~ 1973-2013 41 0.703 0.567 0.814
01481000 Brandywine Creek at Chadds Ford, Pa. 1963-2013 51 0.123 0.111 0.139
01495000  Big Elk Creek at Elk Mills, Md. 1933-2013 81 0.785 0.365 0.517
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Figure 5. December mean streamflow at streamgage 01481000 Brandywine Creek at Chadds Ford, Pennsylvania, 1962—-2013.
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Figure 6. Annual mean streamflow at streamgage 01480300, West Branch Brandywine Creek near Honey Brook, Pennsylvania,
1961-2013.
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December mean base flow at streamgage 01481000, Brandywine Creek at Chadds Ford, Pennsylvania, 1963-2013.



Evaluation of Long-Term Trends in Hydrologic Conditions 1

Table 3. Normalized mean annual base flow and 1-in-25-year base flow at 10 streamgages in Chester County, Pennsylvania, and Cecil

County, Maryland.

[USGS, U.S. Geological Survey; Base-flow values given in inches; mi?, square miles]

USGS Drainage Normalized .
1-in-25-year
streamgage Streamgage name area mean annual
- base flow
number (mi?) base flow
01472157 French Creek near Phoenixville, Pa. 59.1 12.9 6.1
01479820 Red Clay Creek near Kennett Square, Pa. 28.3 13.3 7.6
01480300 West Branch Brandywine Creek near Honey Brook, Pa. 18.7 11.1 6.0
01480500 West Branch Brandywine Creek at Coatesville, Pa. 45.8 11.1 53
01480617 West Branch Brandywine Creek at Modena, Pa. 55.0 13.1 7.1
01480675 Marsh Creek near Glenmoore, Pa. 8.6 11.5 5.7
01480700 East Branch Brandywine Creek near Downingtown, Pa. 60.6 13.4 7.0
01480870 East Branch Brandywine Creek below Downingtown, Pa. 89.9 14.9 8.2
01481000 Brandywine Creek at Chadds Ford, Pa. 287 13.3 6.7
01495000 Big Elk Creek at Elk Mills, Md. 51.6 11.6 6.1

Brandywine Creek below Downingtown, Pa. (01480870).
The 1-in-25-year base flow ranged from 5.3 inches at West
Branch Brandywine Creek at Coatesville, Pa. (01480500) to
8.2 inches at East Branch Brandywine Creek below Downing-
town, Pa. (01480870).

Runoff

Monthly mean runoff was analyzed for statistically
significant trends for the period of record for the streamgages
listed in table 2. For monthly mean runoff, statistically sig-
nificant trends occurred in May (1 station), July (1 station),
and October (8 stations) (table 2). The trend was upward for
all stations, except for West Branch Brandywine Creek at
Modena, Pa. (01480617) for May and Big Elk Creek at Elk
Mills, Maryland (01495000) for July. The greatest increase in
monthly mean runoff was for East Branch Brandywine Creek
near Downingtown, Pa. (01480700) for October (fig. 8) where
the increase in runoff was 2.3 ft*/s per decade.

Peak Streamflow

The term “peak above base” is intended to identify a large
streamflow that exceeds a specified “base” streamflow that
occurs on an average of three times a year at a streamgage.
Though typically used for streams not subject to substantial
control (Novak, 1985), the additional published peaks that
occur for even part of the period of record are valuable for
peak-flow analysis. The magnitude of annual peak flows and,

when available peaks above the base, were tested for statisti-
cally significant trends using the Kendall’s rank correlation
test for the period of record for the streamgages listed in

table 4. Fifty percent of the streamgages showed a statistically
significant increase in the number of peaks above the base (or
annual peaks) for the period of record. Although the increase
in peak streamflow above the base was significant, it is small.
The greatest increase in peak streamflow was for Brandywine
Creek at Chadds Ford, Pa. (01481000) for 1962-2012 (fig. 9).
The increase in peak streamflow was 1.9 ft*/s per decade.

The frequency and number of floods equal to or greater
than the 2-year recurrence interval (for this report considered
to be approximate bank full flow) were tested for statistically
significant trends for the period of record for the streamgages
in table 5. There were no statistically significant trends for
the magnitude of peak streamflow equal to or greater than the
2-year recurrence interval or for the number of annual peak
streamflows equal to or greater than the 2-year recurrence
interval (table 5). In fact, there was no statistically significant
trend in the number of streamflows equal to or greater than the
2-year-recurrence interval (streamflow) (table 5, fig. 10) or the
magnitude of streamflow equal to or greater than the 2-year-
recurrence interval (streamflow) (table 5, fig. 11).

Groundwater Levels

The Chester County Observation Well Network was
established by the CCWRA and the USGS in 1973. Monthly
groundwater levels have been measured in the network since
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Figure 8. October mean runoff at streamgage 01480700, East Branch Brandywine Creek near Downingtown, Pennsylvania, 1965-2013.

30,000
[}
EXPLANATION
25,000 -
== Trend line
20,000 -

15,000

10,000

5,000 -

Peak streamflow above base, in cubic feet per second

0 | | | | | | | | | | | | | | | | | | |
1962 1964 1967 1970 1972 1975 1978 1981 1983 1986 1989 1992 1994 1997 2000 2003 2005 2008 2011 2014

Year

Figure 9. Peak streamflow above a base streamflow of 3,500 cubic feet per second at streamgage 01481000, Brandywine Creek at
Chadds Ford, Pennsylvania, 1962—-2012.
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Table 4. Kendall p-values for trends in peak streamflow above base streamflow at 12 streamgages in Chester County, Pennsylvania

and Cecil County, Maryland.

[USGS, U.S. Geological Survey; ft¥/s, cubic feet per second; The term “peak above base” is intended to identify a large streamflow that exceeds a specified
“base” streamflow that occurs on an average of three times a year at a streamgage; --, slope not significant; shading indicates significant trend; trends were con-
sidered significant if the p-value was less than 0.05; p-value measures the significance of the trend, the lower the p-value, the greater the statistical significance]

Number of

USGS . Base p-value
Period peaks above
streamgage Streamgage name streamflow for peak Slope
evaluated base stream-
number (fté/s) streamflow
flow
01472157 French Creek near Phoenixville, Pa. 19692012 226 1,000 0.001 0.026
01473169  Valley Creek at PA Turnpike Bridge near Valley Forge, Pa.  1983-2013 145 600 0.956 --
01479820  Red Clay Creek near Kennett Square, Pa. 1988-2013 84 1,000 0.492 --
01480300  West Branch Brandywine Creek near Honey Brook, Pa. 1960-2012 224 500 0.026 0.008
01480500  West Branch Brandywine Creek at Coatesville, Pa. 1970-2012 204 700 0.303 --
01480617 West Branch Brandywine Creek at Modena, Pa. 1970-2011 163 1,000 0.008 0.029
01480675 Marsh Creek near Glenmoore, Pa. 1967-2011 135 130 0.284 -
01480700  East Branch Brandywine Creek near Downingtown, Pa. 19662011 77 2900 0.002 0.083
01480870 East Branch Brandywine Creek below Downingtown, Pa.  1972-2011 54 21,200 0.000 0.182
01480638 Broad Run at Northbrook, Pa. 20042011 30 170 0.858 -
01481000  Brandywine Creek at Chadds Ford, Pa. 11912-2012 217 23,500 0.002 0.050
01481000  Brandywine Creek at Chadds Ford, Pa. 1962-2012 69 23,500 0.012 0.189
01495000  Big Elk Creek at Elk Mills, Md. 1932-2013 223 1,700 0.586 --

'Gap in record.

’Base streamflow determined prior to regulation from Marsh Creek Reservoir.

1973 (table 6, fig. 3). In addition, daily groundwater level data
are available for well CH-10 from August 1951 to 2015. The
maximum water level for CH-10 measured on the same day
that water levels in the Chester County Observation Well Net-
work were measured was chosen to represent monthly data.
Wells with short periods of records, wells that periodically
went dry, wells with records affected by quarry pumping, and
wells with missing data were not evaluated.

Annual mean water level, annual minimum water level,
annual maximum water level, and annual range of water-level
fluctuations were evaluated for statistically significant trends.
For water-level data, a negative slope indicates an upward
trend, or increasing water level (table 7), because water levels
are plotted on a reversed Y-axis with water level below land
surface decreasing from the bottom to the top of the Y-axis.
Four wells (CH-10, CH-1201, CH-1387, and CH-2457) exhib-
ited a small statistically significant increase in annual mean
water level; no wells showed a statistically significant decrease
in annual mean water level (table 7). Increases in annual mean

water level ranged from 0.16 foot (ft) per decade for well
CH-1201 to 0.74 ft per decade for well CH-2457. Well CH-10
with a period of record spanning 62 years (1951-2013) exhib-
ited a small statistically significant upward trend in annual
mean water level of 0.22 ft per decade (fig. 12). In addition,
well CH-10 was the only well to exhibit a statistically signifi-
cant increase in the annual range of water-level fluctuations
(fig. 13). The annual range of water-level fluctuations is the
difference between the annual maximum water-level and the
annual minimum water-level. The increase in the annual range
in fluctuation was 1.1 ft over the period of record.

Two wells exhibited statistically significant trends in the
annual maximum water level (table 7). Well CH-10 exhibited
an upward trend, whereas well CH-2273 exhibited a down-
ward trend. Three wells (CH-1201, CH-1387, and CH-2457)
showed a statistically significant upward trend in annual
minimum water level.

Monthly mean water levels were evaluated for statisti-
cally significant trends (table 8). The greatest monthly trend
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Table 5. Kendall p-values for trends in peak streamflow and number of peak streamflows equal to or greater than the 2-year
recurrence interval at 11 streamgages in Chester County, Pennsylvania, and Cecil County, Maryland.

[USGS, U.S. Geological Survey; ft*/s, cubic feet per second; trends were considered significant if the p-value was less than 0.05; p-value measures the signifi-
cance of the trend, the lower the p-value, the greater the statistical significance]

Number  p-value for p-value for
2-year . number of
of peaks peak dis-
USGS peak . peaks per
Period equal to charge equal
streamgage Streamgage name stream- year equal
evaluated or greater to or greater
number flow to or greater
3 than 2-year than 2-year
(fe/s) than 2-year
streamflow streamflow
streamflow
01472157 French Creek near Phoenixville, Pa. 2,521 19712011 36 0.673 0.269
01473169  Valley Creek at PA Turnpike Bridge near Valley Forge, Pa. 1,314 1989-2013 23 0.579 0.496
01479820  Red Clay Creek near Kennett Square, Pa. 1,985 1989-2011 21 0.277 0.778
01480300  West Branch Brandywine Creek near Honey Brook, Pa. 1,304 19602011 43 0.660 0.083
01480500 West Branch Brandywine Creek at Coatesville, Pa. 1,902 119422011 44 0.206 0.680
01480617 West Branch Brandywine Creek at Modena, Pa. 2,564 19712011 40 0.358 0.947
01480675 Marsh Creek near Glenmoore, Pa. 249 19672011 42 0.665 0.593
01480700  East Branch Brandywine Creek near Downingtown, Pa. 2,382 19662011 27 0.967 0.334
01480870  East Branch Brandywine Creek below Downingtown, Pa. 3,548 1972-2011 21 0.215 0.396
01481000  Brandywine Creek at Chadds Ford, Pa. 7,065 219122012 55 0.135 0.585
01495000  Big Elk Creek at Elk Mills, Maryland, Md. 2,900 1932-2013 70 0.881 0.822

"Period of record for streamgage 01480500; October 1943 to December 1951, January 1970 to 2011.

“Period of record for gage 01481000; August 1911 to September 1953, October 1962 to 2011.

Number of peak streamflows equal to or greater

Figure 10.

than 1,314 cubic feet per second
w
T

1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Year

Number of annual peak streamflows equal to or greater than the 2-year recurrence interval at streamgage 01473169, Valley
Creek at Pennsylvania Turnpike Bridge near Valley Forge, Pennsylvania, 1989-2013.
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Figure 11. Peak streamflow equal to or greater than the 2-year recurrence interval at streamgage 01473169, Valley Creek at
Pennsylvania Turnpike Bridge near Valley Forge, Pennsylvania, 1989-2013.
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Table 6. Monitoring wells in the Chester County Observation Well Network in Pennsylvania used for statistical analysis.

[USGS, U.S. Geological Survey; --, depth not known; Pa. Pennsylvania]

USGS Year Years of

Depth . Generalized
well (feet) measurement record Township eolo
number began analyzed geology

CH-2 15 1973 41 Honey Brook, Pa. Gneiss

CH-10 34 1951 62 West Marlborough, Pa. Carbonate rock

CH-38 18 1974 38 New Garden, Pa. Schist, phyllite, and quartzite

CH-210 600 1978 34 Tredyffrin, Pa. Carbonate rock

CH-254 250 1987 26 East Nottingham, Pa. Schist, phyllite, and quartzite

CH-1201 83 1973 40 West Sadsbury, Pa. Carbonate rock

CH-1229 165 1974 38 Upper Uwchlan, Pa. Gneiss

CH-1247 75 1973 40 West Vincent, Pa. Gneiss

CH-1387 159 1974 39 Thornbury, Pa. Gneiss

CH-1571 16 1974 39 East Vincent, Pa. Sandstone and shale

CH-1921 65 1974 39 New Garden, Pa. Schist, phyllite, and quartzite

CH-2273 298 1975 30 West Brandywine, Pa. Gneiss

CH-2313 507 1978 35 East Whiteland, Pa. Carbonate rock

CH-2328 323 1975 38 East Nantmeal, Pa. Gneiss

CH-2457 285 1982 30 East Goshen, Pa. Schist, phyllite, and quartzite

CH-2584 -- 2002 11 East Marlborough, Pa. Carbonate rock

CH-3289 202 1988 25 Tredyftrin, Pa. Carbonate rock

CH-5422 49 2000 13 Londonderry, Pa. Schist, phyllite, and quartzite

CH-6513 -- 2002 12 North Coventry, Pa. Sandstone and shale

CH-6517 -- 2001 12 West Caln, Pa. Quartzite

CH-6518 37 2001 12 Lower Oxford, Pa. Schist, phyllite, and quartzite

"Early period of record affected by pumping. Post-pumping measurements analyzed beginning in January 1984.
was for well CH-6513, which showed a decrease in the than streamflow, likely because base flow is the discharge of
November mean water level of 0.37 feet per year (fig. 14). groundwater to streams. For base flow, log-transformed data
However, well CH-6513 has a relatively short period of record  correlated better than non-transformed data (table 9), indicat-
(2002—13). The water level in well CH-6513 exhibited a ing a non-linear relation. Eleven of the 21 log-transformed
downward trend in water level in the late fall and early winter ~ base-flow correlations had an r? greater than 0.7. The best
(November, December, and January). The water level in well correlation of annual mean groundwater level with annual
CH-2313 exhibited a downward trend in water level in late mean streamflow was for the log transformed data for well
spring and summer (May, June, July, and August). CH-3289 and streamflow at French Creek near Phoenixville,
Linear regression was used to determine whether a Pa. (01472157) (r* = 0.679, fig. 15). The best correlation of

relation exists between annual mean groundwater levels annual mean groundwater level with annual mean base flow
and annual mean streamflow and base flow at a nearby was for the water level in well CH-5422 and base flow at
streamgage (table 9). The correlation coefficient (1?) values West Branch Brandywine Creek at Modena, Pa. (01480617)
for the correlation between annual mean groundwater levels (r*=0.818, fig. 16).
and annual mean streamflow and base flow range from 0.005 Linear regression was used to determine whether a

to 0.818. Groundwater levels correlated better with base flow relation exists between annual mean groundwater level and
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Network, Pennsylvania.
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Kendall p-values for trends in annual mean groundwater levels in monitoring wells in the Chester County Observation Well

[USGS, U.S. Geological Survey; --, slope not significant; shading indicates significant trend; trends were considered significant if the p-value was less than 0.05;
p-value measures the significance of the trend, the lower the p-value, the greater the statistical significance]

Annual mean Annual maximum Annual minimum Annual range of
USGS water level water level water level fluctuation
well (feet below land surface) (feet below land surface) (feet below land surface) (feet)
number
p-value Slope p-value Slope p-value Slope p-value Slope

CH-2 0.266 - 0.307 - 0.955 - 0.181 -
CH-10 0.028 -0.022 0.006 -0.028 0.115 - 0.014 0.018
CH-38 0.580 - 0.135 - 0.753 - 0.152 -
CH-210 1.000 - 0.859 - 0.767 - 0.678 -
CH-254 0.628 - 0.597 - 0.692 - 0.509 -
CH-1201 0.017 -0.016 0.143 - 0.021 -0.022 0.681 --
CH-1229 0.291 - 0.811 - 0.414 - 0.472 -
CH-1247 0.096 - 0.149 - 0.173 - 0.492 -
CH-1387 0.034 -0.037 0.102 - 0.006 -0.051 0.923 -
CH-1571 0.183 - 0.646 - 0.143 - 0.084 -
CH-1921 0.663 - 0.352 - 0.352 - 0.904 -
CH-2273 0.887 - 0.008 0.054 1.000 - 0.066 -
CH-2313 0.106 - 0.173 - 0.274 - 0.609 -
CH-2328 0.359 - 0.227 - 0.489 - 0.513 -
CH-2457 0.019 -0.074 0.101 - 0.022 -0.081 1.000 -
CH-2584 0.436 - 1.000 - 0.876 - 0.876 -
CH-3289 0.362 - 0.327 - 0.726 - 0.834 -
CH-5422 0.951 - 0.951 - 0.951 - 0.855 -
CH-6513 0.244 - 0.115 - 0.336 - 0.945 -
CH-6517 0.732 - 0.837 - 0.837 - 0.631 -
CH-6518 0.732 - 0.945 - 1.000 - 0.068 -

annual precipitation at a nearby NOAA precipitation station
(table 10). There was virtually no correlation. Groundwater
levels and precipitation likely do not correlate because soil
moisture and evapotranspiration are important controlling fac-
tors governing how much precipitation reaches the aquifer as
recharge.

Precipitation and Air Temperature

Long-term precipitation and air-temperature data
for Chester County are available for the West Chester
(1893-2013) and Phoenixville (1915-2013) NOAA weather

stations (fig. 3). Long-term precipitation and temperature data
were evaluated for statistically significant trends in annual
mean data (table 11) and monthly mean data (table 12). There
were no statistically significant trends in annual mean precipi-
tation or annual mean air temperature for either station. Both
weather stations showed a decrease in the number of days
per year with precipitation equal to or greater than 0.1 inch
(table 11, fig. 17). There was no statistically significant trend
in the number of days per year with precipitation equal to or
greater than 0.5 or 1 inch.

Annual mean minimum air temperature from the NOAA
Southeastern Piedmont Climate Division increased 0.2 degrees
Fahrenheit (F) per decade between 1896 and 2014 (fig. 18).
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Figure 13. Annual range in water-level fluctuation in well CH-10, Chester County, Pennsylvania, 1952-2013.
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Figure 14. November mean water level in well CH-6513, Chester County, Pennsylvania, 2002—-13.
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Table 9. Correlation of annual mean groundwater levels for monitoring wells in the Chester County Observation Well Network with
annual mean streamflow and base flow at a nearby U.S. Geological Survey streamgage.

[USGS, U.S. Geological Survey; Pa., Pennsylvania; Md., Maryland; Numbers are the correlation coefficient, 12]

Correlation with annual Correlation with annual

USGS USGS mean streamflow mean base flow
well streamgage Streamgage name Log Log

number number Linear trans- Linear trans-
formed formed

CH-2 01480300  West Branch Brandywine Creek near Honey Brook, Pa. 0.405 0.527 0.622 0.701
CH-10 01481000  Brandywine Creek at Chadds Ford, Pa. 0.604 0.677 0.712 0.766
CH-38 01479820  Red Clay Creek near Kennett Square, Pa. 0.491 0.596 0.685 0.743
CH-210 01472157 French Creek near Phoenixville, Pa. 0.102 0.083 0.616 0.723
CH-254 01495000  Big Elk Creek at Elk Mills, Md. 0.101 0.065 0.206 0.226
CH-1201 01480617 West Branch Brandywine Creek at Modena, Pa. 0.481 0.560 0.647 0.684
CH-1229 01480675 Marsh Creek near Glenmoore, Pa. 0.486 0.447 0.590 0.545
CH-1247 01472157 French Creek near Phoenixville, Pa. 0.249 0.447 0.403 0.447
CH-1387 01481000  Brandywine Creek at Chadds Ford, Pa. 0.461 0.523 0.635 0.666
CH-1571 01472157  French Creek near Phoenixville, Pa. 0.090 0.120 0.593 0.783
CH-1921 01479820 Red Clay Creek near Kennett Square, Pa. 0.138 0.173 0.280 0.283
CH-2273 01480300 West Branch Brandywine Creek near Honey Brook, Pa. 0.187 0.276 0.389 0.479
CH-2313 01472157 French Creek near Phoenixville, Pa. 0.001 0.001 0.455 0.491
CH-2328 01472157 French Creek near Phoenixville, Pa. 0.005 0.008 0.619 0.761
CH-2457 01472157 French Creek near Phoenixville, Pa. 0.593 0.642 0.759 0.769
CH-2584 01479820  Red Clay Creek near Kennett Square, Pa. 0.439 0.565 0.729 0.766
CH-3289 01472157 French Creek near Phoenixville, Pa. 0.578 0.679 0.642 0.744
CH-5422 01480617 West Branch Brandywine Creek at Modena, Pa. 0.506 0.613 0.730 0.818
CH-6513 01472157 French Creek near Phoenixville, Pa. 0.531 0.635 0.585 0.679
CH-6517 01480300  West Branch Brandywine Creek near Honey Brook, Pa. 0.040 0.013 0.082 0.123
CH-6518 01495000  Big Elk Creek at Elk Mills, Md. 0.461 0.574 0.713 0.760

Annual mean maximum temperature from the NOAA South-
eastern Piedmont Climate Division increased 0.2 degrees F per
decade between 1896 and 2014 (fig. 19). There was no statisti-
cally significant trend in the number of days per year with
minimum temperature greater than or equal to 0 degrees F at
either station (table 11).

The number of days per year with a maximum air temper-
ature equal to or greater than 90 degrees F increased at West
Chester (fig. 20) and decreased at Phoenixville (table 11). At
West Chester the number of days per year with a maximum
temperature equal to or greater than 90 degrees F increased
1.3 days per decade, whereas at Phoenixville, the number of
days per year with a maximum air temperature equal to greater
than 90 degrees F decreased 1.1 days per decade.

Long-term monthly precipitation and temperature data
were evaluated for statistically significant trends for the

Phoenixville and West Chester weather stations (table 12).
Monthly precipitation decreased at West Chester for February.
Mean monthly temperature decreased at Phoenixville for June
and October (table 12).

Long-term winter snowfall data were not available for a
single NOAA station in Chester County. The period of record
varied by station and data generally were intermittent dur-
ing the period of record. Therefore average winter snowfall
for each year was estimated using the data available from all
NOAA weather stations. Because different weather stations
were used for different years, the annual snowfall is consid-
ered an estimate of the magnitude of snowfall. Estimated aver-
age annual winter snowfall ranged from 2.9 inches (in.) during
the winter of 1971-72 to 81.8 in. during the winter of 1995-96
(fig. 21). A trend analysis gave a p-value of 0.066, indicating
no statistically significant trend in annual snowfall amounts.
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Figure 15. Relation between annual mean water level in well CH-3289, Chester County, Pennsylvania, and annual mean streamflow at
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Figure 16. Relation between annual mean water level in well CH-5422, Chester County, Pennsylvania, and annual mean base flow at

streamgage 01480617, West Branch Brandywine Creek at Modena, Pennsylvania, 2000-13.
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Table 10. Correlation between annual mean groundwater level and annual precipitation in Chester County Pennsylvania.

[USGS, U.S. Geological Survey; NOAA, National Oceanic and Atmospheric Administration; Pa., Pennsylvania; Numbers are the correlation coefficient, ]

well _Noma coofficien
number precipitation station ")
CH-2 Honey Brook, Pa. 0.057
CH-10 West Chester, Pa. 0.074
CH-38 West Chester, Pa. 0.062
CH-210 Phoenixville, Pa. 0.099
CH-254 Octoraro Lake, Pa. 0.002
CH-1201 Glenmoore, Pa. 0.079
CH-1229 Glenmoore, Pa. 0.079
CH-1247 Glenmoore, Pa. 0.035
CH-1387 West Chester, Pa. 0.050
CH-1571 Glenmoore, Pa. 0.050
CH-1921 West Chester, Pa. 0.007
CH-2273 Honey Brook, Pa. 0.057
CH-2313 Phoenixville, Pa. 0.027
CH-2328 Glenmoore, Pa. 0.062
CH-2457 West Chester, Pa. 0.047
CH-2584 West Chester, Pa. 0.016
CH-2663 West Chester, Pa. 0.095
CH-3289 Phoenixville, Pa. 0.102
CH-5422 West Chester, Pa. 0.015
CH-6513 Phoenixville, Pa. 0.069
CH-6517 Honey Brook, Pa. 0.004
CH-6518 Octoraro Lake, Pa. 0.013
CH-7007 Glenmoore, Pa. 0.000

Table 11. Kendall p-values for trends in annual mean precipitation and annual mean air temperature at Phoenixvile and West Chester,

Pennsylvania weather stations.

[NOAA, National Oceanic and Atmospheric Administration; shading indicates significant trend; trends were considered significant if the p-value was less than
0.05; p-value measures the significance of the trend, the lower the p-value, the greater the statistical significance; F, Fahrenheit; Pa., Pennsylvania]

Number of
Number of Number of .
. . days with Number of days
p-value p-value Number of days days with days with minimum with maximum
NOAA forannual  forannual  with precipitation precipitation precipitation
. temperature  temperature equal
station mean pre- meantem- equal to or greater  equal to or equal to or
A : equal to or to or greater than
cipitation perature than 0.1inch greater than greater than
05 inch 1inch greater than 90 degrees F
) 0 degrees F
Slope p-value p-value p-value p-value  Slope
Phoenixville, Pa. 0.995 0.333 -0.074 0.621 0.361 0.158 0.044 -0.111
West Chester, Pa. 0.845 0.789 -0.070 0.943 0.353 0.176 0.0002  0.125
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Figure 17. Number of days per year with precipitation equal to or greater than 0.1 inch at West Chester, Pennsylvania weather station,
1893-2013.
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Figure 18. Annual mean minimum temperature in Chester County, Pennsylvania, from the National Oceanic and Atmospheric
Administration, Southeastern Pennsylvania Piedmont Climate Division, 1896-2014.
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Figure 19. Annual mean maximum air temperature in Chester County, Pennsylvania, from the National Oceanic and Atmospheric
Administration, Southeastern Pennsylvania Piedmont Climate Division, 1896-2014.
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Figure 20. Number of days per year with a maximum air temperature equal to or greater than 90 degrees Fahrenheit at West Chester
Pennsylvania weather station, 1893-2013.
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Evaluation of Long-Term Trends in
Water-Quality Conditions

Stream Water Quality

Stream water-quality monitors have been in operation on
the Brandywine Creek in Chester County since 1972. Stream
water-quality monitors operate in non-winter months (March 1
through November 30) at Brandywine Creek at Chadds Ford,
Pa. (01481000), East Branch Brandywine Creek below Down-
ingtown, Pa. (01480870), and West Branch Brandywine Creek
at Modena, Pa. (01480617) streamgages (table 13, fig. 1).
Measurements are made at the stream water-quality monitor-
ing stations for pH, specific conductance, temperature, and
dissolved oxygen concentration. Data prior to 1974 were not
used in this evaluation owing to the influence of releases from
Marsh Creek Reservoir, which was completed in 1974.

The only previous evaluation of data collected at the
stream water-quality monitoring stations was for data col-
lected from 1973 to 1978 by Murphy and others (1982). They
found that the East Branch Brandywine Creek below Down-
ingtown, Pa. (01480870) and the West Branch Brandywine
Creek at Modena, Pa. (01480617) stream water-quality moni-
tors recorded periods when the dissolved oxygen concentra-
tion dropped to less than 4 milligrams per liter (mg/L). There
was a severe dissolved oxygen deficiency at East Branch

1954

1963 1973 1983 1993 2003 2013

Year

Estimated average annual snowfall in Chester County, Pennsylvania. 1894-2013.

Brandywine Creek below Downingtown, Pa. (01480870) from
May through September 1974 when concentrations were less
than 4 mg/L for at least a portion of 96 days (table 15). The pH
at all three Brandywine Creek stream water-quality monitor-
ing stations exceeded 9.0 at times, and the pH at East Branch
Brandywine Creek below Downingtown, Pa. (01480870)
occasionally dropped to less than 6.0 (table 15).

The number of days per year since 1974 when the
maximum daily pH was greater than 9.0 and minimum daily
pH was less than 6.0 was evaluated. pH values outside this
range are potentially harmful to aquatic life (U.S. Environ-
mental Protection Agency, 2009). Since 1974, there have been
744 days when the pH was outside this range (table 14—16).
Minimum daily pH values from measurements are rarely less
than 6.0. Maximum daily pH values greater than 9.0 were
rarely measured at East Branch Brandywine Creek below
Downingtown, Pa. (01480870) or Brandywine Creek at
Chadds Ford, Pa. (01481000) but were regularly measured at
West Branch Brandywine Creek at Modena, Pa. (01480617).

The number of days per year since 1974 when the
minimum daily dissolved oxygen concentration was less than
6 mg/L was evaluated. Low dissolved oxygen concentra-
tions have a detrimental effect on aquatic life. Prior to 1988,
it was common in the summer months for minimum daily
dissolved oxygen concentrations at East Branch Brandywine
Creek below Downingtown, Pa. (01480870) and West Branch
Brandywine Creek at Modena, Pa. (01480617) to be less
than 6 mg/L. Since 1988, the number of days the minimum
dissolved oxygen concentration was less than 6 mg/L has
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Table 13. Stream water-quality monitors in Chester County, Pennsylvania.

[USGS, U.S. Geological Survey; CY, current year; T, temperature; SC, specific conductance; DO, dissolved oxygen concentration; Pa., Pennsylvania]

USGS
station Station name Period of record Characteristic
number
01480617 West Branch Brandywine Creek at Modena, Pa. 1971 - CY T, SC, DO, pH
01480870 East Branch Brandywine Creek below Downingtown, Pa. 1972 - CY T, SC, DO, pH
01481000 Brandywine Creek at Chadds Ford, Pa. 1972 -CY T, SC, DO, pH

decreased at East Branch Brandywine Creek below Down-
ingtown, Pa. (01480870) and West Branch Brandywine Creek
at Modena, Pa. (01480617). In 2002, there were numerous
days that the minimum dissolved oxygen concentration was
less than 6 mg/L at all three stream water-quality monitoring
stations, which was related to very low flow conditions in the
summer of 2002. Since 2002, the minimum daily dissolved
oxygen concentration was less than 6 mg/L for 28 days at West
Branch Brandywine Creek at Modena, Pa. (01480617) and

16 days at East Branch Brandywine Creek below Downing-
town, Pa. (01480870) and Brandywine Creek at Chadds Ford,
Pa. (01481000) (table 14—16). The records show a substantial
improvement in the pH and dissolved oxygen concentration in
the Brandywine Creek over time.

For this study, specific conductance, pH, stream tempera-
ture, and dissolved oxygen concentration data were evalu-
ated for statistically significant trends. Specific conductance
values were not adjusted for streamflow, and dissolved oxygen
concentrations were not adjusted for temperature. Because
regulation began affecting all three of these stations in 1974,
only data from 1974 to 2013 were evaluated; this provides a
concurrent period of record for the analysis.

Statistically significant trends were evaluated for
1974-2013 for annual mean specific conductance, pH, stream
temperature, and dissolved oxygen concentration (table 17).
The minimum number of daily values for each month for the
analysis was 15. Months with less than 15 daily values were
not included in the analysis.

Statistically significant upward trends were observed for
annual mean specific conductance at all three Brandywine
Creek water quality monitoring stations (fig. 22). The increase
in specific conductance was 22 microsiemens per centimeter
at 25 degrees Celsius (uS/cm at 25 °C) per decade at West
Branch Brandywine Creek at Modena, Pa. (01480617), and
23 uS/cm at 25 °C per decade at East Branch Brandywine
Creek below Downingtown, Pa. (01480870) and Brandywine
Creek at Chadds Ford, Pa. (01481000). If the trend continues,
the mean annual specific conductance could be as high as
395 uS/em at 25 °C at Brandywine Creek at Chadds Ford, Pa.
(01481000), 404 puS/cm at 25 °C at East Branch Brandywine

Creek below Downingtown, Pa. (01480870), and 444 uS/cm
at 25 °C at West Branch Brandywine Creek at Modena, Pa.
(01480617) by 2050 (fig. 23). Specific conductance increases
with increasing amount of dissolved solids (Kappel and others,
2012). Therefore, the increasing specific conductance can be
viewed as increasing total dissolved solids load over time at
the three stream water-quality monitoring stations.

The increase in specific conductance likely is due to
increases in chloride. Statistically significant upward trends
in chloride have been documented at various stream loca-
tions in Chester County between 1998 and 2009 (Reif, 2012).
An upward trend in chloride concentrations was determined
for Brandywine Creek at Chadds Ford, Pa. (01481000) for
1948-2013 (fig. 24). The period of record for chloride data
is shorter at the West Branch Brandywine Creek at Modena,
Pa. (01480617) and East Branch Brandywine Creek below
Downingtown, Pa. (01480870), but both show an increase in
chloride concentration over time. The source of increasing
chloride may be road salt, effluent discharged to the stream,
and (or) effluent in groundwater discharged to streams as base
flow.

Statistically significant upward trends in pH were
observed at all three stream water-quality stations (table 17,
fig. 25). The increase in pH is 0.08 pH unit per decade at
West Branch Brandywine Creek at Modena, Pa. (01480617),
0.1 pH unit per decade at East Branch Brandywine Creek
below Downingtown, Pa. (01480870), and 0.04 pH unit per
decade at Brandywine Creek at Chadds Ford, Pa. (01481000).
Statistically significant upward trends in stream temperature
were observed at the East Branch Brandywine Creek below
Downingtown, Pa. (01480870) and Brandywine Creek at
Chadds Ford, Pa. (01481000) stations (table 17). The increase
in stream temperature was 0.5 degree Celsius (C; 0.9 degree F)
per decade at East Branch Brandywine Creek below Down-
ingtown, Pa. (01480870) and 0.6 degree C (1 degree F) per
decade at Brandywine Creek at Chadds Ford, Pa. (01481000).
The warming may be caused by climatic changes, warming of
the earth’s surface caused by urbanization, and (or) increasing
quantities of warm effluent discharged to Brandywine Creek.
There was a statistically significant increase in dissolved
oxygen concentration at West Branch Brandywine Creek at



Evaluation of Long-Term Trends in Water-Quality Conditions 29

Table 14. Number of days per year stream water quality exceeded standards at water-quality monitoring station 01480617, West
Branch Brandywine Creek at Modena, Pennsylvania, 1974-2014.

.. . Number of days Number of days
Water year Number of days minimum daily pH maximum daily pH was minimum daily dissolved oxygen
was less than 6.0 greater than 9.0 was less than 6 milligrams per liter

1974 0 11 115
1975 0 0 31
1976 0 12 24
1977 0 4 92
1978 0 0

1979 0 0

1980 0 0

1981 0 0 24
1982 0 1 65
1983 0 1 89
1984 0 0 23
1985 0 0 122
1986 1 0 84
1987 0 3 78
1988 0 32 6
1989 0 38 1
1990 0 34 3
1991 1 36 13
1992 0 5 1
1993 0 17 1
1994 0 3 3
1995 0 3 3
1996 0 6 0
1997 0 16 4
1998 0 0 0
1999 0 22 9
2000 0 29 0
2001 0 23 4
2002 0 12 39
2003 0 30 0
2004 0 31

2005 0 18

2006 0 46 4
2007 0 16 10
2008 0 25

2009 0 7 0
2010 0 10 1
2011 0 9 8
2012 0 12 0
2013 0 46 0
2014 0 8 0
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Table 15. Number of days per year stream water quality exceeded standards at water-quality monitoring station 01480870, East Branch
Brandywine Creek below Downingtown, Pennsylvania, 1974-2014.

Number of days

Number of days Number of days .. I
Water year minimum daily pH was maximum daily pH was minimum daily dissolved
less than 6.0 greater than 9.0 oxygen was less t.h an
6 milligrams per liter

1974 3 2 136
1975 0 0 16
1976 7 5 35
1977 0 0 100
1978 0 0 22
1979 0 0 31
1980 0 0 76
1981 0 0 129
1982 1 0 32
1983 0 0 12
1984 2 0 29
1985 1 0 124
1986 0 0 100
1987 0 0 70
1988 0 0 34
1989 0 4 0
1990 0 0

1991 0 0 26
1992 0 15 3
1993 0 20 11
1994 0 11 1
1995 0 0 10
1996 0 0 10
1997 0 4 29
1998 0 0 0
1999 0 0 63
2000 0 0 0
2001 0 0 36
2002 0 9 65
2003 0 0

2004 0 0 0
2005 0 0 1
2006 0 1 1
2007 0 0 0
2008 0 1 3
2009 0 6 0
2010 0 0 3
2011 0 0 5
2012 0 0 1
2013 0 11 0
2014 0 0 0
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Table 16. Number of days per year stream water quality exceeded standards at water-quality monitoring station 01481000, Brandywine
Creek at Chadds Ford, Pennsylvania, 1974-2014

Number of days Number of days . _Numbe(ofd?ys
Water year minimum daily pH maximum daily pH minimum daily dissolved
was less than 6.0 was greater than 9.0 oxygen was less t.h an
milligrams per liter

1974 0 2 16
1975 0 6 6
1976 0 3 11
1977 0 0 12
1978 0 0 4
1979 0 7

1980 0 0 18
1981 0 3 9
1982 0 0 14
1983 0 0 13
1984 0 0 13
1985 0 14 7
1986 0 7 0
1987 0 1 1
1988 0 5 0
1989 0 0 1
1990 0 0 1
1991 0 3 2
1992 0 4 1
1993 0 0 1
1994 0 0 2
1995 0 0 15
1996 0 0 0
1997 0 0 18
1998 0 0 16
1999 0 0 20
2000 0 0 1
2001 0 0 6
2002 0 1 59
2003 0 0 0
2004 0 0 0
2005 0 0 8
2006 0 0 6
2007 0 0 0
2008 0 0 0
2009 0 11 0
2010 0 0 0
2011 0 1 0
2012 0 0 0
2013 0 5 2
2014 0 0 0
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Table 17. Kendall p-values for trends in annual mean specific conductance, pH, stream temperature, and dissolved oxygen
concentration at selected water-quality monitoring stations in Chester County, Pennsylvania, 1974-2013.

[USGS, U.S. Geological Survey; --, slope not significant; shading indicates significant trend; trends were considered significant if the p-value was less than 0.05;
p-value measures the significance of the trend, the lower the p-value, the greater the statistical significance]

Specific Stream Dissolved oxygen
USGS conductance PH temperature concentration
station Water-quality station P
number

p-value Slope  p-value Slope  p-value Slope p-value  Slope

West Branch Brandywine Creek at

01480617 Modena, Pa.

0.0 2.1886  0.0002 0.0083 0.255 -- 0.042 0.0246

East Branch Brandywine Creek below

01480870 Downingtown, Pa.

0.0 22892 0.0000 0.0113 0.018 0.0530  0.079 --

01481000 Brandywine Creek at Chadds Ford, Pa. 0.0 22522 0.0001  0.0047 0.010 0.0614  0.334 --
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Figure 22. Annual mean specific conductance at stream water-quality stations 01481000, Brandywine Creek at Chadds Ford,
Pennsylvania; 01480617, West Branch Brandywine Creek at Modena, Pennsylvania; and 01480870, East Branch Brandywine Creek
below Downingtown, Pennsylvania, 1974-2013.
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Modena, Pa. (01480617) (table 17, fig. 26). The increase in
dissolved oxygen concentration was 0.2 mg/L per decade.
Mean monthly values for specific conductance (fig. 27),
pH, and dissolved oxygen concentration (fig. 28) for
1974-2013 show identical patterns at all three stations. Mean
monthly specific conductance decreases from March to April,
reaching its lowest value in April. Mean monthly specific
conductance increases from April to September, reaching its
highest values then decreases from September to November
(fig. 27). If the trend in mean monthly specific conductance
continues, the mean September specific conductance could
reach approximately 500 uS/cm at 25 °C by 2050 (fig. 29).
The mean monthly dissolved oxygen concentration
decreases from March to July, reaching its lowest concentra-
tion in July and August when biological activity that consumes
oxygen is at its peak. The mean monthly dissolved oxygen
concentration then increases from August to November
(fig. 28). The decrease in dissolved oxygen concentration is
partly the result of increasing stream temperatures. Cold water
can hold more dissolved oxygen than warm water.

Monthly mean pH increases from March to April,
declines from April to May, increases from May to August,
and declines from August to November (fig. 28). Linear
regression was used to determine whether a relation exists
between monthly mean specific conductance and monthly
mean streamflow or base flow (table 18). Virtually no correla-
tion was found.

Chester County Index of Biotic Integrity

The Stream Conditions of Chester County Biological
Monitoring Network was established by the CCWRA and
the USGS in 1969. Trends in biological diversity index were
evaluated by Moore (1987), Hardy and others (1995), and
Reif (2012). For this study, the Chester County Index of Biotic
Integrity (CC-IBI) data from 1998 to 2013 were used for
statistical analysis. The CC-IBI was evaluated for the five bio-
logical sampling sites collocated with streamgages (table 19).

Benthic-macroinvertebrate data from the network from
1970 to 1980 were evaluated using the Brillouin’s diversity
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Figure 24. Chloride concentration in relation to streamflow at water-quality monitoring station 01481000, Brandywine Creek at Chadds

Ford, Pennsylvania, 1948-2013.

index (Moore, 1987), and data from 1981 to 1997 were evalu-
ated using a multi-metric approach (Reif, 2002). Data from
1998 to 2009 were used to establish the CC-IBI, which is an
index of biotic integrity that ranks community-level biologi-
cal attributes (structure, composition, pollution tolerance, and
diversity) in comparison to a reference or minimally disturbed
condition. The CC-IBI consists of the six biological metrics—
total taxa richness; modified Ephemeroptera, Plecoptera, Tri-
choptera (EPT) taxa richness; modified Hilsenhoff Biotic Index
(HBI); Beck’s Index (version 3); Shannon Diversity Index;

and percent sensitive taxa. The CC-IBI scores are based on a
0-100 scale with higher scores indicating better stream quality.
The CC-IBI has site-specific scores that are based on benthic-
macroinvertebrate samples collected from the network during
1998-2009 and related to reference conditions found in Chester
County (Reif, 2012).

Statistically significant upward trends in the CC-IBI were
observed at the two sites in the Brandywine Creek watershed—
West Branch Brandywine Creek at Modena, Pa. (01480617)
and East Branch Brandywine Creek below Downingtown, Pa.
(01480870) (table 19, fig. 30). Because benthic macroinverte-
brate communities act as integrators of the physical and chemi-
cal conditions, an upward trend in CC-IBI scores indicates
improving water quality and (or) habitat conditions. No trend
was observed for the remaining three sites listed in table 19.

Generally, extreme events, such as major storms and
droughts, are thought to have the greatest effect on stream
biota (Reif, 2002). Extreme events close to the sampling date
are thought to have had the greatest effect on the macroinver-
tebrate community sampled in the study area. Samples col-
lected after extreme low-flow or high-flow conditions gener-
ally had decreased CC-IBI (Reif, 2012).

Linear regression was used to determine whether a cor-
relation exists between the CC-IBI for 1998-2013 and the
(1) mean, minimum, and maximum daily streamflow in the
6 and 12 months prior to the day of sampling; (2) number of
days streamflow was less than the 10th percentile (90 percent
of streamflow was greater than the threshold) in the 6 months
prior to the day of sampling; (3) most recent peak streamflow
greater than a base; (4) number of days since the most recent
peak streamflow greater than a base; (5) largest peak stream-
flow greater than a base during the 6 and 12 months prior to
the day of sampling; (6) days since the largest peak streamflow
greater than a base during the 6 and 12 months prior to the
day of sampling; (7) total and maximum daily precipitation
in the 6 and 12 months prior to the day of sampling; and (8)
mean, minimum, and maximum monthly air temperature in
the 6 and 12 months prior to the day of sampling. There was
a poor correlation between the CC-IBI and all of these factors
(tables 20 and 21).
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Figure 25. Annual mean pH at stream water-quality stations 01481000, Brandywine Creek at Chadds Ford, Pennsylvania; 01480617,
West Branch Brandywine Creek at Modena, Pennsylvania; and 01480870, East Branch Brandywine Creek below Downingtown,

Pennsylvania, 1974-2013.

Benthic macroinvertebrate sampling sites at stream
water-quality monitoring stations East Branch Brandywine
Creek below Downingtown, Pa. (01480870) and West Branch
Brandywine Creek at Modena, Pa. (01480617) were selected
to allow comparison of the CC-IBI and stream water quality.
Linear regression was used to determine whether a correla-
tion exists between the CC-IBI for 1998-2013 and the mean,
minimum, and maximum stream water specific conductance,
pH, stream temperature, and dissolved oxygen concentration
in the 6 months prior to the day of sampling. The CC-IBI
correlated poorly with water-quality characteristics (table 22).
Benthic macroinvertebrate communities are controlled by a
multitude of factors beyond specific conductance, pH, stream

temperature, and dissolved oxygen concentration. Stream
chemistry and physical features, such as stream bottom habitat
and riparian conditions, have a great influence on the benthic
macroinvertebrate community.

Results of most of the trend analyses conducted on the
long-term streamflow, groundwater, precipitation, temperature,
water-quality characteristics and benthic macroinvertebrate
data indicated no significant trends. Significant trends in
annual mean specific conductance and CC-IBI values had the
largest slopes (1.033 to 2.289), indicating a relatively rapid
change. Significant trends in all other characteristics had
relatively small slopes (0.005 to 0.207), indicating a relatively
slow change (table 23).
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Figure 26. Annual mean dissolved oxygen concentration at water-quality station 01480617, West Branch Brandywine Creek at
Modena, Pennsylvania, 1974-2013.
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Figure 27. Mean monthly specific conductance at water-quality station 01480617, West Branch Brandywine Creek at Modena,
Pennsylvania, 1974-2013.
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Table 18. Correlation between monthly mean specific conductance and monthly mean streamflow and base flow at selected water-
quality monitoring stations in Chester County, Pennsylvania, 1974-2013.

[USGS, U.S. Geological Survey; numbers are the correlation coefficient, r2]

Correlation with Correlation with
USGS monthly mean streamflow monthly mean base flow
station Water-quality station y y
number Linear Log transform Linear Log transform
01480617 West Branch Brandywine Creek at Modena, Pa. 0.2684 0.260 0.4031 0.3953
01480870 East Branch Brandywine Creek below Downingtown, Pa. 0.3433 0.3627 0.4114 0.4284
01481000 Brandywine Creek at Chadds Ford, Pa. 0.2612 0.2612 0.3216 0.3277

Table 19. Kendall p-values for trends in Chester County Index of Biotic Integrity at selected streamgages in Chester County,
Pennsylvania, 1998-2013.

[USGS, U.S. Geological Survey; --, slope not significant; shading indicates significant trend; trends were considered significant if the p-value was less than 0.05;
p-value measures the significance of the trend, the lower the p-value, the greater the statistical significance; mi?, square miles; CC-IBI, Chester County Index of
Biotic Integrity]

USGS Drainage = Water-quality

station Station name area monitoring CC-IBI Slope
- . p-value

number (mi?) station
01472157 French Creek near Phoenixville, Pa. 59.1 No 0.235 -
01473169 Valley Creek at PA Turnpike Br near Valley Forge, Pa. 20.8 No 0.235 --
01480300 West Branch Brandywine Creek near Honey Brook, Pa. 18.7 No 0.767 --
01480617 West Branch Brandywine Creek at Modena, Pa. 55.0 Yes 0.003 1.821
01480870 East Branch Brandywine Creek below Downingtown, Pa. 89.9 Yes 0.023 1.033

Photo of Marsh Creek near Glenmoore, Pa. (Photograph provided by Andrew Reif, U.S. Geological Survey)
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Figure 30. Chester County Index of Biotic Integrity at station 01480870, East Branch Brandywine Creek below Downingtown,
Pennsylvania, 1998-2013.

Photo of Valley Creek near Valley Forge, Pa. (Photograph provided by Andrew Reif, U.S. Geological Survey)



Trends in Hydrologic and Water-Quality Conditions, and Estimation of Water Budgets Through 2013, Chester County, Pa.

40

"TIOAIOSY 91D YSIBJA WOIJ uonen3ar 0} JoLd pouruIo)op MOueans ased,

- - - - 651°0 LET'0 “Bd ‘UMOIBUIIMO( MO[aq 30aI1) dumApueIg Youelq ISeq 0L808+10
L00°0 0000 €50°0 £00°0 6L0°0 €00 "ed ‘BUOPOIA] 1B A1) dUIMAPUEIY [OURIE ISOM LT908%10
880°0 L90°0 2000 $01°0 0000 760°0 "ed [001g AQUOH IedU 0010 SUIMApURIE YouRIg ISOM 00€08+10
081°0 850°0 SIv'0 0500 €LT0 010°0 "ed ‘0510,] Ao[[eA Teau 1g iduny, vd e 3oo1) Ad[[eA 691€LY10
0€0°0 €€0°0 1€0°0 £€0°0 §20°0 100°0 "B “9[[IAXIU0Y 183U 331D YOUdL] LSTTLY10

syjuow 7| syjuow g
stjjuow z| )sed syjuow g )sed
”_mmm._ “__.n_, MM.“M Buninp aseq ”_mmm._ “_m_. “M.”M Bunnp aseq  aseq uey) 19)ealh mwMH“‘M_u
>>._.= EMP_ s uey) 1a)eaih >>._u= E“u‘_ s ueyy Jajeal  mopjweans ead Mo aEma‘_ s Jaquinu
H ¥ MOJjweains H ¥ MOJjWeains )se| aauis sheq 13 } aweu uonelg uone)s
yead jsafise| sead 1sabieq yead )sabie| yead 1saB.e7 yead )seq .
aauis sheq aouis sheq

aseq anoqe mojjweans yead yum uonejalio)

[puooas 1ad 3295 01qNd ‘S/()] BIBP OU ‘-~ (.1 JUIIOLFI0I UOTIB[ILIOD ST IdQUINN
‘oFe3wrans B I8 JBIA B SOW) 921Y) JO 9FRIOAL UR UO SINOO0 JBY) MOJUIBAIS 9SBQ,, PAYIoads B Paadxa 1By} MO[Weans 931e] B AJJUIPI 0} PAPUUIL ST , a5eq dA0QE Yead,, uiid) oy [, (AoAIng [ed130[090) "S'N ‘SOSN]

panunuUo)—e10z-8661 ‘BluBA/ASULa
‘Ayunoq Ja1sayg ui sabebweans pa10a|as 1e aseq e 8A0(E MOjjWealls yead pue mopjweans yum Aibaiu) anoig jo xapu| Aluno? 1aisayq ay3 Jo uone|alion ‘0z ajgelL

“IIOAIOSIY 031D YSIBJA WOl uone[ngar 0} Jorid PoUIULIO)Op MOPWLALS osed,

€10 6100 810°0 860°0 €100 2000 S00°0 00T°T, "ed “UMOJSUTUMO(] MO[dq 301 dUIMAPURIH YOURIE ISEE 0L808%10
£80°0 910°0 Sero 810°0 200°0 091°0 860°0 000°1 "B ‘BUSPOIA| 1B Y1) SUIMApURIE YoURIE ISOM LT1908%10
€10 611°0 2000 8600 6510 010°0 010°0 00S "ed “{oo1g ASUOH Jeau Yaa1) sutmApuelrg yourlg ISom 00€08¥10
9¢1°0 9L0°0 9000 (1 4N0] 901°0 OLL°0 650 009 “ed ‘0810 A9[[eA Jedu Ig IduIng Vd e oa1) Ao[[eA 691€LY10
6500 290°0 £€0°0 LEO0 0L1°0 c0T0 89C°0 000°T “ed “O[[IAXTUS0TJ TedU JdID) YOudI] LSITLYITO0

ploysaiyy

uey ssa| MOJJWeal)s MOJJWEal)S MOJJWEaNS MOJJWEINS MOJJWEINS MOJJeans (/)

moumeens  UMWDEW  wnwiuw ueaw wnwixew  WNWIUW ueaw MoJjweal)s Jaqunu
__a____o_:-mu yuow-zp  lpuow-zL  Yuow-g| ypuow-g ypuow-g9 Ypuow-g aseg aweu uonelg uonejs
sosn

MOJJWea)s YJIM uoie|alio)

[puooas 1ad 3095 01qNd ‘s/)] BIBP OU ‘-- (.1 JUIIOYFI0I UOTIB[ILIOD ST IdQUINN
‘oFedwrons B JB JBIA B SOWI) 921Y) JO 9FRIIAR UR UO SINOO0 JBY) MOJUIBAIS S, PAYIads B Paa9Xa 1By} MO[WeANS 931e] B AJJUIPI 0} PAPUIUI ST, 95eq dA0QE ead,, uiid) oy [, (AoAIng [ed130[0a0) "S'N ‘SOSN]

"©107-8661 ‘elueajAsuuad
‘Auno9 J81sayg ul sabebweal)s paoa|as 1e aseq e an0qe MOojjwealls yead pue mojjwealls yum Aibalul onoig Jo xapu| Ajunos 481sayg ayi Jo uoie|allo) ‘gz ajqeL



Ly

Evaluation of Long-Term Trends in Water-Quality Conditions

500 6Cl0 CLT0 S00°0 S00°0 6100 "B “UMOISUTUMO(] MO[dq 001 dUIMAPURIL [OURIE ISE 0L808%10
€000 0200 %00 981°0 LETO (440 "ed ‘BUOPOJA] 1B A1) duLmMApUEIg [OURIE ISOM LT908%10
syjuow g syjuow g syuoul g
syjuow g syjuow g syjuow g ised Bupinp sed Bunnp
ysed funnp
ysed Buninp ysed Buninp ysed Buunp aouejanpuod aJauejanpuod 39UB15NDU09 laquinu
Hd wnwixepy Hd wnwiuip Hd ueay aiy1oads aipaads 1onp aweu uone)s uonejs
aipaads ueapy
wnuwixep wnuwiup sasn

Hd yim uonejaiiog

22ue)ONpU0d 21J19ads YM uone|alio)

[1 ua10J000 UonE[1I09 ST IqUINN ‘AdAIng [e9150]00D) *S' M ‘SOSN]

"£102-8661 ‘eluBAJASUUB4 ‘Aluno? Ja1sayq ui suonels Aljenb-laiem paloajas

1@ JaleM WeaJls Ul uoneuaauod uabAxo panjossip pue ‘aineladwa) weans ‘Hd ‘9oueionpuod aiyoads yum AiBalu| a1no1g Jo xapuj AJunog 181say7 ay3 JO UONR[LI0) "2z 3lqelL

L90°0 €€0°0 cLO0 L90°0 €L10 110°0 ‘ed Q[[1AS9IR0D L90°0 2000 8100 10000°0 “ed ‘9[[1AS9IBOD
8¢0°0 7000 ¢s00 8¢€0°0 €L10 1€0°0 ‘ed “Q[1AS9IBOD 810 810 200070 £€00°0 ‘ed Q[[IAS9IBOD
8500 8¢0°0 091°0 85070 £€6¢€°0 15€°0 ‘ed ‘O[[IAS9ILOD 871°0 000 20000 €000 "ed “yoord AouoH
8¢€0°0 7000 Gs0'0 8¢0°0 €L1°0 1€0°0 “ed 1919 ISOM LETO ¥€C0 €Ccl1o 0820 “ed 191D ISOM
8€0°0 #00°0 Gs00 8¢0°0 €L10 1€0°0 "ed ‘Q[[IAXIU0YJ 9%0°0 Y90 0L0°0 YLEO "gd ‘2I00WUA[D
aimesadwa) aimesadwa) aimesad  ainmeradwa) aimesadwa) B — uone)s uoneydioaxd uoney uoneydioaxd woneydioaid uone)s
WNWIXeW  WNWIUIW  -Wa) ueaw  wnwixew wnwiuiw layjeam wnwixew -1dioaid [ejo)  winuwnxew U layjeam
ueaw yuow-gq |ej0} Yuow-gq
Yjuow-gj fjuow-gj fjuow-g| Yjuow-g Yjuow-9 VYVON fjuow-g| fjuow-g| fjuow-9 VYVON

ainjesadwia) J1e YyM uoe|alio)

uoneydioaid yym uonejaiion

uonensIuIWpY dLBydsowly pue d1uBaI() [RUOIRN Pal10a|as 1. ainjeladwa) Jie pue uoneydioaid yum Auibaiu| ai3oig Jo xapuj AJunog J81sayq 8yl 40 UoNe|a1I0)

[erueAjAsuudg “ed 1 QUSIOYJO0D UONL[ILIOD ST JOqUINN] {UONENSIUIUPY dLoydsouny pue o1uesoQ euoneN ‘vVvON]

"£102-8661 ‘elUBAJASUUBY ‘AIun0Y J81sayq Ul suoneIs

‘le 9lqel



Trends in Hydrologic and Water-Quality Conditions, and Estimation of Water Budgets Through 2013, Chester County, Pa.

42

¥L0°0- 6100 €10C—C861 "B( “9[IAXIUS0Y ] 183U H31D) YOUIL] LSYT-HD

LEO0- €00 €10TVL61 "ed ‘PO SPPEYD JB 231D SurmApueig L8ET-HD
910°0- L10°0 €107-€L61 "2d “BUOPOIN 1 021D AUIMAPUEIE YOURIE ISIM 1021-HD
720°0- 820°0 €107-1561 "ed ‘P10 SPPEYD Je YOOI dulmApueig 01-HD
S|aAa| Jalempunolb ueaw [enuuy— 3s8} UOIR|81I0)
6810 7100 71022961 "ed ‘P10 SPpEYD Je YOOI dulmApueig 00018%10
0500 200°0 71022161, ed PO SPPEYD T8 031D dutmApuelg 00018+10
81°0 0000 1102-TL61 "2d ‘UMOIUIUMOQ MO[dq Y1) SUIMAPUERIg Youel 1seq 0L808¥10
€80°0 2000 1102-9961 "2q “UMOIUIUMO(] TeAU YOII) UIMApuRIg youei 1seq 00L08¥10
6200 800°0 1107-0L61 "ed “BUSPOIA] T8 031D dUIMAPULIE YOUBIE ISIM L1908+10
800°0 9200 T102-0961 "2 “OOIg ASUOH 189U 9210 dUIMAPUEIE YOUBIE ISIM 00£08+10
9200 1000 71026961 "ed ‘9[[IAXIUS0YJ 18U 3931 YOUAL] LSTTLYIO

abieyasip aseq anoqe abieyasip yead— 18} U0le|a.io)

091°0 1070 e10c-1961 "B j001¢ AQUOH Tedu jo01) SUIMADUEIE YoURIE ISOM 00€08¥10

MO[jWweal)s uesw [enuuy— 1sal uoje[aliod

laquinu [[am 1o

ado|g anjea-d |jepua)| p10931 Jo poliad aweu uonels uonels $981

[ooueoyruSIs eonsne)s oy 193813 oy ‘ojqesrjdde jou ‘eN ‘onjea-d oy 1omof oy
‘puax) oy} Jo doueoyIuSIs oy seansedw onfea-d 01 °( ueyy ssof sem anfea-d oy J1 jueoyIuSIs PaIOPISUOD 0IOM SPULL], ‘UOHENSIUIWPY oLdYdsouw)y pue o1uesd() [euoneN ‘VVON AoAIng [e01830[000) ‘SN ‘SHSN]

"elueAjASUUB ‘AJUN0Y 181SBYY Ul SUOIRIS Iay1eam pue ‘s|jam ‘sabebiealns paras|as e Auibaju| anoig jo xapu| Alunoq 181say?
pue sonsialoeleya Aljenb-ialem ‘ainjesadwa) ‘uoneudioaid ‘sjaas| JazempunolB ‘Mmojyweais ul spualy ueaiiubis Ajjeansiels 10j sanjea-d |jepuay| jo Alewwng  "gg ajqel

61700 LTTO 810 £000°0 €700 6100 “ed ‘UMOISUTUMO(] MO[3q A1) durmApuerg youerq iseq 0L808%10
1000°0 €200 1000°0 SLOO 0100 6€1°0 “ed ‘BUIPOIA] 18 O3 SUIMAPURIF YOUBIL ISOM LT908¥10
syjuow g syjuow g syjuow g
ised Bupnp ised Bupnp ysed Bunnp syjuow g syjuow g sijuow g
uoleIU3IUCD  UONJRIIUBIUCD  UOIJRIJUIIUOD ysed Buninp ysed Buninp ysed Buunp
Jaqunu
uabAxo uabAxo uafiAxo ainjesadwa) aimesadwa) aimesadwa)
aweu uone)s uonejs
panjossip panjossip panjossip wnwixepy wnwiuipy ueapy
wnwixepy wnwiuipy ueapy s9sn
uafiAxo panjossip yym uonejaiio? aimesadwa) weains ylim uone|aiio?

[1 9ua10J000 UonE[LI09 ST IqUINN ‘AdAIng [e9150]00D) *S' M ‘SOSN]

panuiu0)—-¢10Z—8661 ‘BluBAASUUB4 ‘Aluno7 Ja1sayq ul suonels Aljenb-1aiem paloajas
1@ JaleM WeaJls Ul uoneuaauod uabAxo panjossip pue ‘aineladwa) weans ‘Hd ‘9oueionpuod aiyoads yum AiBalu| a1301g Jo xapuj AJunog 181say7 a3 JO UONR[LI0) "2z 3lqelL



43

Evaluation of Long-Term Trends in Water-Quality Conditions

‘p1odax ur den),

€60'1 €200 £107-8661 "Bd ‘UMOJBUIIMO(] MO[dq 31D SUIMAPURIE YOURIE ISeq 0L808710
128°1 £€00°0 €107-8661 "Bd ‘BUSPOIA] 1 A1) SUIMAPUBIE YOUEIE ISOM L1908¥10
AiBaju| anoig jo xapu| Ayuno? Jaisay)— 1sa} UO}e|81I0)
§20°0 w00 €10TYL61 "Bd ‘BUOPOA] JE 001D dUIMApURIE [OURIE ISOM L1908710
uone.uaduod uahAxo panjossIp ueaw |enuuy— 1sa} U0JR|8.I0)
190°0 0100 €10T4L61 "Bd ‘PIO SPPEYD 18 J931)) duimApuelg 00018%10
€500 810°0 €10T-YL61 "Bd ‘UMOIUIIAO(] MO[oq Y1) dulmApurlg youelg Ised 0L808710
ainjesadwa) Wealis Ueaw [enuUy— IS8} U01e|a110)
S00°0 0000 €10TVL61 “ed ‘P10, Sppey) 1€ Joa1)) dumApuere 0001810
1100 0000 €10T-YL61 "2d ‘UMO)SUIIAO(] MO[dq Y31 dutmApuelg youelq Iseq 0L808%10
800°0 0000 €10T-YL61 "Bd “BUOPOIA] JE 30AI)) duImApuRIg YourIg ISOM L1908%710
Hd ueaw [enuuy— 18} UO1R[1I0)
444 000°0 e10C—vL61 "ed ‘P10 SppeY)) 18 Joa1) duImApueIe 00018%10
68C°C 0000 €10THL61 "Bd “UMOIBUIUMO(] MOJdq Jd0I1) dUIMApURIE YDURIg ISeq 0L808%10
681°C 0000 €10T-YL61 "d ‘BUSPOIA] 1E 01D SUIMAPURIE YOUBIE ISOM L1908%10
99UBJINPUOI J1J193dS UBBW [BNUUY— IS8} U0)R[31I0)
$TI0 0000 £107T-€681 Bd 901D 1S9M VVON eN
110 vv0°0 €10T-S161 "Bd Q[IAXIU0YJ VVON EN
Hayuaiye4 saaibap g ueyl Jayealb Jo 0} |enba ainjesadwal wnwixew YHmM SAep Jo JaquinN— IS8} U0le|alio)
LOT0 0000 €10T—¢€681 “ed “191594D) 159M VVON BN
Hayuaiyeq saaibap gg ueyy Jarealb Jo 0} |enba ainjesadwal wnwiuiw Yum sAep Jo JaquinN— 3sa} Uoe|alio)
850°0- 6200 €10T—¢681 e “191594D) 159M VVON EN
Hayuaiye4 saaibap gg ueyy ssa| Jo 0} |enba ainjesadwa) wnwiXew Yum sAep Jo JaquinN— IS8} Uoe|aio)
0L0°0- 600°0 €10T—¢€681 e “191594D) 1S9M VVON EN
YL00- 1€0°0 €1oc=¢cIlel “Bd Q[IAXIU20YJ VVON BN
your |'g ueyy Jaiealb 1o 03 lenba uonendioaid yum sAep Jo JaquinN— 318} U0le|a1I0)
ado|s anjea-d ||epuay| pi02ai Jo poliad aweu uonelsg ioquind jjam o

uonejs S9SN

[2oueoyruSis [eonsnels ayy 1218213 oy ‘9[qesrdde jou ‘eN ‘onjea-d ay) 1omof ay)

‘puax) o) Jo odueoYIUSIS oY) saInseow anjea-d 01 uey) ssof sem onjea-d oy J1 JULIYIUSIS PAIOPISUOI dIOM SPUDL], UONENSIUIWPY dLIdYdsouny pue d1uedoQ [euoleN ‘VYON ‘AoAIng [ed180[000) ‘S ‘SOSN]

panuiuo)—-eiueajAsuuad ‘AJunoy 181says Ul SUOIIRIS Jay1eam pue ‘s|jam ‘sabebwieains paras|as 1e Auibau| anoig jo xapu| Alunoq 181say?
pue sonsialoeleya Aljenb-ialem ‘ainjesadwal ‘uoneudioaid ‘sjans| JarempunolB ‘Mmojyweains ul spualy uealiubis Ajjeansiels 10j sanjea-d [jepuay| jo Alewwng  "gg ajqel



44 Trends in Hydrologic and Water-Quality Conditions, and Estimation of Water Budgets Through 2013, Chester County, Pa.

Estimation of Water Budgets through
2013

Water budgets were previously developed for several
Chester County watersheds through cooperative projects with
the CCWRA (Cinotto and others, 2005; Sloto, 1994; Sloto,
2002; Vogel and Reif, 1993) and the Delaware River Basin
Commission (Sloto, 2004; Sloto and Buxton, 2005). For this
study, those water budgets were extended through 2013. In
addition, a water budget was developed for the Marsh Creek
watershed (fig. 31).

A water budget was developed for French Creek
upstream from streamgage 01472157 (French Creek near
Phoenixville) for 1969-2013 (table 24). Annual precipitation
ranged from 33 in. to 67 in. with an average of 47 in. Annual
streamflow ranged from 9 in. to 37 in. with an average of
21 in. Annual streamflow ranged from 22 percent of precipita-
tion to 61 percent of precipitation with an average of 44 per-
cent. Annual runoff ranged from 3 in. to 16 in. with an average
of 8 in. Annual base flow ranged from 6 in. to 20 in. with an
average of 13 in. Annual base flow ranged from 53 percent
of streamflow to 73 percent of streamflow with an average
of 61 percent. Annual base flow ranged from 14 percent of
precipitation to 37 percent of precipitation with an average of
27 percent. The annual change in groundwater storage ranged
from a loss of 5 in. to a gain of 4 in. with an average change
of 0.1 in. Annual evapotranspiration plus estimation errors
ranged from 19 in. to 30 in. with an average of 26 in.

A water budget was developed for Red Clay Creek
upstream from streamgage 01479820 (Red Clay Creek near
Kennett Square) for 1988-2013 (table 25). Annual precipita-
tion ranged from 34 in. to 75 in. with an average of 51 in.
Annual streamflow ranged from 12 in. to 38 in. with an
average of 21 in. Annual streamflow ranged from 26 percent
of precipitation to 58 percent of precipitation with an aver-
age of 41 percent. Annual runoff ranged from 3 in. to 20 in.
with an average of 7 in. Annual base flow ranged from 7 in.
to 21 in. with an average of 13 in. Annual base flow ranged
from 48 percent of streamflow to 82 percent of streamflow
with an average of 65 percent. Annual base flow ranged from
17 percent of precipitation to 38 percent of precipitation with
an average of 27 percent. The annual change in groundwater
storage ranged from a loss of 5 in. to a gain of 7 in. with an
average change of 0 in. Imports of water into the watershed
were obtained from the Chester Water Authority. Imports of
water into the watershed ranged from 3 in. to 4 in. with an
average of 3 in. Annual evapotranspiration plus estimation
errors ranged from 21 in. to 42 in. with an average of 33 in.

A water budget was developed for West Branch Bran-
dywine Creek upstream from streamgage 01480300 (West
Branch Brandywine Creek near Honey Brook) for 1974-2013
(table 26). Annual precipitation ranged from 29 in. to 64 in.
with an average of 46 in. Annual streamflow ranged from 9 in.
to 41 in. with an average of 21 in. Annual streamflow ranged
from 26 percent of precipitation to 69 percent of precipitation

with an average of 45 percent. Annual runoff ranged from 3 in.
to 21 in. with an average of 9 in. Annual base flow ranged
from 6 in. to 20 in. with an average of 12 in. Annual base flow
ranged from 41 percent of streamflow to 74 percent of stream-
flow with an average of 57 percent. Annual base flow ranged
from 14 percent of precipitation to 36 percent of precipitation
with an average of 25 percent. The annual change in ground-
water storage ranged from a loss of 4 in. to a gain of 4 in. with
an average change of 0 in. Annual evapotranspiration plus
estimation errors ranged from 18 in. to 31 in. with an average
of 25 in.

A water budget was developed for West Branch Bran-
dywine Creek upstream from streamgage 01480617 (West
Branch Brandywine Creek at Modena) for 1978-2013
(table 27). Annual precipitation ranged from 34 in. to 67 in.
with an average of 48 in. Annual streamflow ranged from
10 in. to 37 in. with an average of 21 in. Annual streamflow
ranged from 25 percent of precipitation to 58 percent of
precipitation with an average of 42 percent. Annual base flow
ranged from 7 in. to 19 in. with an average of 13 in. Annual
base flow ranged from 51 percent of streamflow to 74 percent
of streamflow in with an average of 62 percent. Annual runoff
ranged from 3 in. to 18 in. with an average of 8 in. Annual
base flow ranged from 15 percent of precipitation to 34 per-
cent of precipitation with an average of 26 percent. The annual
change in groundwater storage ranged from a loss of 4 in.
to a gain of 5 in. with an average change of 0 in. The annual
change in surface-water storage (Chambers Lake) ranged from
a decrease of 0.2 in. to an increase of 0.2 in. with an average
change of 0 in. Annual evapotranspiration, import/export esti-
mates and estimation errors ranged from 17 in. to 36 in. with
an average of 28 in.

A water budget for Broad Run upstream from streamgage
01480638 (Broad Run at Northbrook) was presented by
Cinotto and others (2005, p. 21) for April 2003 to March
2004. An annual (January 1 to December 31) water budget
for Broad Run upstream from the streamgage for 2005—13 is
presented in table 28. Annual precipitation ranged from 47 in.
to 69 in. with an average of 53 in. Annual streamflow ranged
from 17 in. to 30 in. with an average of 22 in. Annual stream-
flow ranged from 35 percent of precipitation to 49 percent
of precipitation with an average of 42 percent. Annual base
flow ranged from 13 in. to 22 in. with an average of 16 in.
Annual runoff ranged from 3 in. to 9 in. with an average of
6 in. Annual base flow ranged from 71 percent of streamflow
to 79 percent of streamflow with an average of 75 percent.
Annual base flow ranged from 28 percent of precipitation to
37 percent of precipitation with an average of 31 percent. The
annual change in groundwater storage ranged from a loss of
4 in. to a gain of 3 in. with an average change of 0 in. Annual
evapotranspiration plus estimation errors ranged from 24 in. to
36 in. with an average of 30 in.

A water budget was developed for Marsh Creek upstream
from streamgage 01480675 (Marsh Creek near Glenmoore)
for 1974-2013 (table 29). Annual precipitation ranged from
34 in. to 69 in. with an average of 49 in. Annual streamflow
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Table 24. Water budget for French Creek watershed upstream from streamgage 01472157, French Creek near Phoenixville,
Pennsylvania, 1969-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater storage]

Change in Evapotranspiration

Year Precipitation Streamflow Runoff Base flow groundwater and estimation
storage errors
1969 37.2 9.5 33 6.2 -0.2 27.9
1970 41.7 16.9 5.9 11.0 1.1 23.7
1971 53.9 24.9 11.2 13.7 0.5 28.5
1972 57.4 31.1 13.1 18.0 1.3 25.0
1973 514 26.8 10.4 16.4 -0.3 24.9
1974 44.9 17.9 5.5 12.4 -1.6 28.6
1975 55.7 26.1 9.9 16.1 0.4 29.2
1976 41.6 17.1 6.0 11.1 2.5 27.0
1977 48.2 19.1 8.3 10.8 2.8 26.3
1978 47.9 29.0 11.5 17.6 0.1 18.8
1979 59.7 315 14.0 17.6 -0.8 29.0
1980 33.7 15.6 43 11.3 -4.3 22.4
1981 39.3 8.7 3.2 5.5 2.5 28.1
1982 48.2 17.8 7.5 10.3 0.9 29.5
1983 55.6 27.0 11.5 15.5 0.9 27.8
1984 50.3 30.5 11.9 18.5 -1.7 21.6
1985 41.1 13.7 5.3 8.4 1.3 26.1
1986 43.1 16.9 6.6 10.3 0.6 25.7
1987 39.7 16.9 6.5 10.4 -0.2 23.1
1988 40.8 19.9 7.8 12.1 -1.4 223
1989 51.1 235 8.1 15.4 0.4 27.1
1990 47.8 18.8 6.9 12.0 0.4 28.5
1991 40.9 14.9 4.2 10.8 -1.7 27.8
1992 39.7 12.9 4.7 8.2 1.6 253
1993 49.6 23.6 9.8 13.7 0.3 25.8
1994 45.6 23.1 8.2 14.9 -0.5 23.1
1995 42.1 14.3 5.8 8.5 -0.3 28.0
1996 66.8 36.4 16.4 19.9 2.6 27.8
1997 38.5 16.1 43 11.8 -4.9 27.3
1998 43.7 19.2 7.5 11.8 -1.0 25.5
1999 49.2 16.1 7.6 8.5 45 28.5
2000 48.2 18.8 6.7 12.1 -0.5 29.9
2001 32.8 14.1 4.2 9.9 -3.9 22.6
2002 42.0 11.5 5.3 6.2 0.4 30.1
2003 63.2 36.6 16.4 20.2 1.3 254
2004 54.3 31.2 12.5 18.7 1.0 22.1
2005 45.8 25.7 10.6 15.1 0.8 19.2
2006 52.3 26.3 114 15.0 0.9 25.0
2007 48.9 21.2 8.7 12.5 0.7 27.0
2008 47.7 19.3 8.0 11.2 0.6 27.8
2009 52.7 24.0 9.6 14.4 0.8 27.9
2010 48.5 22.1 7.4 14.7 0.6 25.8
2011 62.4 323 14.7 17.6 1.2 28.9
2012 38.7 16.0 5.3 10.7 0.4 223
2013 48.2 20.3 7.5 12.8 0.6 27.3
Average 47.4 21.2 8.3 12.9 0.1 26.0

Standard deviation 7.6 6.8 3.4 3.7 1.7 2.8
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Table 25. Water budget for Red Clay Creek watershed upstream from streamgage 01479820, Red Clay Creek near Kennett Square,
Pennsylvania, 1988-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater storage.
Dark shading indicates imported water data were estimated]

o Change in Imported " Evapolraqspir_ation
Year Precipitation Streamflow Runoff Base flow groundwater water and estimation
storage errors
1988 43.9 16.4 5.1 11.2 -1.1 3.4 32.0
1989 50.1 24.4 8.8 15.6 3.2 3.4 259
1990 35.7 19.8 6.1 13.8 -1.4 3.4 20.7
1991 36.1 14.8 4.2 10.6 -3.0 34 27.7
1992 474 12.5 34 9.1 1.3 3.4 36.9
1993 56.2 222 8.8 13.4 1.5 3.4 35.8
1994 50.2 19.5 6.2 13.3 -2.6 34 36.7
1995 473 12.2 4.1 8.2 0.9 3.4 37.5
1996 75.1 314 13.2 18.1 5.0 3.5 42.3
1997 394 16.9 3.0 13.9 -4.9 3.5 30.9
1998 45.1 14.0 3.7 10.4 -1.4 3.2 35.7
1999 52.1 17.5 8.0 9.6 0.5 32 37.2
2000 51.1 19.4 6.8 12.6 1.2 33 33.7
2001 33.9 14.7 5.4 9.4 -1.6 3.4 24.2
2002 44.9 12.1 4.6 7.5 -0.2 2.9 35.9
2003 71.5 38.0 19.7 18.3 7.0 34 30.0
2004 62.5 36.0 15.0 21.0 -0.4 3.5 30.4
2005 46.6 25.2 7.4 17.8 -34 3.7 28.5
2006 50.3 20.2 7.3 12.9 -0.1 3.6 33.8
2007 51.5 21.0 7.5 13.5 -1.4 3.6 35.6
2008 46.7 17.2 5.0 12.2 -0.7 3.6 33.8
2009 56.3 233 8.4 15.0 3.0 3.5 335
2010 52.2 24.0 7.7 16.3 -2.0 3.5 33.8
2011 69.2 29.5 12.2 17.2 2.1 3.5 41.1
2012 47.7 16.2 4.5 11.7 -3.4 34 38.2
2013 534 224 7.9 14.5 2.3 34 322
Average 50.6 20.8 7.5 13.3 0.0 34 332
Standard deviation 10.4 7.0 3.9 3.5 2.7 0.2 5.0

"Tmported water data were obtained from the Chester Water Authority.
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Table 26. Water budget for West Branch Brandywine Creek watershed upstream from streamgage 01480300, West Branch
Brandywine Creek near Honey Brook, Pennsylvania, 1974-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater storage]

Change in Evapotranspiration

Year Precipitation Streamflow Runoff Base flow groundwater and estimation
storage errors
1974 41.1 17.1 5.7 11.5 -0.7 247
1975 54.6 277 12.2 15.5 0.7 26.2
1976 46.0 21.1 8.4 12.7 -2.4 273
1977 47.1 19.6 7.8 11.8 3.0 245
1978 49.8 29.5 15.1 14.4 -0.1 20.4
1979 53.6 333 18.3 15.1 -1.0 21.3
1980 34.4 15.8 4.9 10.9 -4.2 22.8
1981 345 9.2 3.0 6.2 1.1 242
1982 44.8 16.5 7.3 9.2 3.8 24.5
1983 52.5 26.4 12.6 13.7 2.6 235
1984 50.6 29.0 13.5 15.6 -1.6 232
1985 43.8 15.0 5.8 9.2 0.4 28.4
1986 393 16.9 7.0 10.0 1.5 20.9
1987 40.8 18.9 8.0 10.8 -1.5 23.4
1988 47.5 22.5 10.6 11.9 -0.4 25.4
1989 48.2 21.6 8.7 13.0 -0.3 26.9
1990 47.7 17.7 7.2 10.6 1.1 28.9
1991 38.1 12.8 35 9.3 2.4 277
1992 40.1 13.6 52 8.4 1.1 25.5
1993 46.8 23.0 9.4 13.5 -0.1 24.0
1994 432 22.0 9.2 12.7 0.6 20.6
1995 36.4 14.9 6.7 8.2 0.6 20.9
1996 59.7 41.2 21.2 20.0 0.5 18.0
1997 29.5 14.2 3.6 10.6 -34 18.7
1998 39.6 16.8 5.9 10.9 0.6 223
1999 35.6 15.9 7.7 8.2 0.5 19.2
2000 42.0 19.4 8.8 10.6 0.1 22.5
2001 40.1 12.8 52 7.6 -34 30.7
2002 42.7 11.3 5.4 5.9 3.7 27.7
2003 60.4 32.8 17.0 15.8 1.2 26.4
2004 55.7 27.1 11.9 15.3 1.0 27.5
2005 48.6 23.6 10.9 12.7 -0.5 25.6
2006 47.0 18.6 7.6 11.1 -0.7 29.1
2007 50.9 20.6 10.1 10.5 -1.2 31.5
2008 50.5 20.7 9.1 11.6 0.5 29.4
2009 54.7 24.0 11.1 12.9 2.0 28.7
2010 46.4 21.2 8.7 12.5 -3.4 28.6
2011 64.4 333 19.6 13.7 29 28.1
2012 40.1 16.0 6.0 10.0 -1.6 25.7
2013 52.4 23.8 11.0 12.8 0.8 27.7
Average 46.0 20.9 9.3 11.7 0.0 25.1

Standard deviation 7.6 6.8 43 2.8 1.9 34
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Table 27. Water budget for West Branch Brandywine Creek watershed upstream from streamgage 01480617, West Branch
Brandywine Creek at Modena, Pennsylvania, 1978-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater or surface-
water storage]

Evapotranspira-

o Change in Change in tion, import/export
Year Precipitation ~ Streamflow Runoff Base flow groundwater surface-water estimations and
storage storage estimation errors
1978 52.4 28.4 11.8 16.6 1.5 0.0 22.5
1979 60.4 35.1 15.8 19.4 0.2 0.0 25.1
1980 37.3 17.2 5.5 11.7 4.2 0.0 24.3
1981 39.1 9.9 2.8 7.1 4.8 0.0 24.4
1982 45.6 16.9 6.0 11.0 2.7 0.0 31.4
1983 55.9 254 10.1 153 2.6 0.0 279
1984 52.2 26.6 9.7 16.8 2.4 0.0 28.1
1985 42.1 13.1 5.0 8.1 0.2 0.0 28.8
1986 41.4 15.0 6.1 9.0 0.3 0.0 26.1
1987 43.7 17.0 6.4 10.6 -0.5 0.0 27.2
1988 45.1 19.0 7.6 11.3 -0.5 0.0 26.6
1989 51.3 22.7 8.2 14.5 -0.9 0.0 29.5
1990 49.2 19.1 7.1 12.1 0.9 0.0 29.2
1991 38.7 14.6 4.1 10.6 1.4 0.0 22.7
1992 43.8 13.7 5.6 8.1 -0.8 0.0 30.8
1993 51.5 24.5 9.9 14.6 -0.6 0.0 27.6
1994 46.7 22.0 8.1 13.9 0.8 0.0 23.9
1995 41.9 13.8 5.3 8.5 0.2 0.0 279
1996 67.4 37.4 18.3 19.1 -1.9 0.0 32.0
1997 34.4 15.9 4.1 11.8 1.7 0.0 16.8
1998 42.4 17.0 6.1 10.8 -0.1 -0.1 25.5
1999 443 16.2 6.9 9.3 -0.7 0.2 28.6
2000 45.8 20.3 7.5 12.8 -0.4 0.0 25.8
2001 39.7 14.2 43 9.9 1.7 -0.1 23.8
2002 45.0 11.5 4.7 6.9 -0.9 0.1 34.2
2003 65.4 357 16.2 19.5 -0.1 0.0 29.8
2004 55.7 27.0 9.5 17.5 -0.4 0.0 29.1
2005 51.5 24.1 9.6 14.5 0.1 0.0 273
2006 48.6 19.5 7.1 12.4 -0.2 0.0 29.3
2007 54.1 20.4 8.2 12.2 0.6 0.1 33.0
2008 50.5 18.7 7.0 11.8 0.1 0.0 31.7
2009 54.7 223 8.5 13.8 -0.6 0.0 33.0
2010 46.4 19.2 6.1 13.1 0.4 0.0 26.7
2011 64.4 29.2 12.2 17.0 -0.5 0.0 35.7
2012 40.1 159 4.8 11.1 0.7 0.0 23.4
2013 52.4 22.8 9.3 13.4 -0.4 1-0.2 30.2
Average 48.4 20.6 7.9 12.7 -0.0 0.0 27.8
Standard deviation 7.9 6.6 3.4 3.4 1.5 0.0 3.7

'Missing data from September 18 to November 7, 2013.
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Water budget for Broad Run watershed upstream from streamgage 01480638, Broad Run at Northbrook, Pennsylvania,

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater storage]

Change in Evapotranspiration
Year Precipitation Streamflow Runoff Base flow groundwater and estimation
storage errors
2005 46.6 229 5.6 17.3 -0.6 243
2006 50.3 20.3 5.9 14.4 -1.3 31.3
2007 51.5 245 7.1 17.4 0.1 26.9
2008 46.7 17.9 4.0 13.9 0.4 28.4
2009 56.3 21.8 5.9 159 1.1 334
2010 52.2 22.1 4.8 17.3 2.1 323
2011 69.2 30.2 8.6 21.6 2.4 36.5
2012 47.7 16.7 3.5 13.2 -3.8 34.8
2013 53.4 23.6 6.1 17.5 2.8 27.0
Average 52.7 22.2 5.7 16.5 -0.1 30.5
Standard deviation 6.6 3.7 1.5 2.4 2.0 39

ranged from 8 in. to 38 in. with an average of 21 in. Annual
streamflow ranged from 21 percent of precipitation to

56 percent of precipitation with an average of 42 percent.
Annual runoff ranged from 3 in. to 20 in. with an average

of 9 in. Annual base flow ranged from 5 in. to 19 in. with an
average of 12 in. Annual base flow ranged from 47 percent
of streamflow to 70 percent of streamflow with an average

of 56 percent. Annual base flow ranged from 12 percent of
precipitation to 31 percent of precipitation with an average of
23 percent. The annual change in groundwater storage ranged
from a loss of 6 in. to a gain of 6 in. with an average change of
0 in. Annual evapotranspiration plus estimation errors ranged
from 23 in. to 33 in. with an average of 28 in.

A water budget was developed for East Branch Brandy-
wine Creek upstream from streamgage 01480870 (East Branch
Brandywine Creek below Downingtown) for 1977-2013
(table 30). Annual precipitation ranged from 35 in. to 69 in.
with an average of 49 in. Annual streamflow ranged from
10 in. to 41 in. with an average of 23 in. Annual streamflow
ranged from 25 percent of precipitation to 62 percent of
precipitation with an average of 46 percent. Annual runoff
ranged from 3 in. to 17 in. with an average of 8 in. Base flow
is affected by releases from Marsh Creek Reservoir. Annual
base flow ranged from 7 in. to 25 in. with an average of 15 in.
Annual base flow ranged from 58 percent of streamflow
to 78 percent of streamflow with an average of 65 percent.
Annual base flow ranged from 18 percent of precipitation to
39 percent of precipitation with an average of 30 percent. The

annual change in groundwater storage ranged from a loss of
4 in. to a gain of 6 in. with an average change of 0 in. The
annual change in storage in Marsh Creek Reservoir ranged
from a decrease of 0.7 in. to an increase of 1.0 in. with an
average change of 0 in. Annual evapotranspiration, import/
export estimations, and estimation errors ranged from 23 in. to
35 in. with an average of 26 in.

A water budget was developed for the Brandywine
Creek upstream from streamgage 01481000 (Brandywine
Creek at Chadds Ford) for 1963-2013 (table 31). Annual
precipitation ranged from 34 in. to 70 in. with an average of
48 in. Annual streamflow ranged from 10 in. to 41 in. with an
average of 21 in. Annual streamflow ranged from 24 percent
of precipitation to 61 percent of precipitation with an aver-
age of 42 percent. Annual runoff ranged from 3 in. to 18 in.
with an average of 7 in. Base flow may be affected by releases
from Marsh Creek Reservoir, which began operating in 1973.
Annual base flow ranged from 7 in. to 24 in. with an average
of 13 in. Annual base flow ranged from 55 percent of stream-
flow to 77 percent of streamflow with an average of 65 per-
cent. Annual base flow ranged from 15 percent of precipitation
to 39 percent of precipitation with an average of 27 percent.
The annual change in groundwater storage ranged from a loss
of 5 in. to a gain of 5 in. in 1996 with an average change of
0 in. The annual change in surface-water storage (Marsh Creek
Reservoir and Chambers Lake) in the watershed ranged from
a decrease of 0.2 in. in 1988 to an increase of 0.7 in. in 1974
with an average change of 0 in. during 1973 to 2013. Annual
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Table 29. Water budget for Marsh Creek watershed upstream from streamgage 01480675, Marsh Creek near Glenmoore, Pennsylvania,
1974-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater storage]

Change in Evapotranspiration

Year Precipitation Streamflow Runoff Base flow groundwater and estimation
storage errors
1974 44.8 17.2 5.9 11.4 -2.0 29.5
1975 58.9 25.8 10.5 153 2.7 30.4
1976 47.0 19.5 7.9 11.5 -1.3 28.8
1977 49.2 19.2 7.8 11.4 1.3 28.8
1978 50.9 27.1 11.3 15.8 -0.4 242
1979 59.9 27.7 12.1 15.6 1.2 31.0
1980 34.5 14.4 4.3 10.1 -4.4 24.5
1981 38.6 8.3 3.5 4.8 -0.8 31.2
1982 44.7 18.1 8.9 9.2 3.1 23.5
1983 59.2 28.0 13.8 14.2 2.3 28.9
1984 54.9 30.9 14.0 16.9 -2.5 26.5
1985 459 13.6 6.5 7.1 1.1 31.2
1986 44.4 15.4 6.1 9.3 -1.7 30.8
1987 44.6 15.7 6.3 9.3 1.0 28.0
1988 44 .4 19.2 8.6 10.6 -0.4 25.7
1989 53.7 24.0 10.3 13.8 1.8 27.9
1990 47.6 17.9 7.8 10.1 -1.8 315
1991 41.0 14.6 5.7 8.9 -1.7 28.2
1992 41.6 13.9 6.1 7.8 0.9 26.7
1993 50.9 24.7 10.8 13.9 0.8 254
1994 472 22.5 10.4 12.1 -0.4 25.2
1995 41.8 14.3 6.5 7.8 -1.5 28.9
1996 68.8 38.4 19.5 18.9 6.0 243
1997 383 15.5 5.7 9.8 -6.0 28.8
1998 46.7 18.5 8.3 10.2 -0.3 28.5
1999 49.2 16.2 8.1 8.1 2.1 30.9
2000 47.2 20.0 7.7 12.2 0.5 26.7
2001 36.4 13.9 5.5 8.3 -34 259
2002 47.1 11.9 6.2 5.7 1.8 334
2003 67.8 37.1 17.9 19.3 4.7 26.0
2004 58.2 28.4 13.4 15.0 -0.4 30.3
2005 48.9 24.6 11.2 134 -2.1 26.4
2006 55.3 23.1 11.2 12.0 1.0 31.1
2007 50.8 20.7 9.7 11.1 -0.9 31.0
2008 51.2 19.0 8.9 10.1 1.0 313
2009 55.9 26.8 13.0 13.8 0.5 28.5
2010 46.0 20.1 8.3 11.7 -1.8 27.8
2011 66.5 323 16.9 153 2.3 31.9
2012 42.0 16.5 7.3 9.2 -2.7 28.2
2013 51.7 21.9 10.4 11.5 1.0 28.8
Average 49.3 20.9 9.4 11.6 0.0 28.4

Standard deviation 8.0 6.7 3.6 33 2.3 2.5
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Table 30. Water budget for East Branch Brandywine Creek watershed above streamgage 01480870, East Branch Brandywine Creek
below Downingtown, Pennsylvania, 1977-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater or surface-water storage. Positive change indicates an increase in ground-
water or surface-water storage]

Evapotranspiration,

Change in Change in import/export

Year Precipitation ~ Streamflow Runoff Base flow  groundwater surface-water estimations and
storage storage estimation errors
1977 49.9 20.5 7.46 13.1 1.8 0.1 27.5
1978 51.6 29.6 10.6 19.0 -0.5 -0.4 22.9
1979 59.5 343 13.43 20.8 0.1 -0.1 25.2
1980 35.4 15.5 3.45 12.1 -3.3 0.2 23.0
1981 39.0 9.7 2.68 7.1 -0.2 0.0 29.5
1982 453 20.6 8.18 12.4 1.8 -0.3 233
1983 57.0 30.9 13.14 17.8 3.3 0.6 222
1984 53.7 333 12.39 20.9 2.8 -0.4 23.6
1985 44.1 15.1 5.76 9.3 1.0 0.1 27.9
1986 42.9 18.3 5.96 12.3 -0.3 0.0 24.9
1987 42.8 18.0 5.71 12.3 -0.7 0.3 25.2
1988 46.5 21.2 7.18 14.0 -0.2 -0.7 26.2
1989 52.3 25.8 9.39 16.4 0.7 0.4 25.4
1990 47.5 19.7 6.42 13.3 -0.2 0.4 27.6
1991 40.7 16.4 4.69 11.7 -0.7 -0.3 25.2
1992 41.7 14.5 4.66 9.8 1.0 -0.0 26.3
1993 50.2 26.2 10.62 15.6 -1.1 -0.0 25.1
1994 47.7 23.2 8.53 14.7 -0.1 -0.0 24.6
1995 41.1 14.8 5.35 9.5 0.8 -0.0 25.6
1996 69.3 41.3 17.42 23.9 2.1 -0.1 26.0
1997 37.4 17.8 4.29 13.5 -4.3 0.1 23.8
1998 44.7 18.0 5.94 12.1 -0.0 0.1 26.6
1999 48.1 17.2 6.62 10.6 2.4 -0.0 28.5
2000 47.5 22.0 7.98 14.0 0.2 0.0 25.2
2001 36.4 15.4 3.98 11.4 -34 -0.1 24.5
2002 453 12.7 4.25 8.5 6.1 0.2 26.3
2003 66.8 41.0 16.05 24.9 1.5 0.5 23.8
2004 58.3 30.9 10.12 20.7 2.1 -0.1 25.5
2005 48.7 259 9.05 16.8 -1.7 -0.1 24.6
2006 51.3 26.3 9.78 16.6 0.3 -0.0 247
2007 51.5 24.6 9.16 154 -0.8 -0.0 27.7
2008 49.7 20.6 6.43 14.2 -1.0 1.0 29.1
2009 55.6 26.1 8.39 17.7 1.1 0.2 28.2
2010 47.9 24.0 7.2 16.8 1.7 -0.3 22.6
2011 66.6 34.7 14.6 20.1 -2.8 0.2 34.5
2012 43.0 17.8 5.39 12.4 1.9 -0.5 23.7
2013 524 23.9 8.37 15.6 0.8 0.5 27.1
Average 48.9 229 8.1 14.8 0.2 0.0 25.8

Standard deviation 8.0 7.5 35 42 2.0 0.3 2.3




evapotranspiration, import/export estimations, and estimation
errors ranged from 22 in. to 32 in. with an average of 27 in.
A water budget was developed for Big Elk Creek
upstream from streamgage 01495000 (Big Elk Creek at Elk
Mills, Md.) for 1988-2013 (table 32). Annual precipitation
ranged from 35 in. to 64 in. with an average of 47 in. Annual
streamflow ranged from 9 in. to 34 in. with an average of
20 in. Annual streamflow ranged from 23 percent of pre-
cipitation to 57 percent of precipitation with an average of
41 percent. Annual runoff ranged from 3 in. to 16 in. with
an average of 7 in. Annual base flow ranged from 6 in. to
18 in. with an average of 12 in. Annual base flow ranged
from 51 percent of streamflow to 76 percent of streamflow
with an average of 63 percent. Annual base flow ranged from
14 percent of precipitation to 37 percent of precipitation with
an average of 26 percent. Imports of water into the water-
shed ranged from 0.4 in. to 0.09 in. from 1997 to 2013. The
annual change in groundwater storage ranged from a loss of
4 in. to a gain of 8 in. with an average change of 0 in. Annual
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evapotranspiration, import/export estimations, and estimation
errors ranged from 20 in. to 34 in. with an average of 28 in.
An average water budget was calculated for Chester
County using the nine watersheds (table 33). Average annual
precipitation ranged from 35 in to 67 in. with an average of
48 in. Average annual streamflow ranged from 9 in. to 37 in.
with an average of 21 in. Average annual streamflow ranged
from 24 percent of precipitation to 59 percent of precipita-
tion with an average of 43 percent. Average annual runoff
ranged from 3 in. to 17 in. with an average of 8 in. Average
annual base flow ranged from 6 in. to 20 in. with an average
of 13 in. Average annual base flow ranged from 53 percent
of streamflow to 75 percent of streamflow with an average of
62 percent. Average annual base flow ranged from 15 percent
of precipitation to 35 percent of precipitation with an average
of 27 percent. The average annual change in groundwater stor-
age ranged from a loss of 4 in. to a gain of 3 in. with an aver-
age of 0 in. Average annual evapotranspiration plus estimation
errors ranged from 22 in. to 33 in. with an average of 27 in.

Photo of West Branch Brandywine Creek at Modena, Pa. (Photograph provided by Andrew Reif, U.S. Geological Survey)
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Table 31. Water budget for Brandywine Creek watershed upstream from streamgage 01481000, Brandywine Creek at Chadds Ford,
Pennsylvania, 1963-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater or surface-water storage. Positive change indicates an increase in ground-
water or surface-water storage]

Evapotranspiration,

Change in Change in import/export

Year Precipitation ~ Streamflow Runoff Base flow groundwater surface-water o
estimations and
storage storage N
estimation errors
1963 35.1 11.4 4.8 6.6 -0.7 0.0 24.4
1964 37.7 15.5 5.2 10.3 0.5 0.0 21.7
1965 34.5 10.7 2.9 7.8 0.2 0.0 23.6
1966 41.8 11.9 4.8 7.1 -0.6 0.0 30.5
1967 429 17.9 6.4 11.5 3.0 0.0 22.0
1968 40.6 17.7 5.7 12.0 -1.6 0.0 24.5
1969 41.4 114 4.0 7.4 -1.0 0.0 31.0
1970 45.1 19.6 6.1 13.2 2.0 0.0 23.5
1971 55.2 29.1 12.4 16.6 0.6 0.0 25.5
1972 54.4 28.3 9.5 18.9 1.7 0.0 24.4
1973 51.6 26.5 8.3 17.9 -0.4 0.0 25.5
1974 43.9 18.5 4.4 13.5 -2.0 0.7 26.7
1975 58.4 29.8 10.5 19.4 0.8 -0.1 27.9
1976 43.6 18.2 52 12.8 -2.0 0.1 27.3
1977 49.7 17.8 7.1 10.7 3.0 0.0 28.9
1978 523 28.8 11.2 17.8 -0.8 -0.1 24.4
1979 62.2 36.7 15.4 21.2 -0.2 -0.0 25.7
1980 35.8 17.1 4.5 12.6 -3.0 0.1 21.6
1981 40.8 9.7 3.0 6.7 1.0 0.0 30.1
1982 46.2 17.0 6.6 10.6 -1.1 -0.1 30.4
1983 58.0 27.3 10.1 17.0 4.4 0.2 26.1
1984 51.9 29.7 9.6 20.3 2.2 -0.1 24.5
1985 42.5 12.7 44 8.3 -1.6 0.0 314
1986 42.7 15.6 5.0 10.6 2.2 0.0 24.9
1987 42.1 16.5 5.4 11.1 0.6 0.1 24.9
1988 44.0 17.6 6.7 10.8 -0.4 -0.2 27.0
1989 51.6 24.9 8.4 16.5 1.5 0.1 25.1
1990 45.5 18.4 6.1 12.3 0.2 0.1 26.7
1991 38.6 15.0 4.6 10.5 2.5 -0.1 26.2
1992 44.1 13.2 4.4 8.8 2.0 -0.0 28.9
1993 52.5 23.7 9.5 14.2 -0.3 0.0 29.1
1994 47.7 23.3 8.6 14.7 -2.0 0.0 26.5
1995 43.2 13.6 52 8.4 0.9 -0.0 28.7
1996 69.7 39.1 15.4 23.7 4.6 -0.0 26.0
1997 36.6 17.3 4.1 133 -4.7 0.0 24.0
1998 44.1 16.6 6.0 10.6 -1.0 0.0 28.6
1999 47.5 17.2 7.5 9.7 33 0.0 26.9
2000 474 20.7 7.6 13.1 -1.7 0.0 28.4
2001 374 14.4 4.2 10.3 -2.0 -0.1 25.1
2002 45.5 10.9 4.2 6.7 3.8 0.1 30.7
2003 67.6 40.8 18.3 22.5 2.7 0.2 24.0
2004 58.0 31.2 12.3 19.0 -0.9 -0.0 27.7
2005 49.6 24.3 9.3 15.0 -0.7 -0.0 26.1
2006 50.7 22.3 8.5 13.8 -0.3 -0.0 28.8
2007 52.5 22.7 8.3 14.4 -0.3 0.0 30.1
2008 49.5 18.2 6.1 12.1 -0.4 0.3 31.4
2009 55.6 22.8 8.2 14.5 2.4 0.1 30.4
2010 48.2 23.5 7.3 16.3 -3.5 -0.1 28.3
2011 66.7 323 13.8 18.6 34 0.1 30.9
2012 43.2 17.3 4.8 12.5 2.4 -0.1 28.5
2013 52.5 22.1 8.0 14.1 -0.6 0.1 30.9
Average 47.8 20.8 7.4 133 0.1 0.0 27.0

Standard deviation 8.2 7.4 34 4.2 2.1 0.1 2.7
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Table 32. Water budget for Big Elk Creek watershed upstream from streamgage 01495000, Big Elk Creek at EIk Mills, Maryland,
1988-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwater storage]

Evapotranspiration,

Change in .
Year Precipitation Streamflow Runoff Base flow groundwater e::}g;:{g::g: d
storage estimation errors
1988 42.1 16.9 6.6 10.3 -0.6 25.8
1989 52.7 253 10.1 15.2 5.9 21.5
1990 50.2 18.6 5.6 13.0 -1.4 33.0
1991 36.0 13.8 3.5 10.3 -3.1 253
1992 42.5 13.8 5.0 8.8 -1.4 30.1
1993 49.9 22.4 8.3 14.1 33 242
1994 46.5 21.2 7.9 133 -3.9 29.2
1995 38.5 11.6 4.6 7.0 -1.9 28.8
1996 61.7 33.7 16.3 17.4 8.3 19.7
1997 35.5 17.3 4.1 13.2 -4.0 22.2
1998 41.0 14.6 5.0 9.6 -0.1 26.6
1999 533 16.8 8.4 8.4 2.8 33.7
2000 44.4 18.6 6.7 11.9 -0.4 26.2
2001 352 12.9 4.6 8.3 -2.6 249
2002 40.8 9.3 3.7 5.6 1.9 29.6
2003 64.4 29.9 14.2 15.7 7.1 27.4
2004 54.0 30.7 12.5 18.2 -0.8 24.1
2005 42.0 22.0 6.8 15.2 -1.9 21.9
2006 49.0 19.2 7.1 12.1 -0.7 30.5
2007 422 18.6 6.1 12.5 -1.9 25.5
2008 46.5 14.3 4.8 9.5 -0.3 325
2009 554 21.1 8.3 12.8 33 31.0
2010 47.1 22.6 6.8 15.8 -2.3 26.8
2011 62.9 28.4 12.4 16.0 2.7 31.8
2012 45.3 159 4.9 11.0 -3.7 33.1
2013 55.0 23.6 9.6 14.0 1.8 29.6
Average 47.5 19.7 7.5 12.3 0.2 27.5

Standard deviation 8.1 6.1 33 32 33 39




56 Trends in Hydrologic and Water-Quality Conditions, and Estimation of Water Budgets Through 2013, Chester County, Pa.

Table 33. Average water budget in Chester County, Pennsylvania, based on 2 to 9 individual watershed water budgets, 1969-2013.

[Values are in inches per year. Negative change indicates a decrease in groundwater storage. Positive change indicates an increase in groundwate storage]

Number of
individual water Changein  Evapotranspiration
Year budgets used  Precipitation  Streamflow Runoff Base flow groundwater and estimation
to calculate storage errors
average
1969 2 39.3 10.5 3.7 6.8 -0.6 29.4
1970 2 43.4 18.2 6.0 12.1 1.5 23.6
1971 2 54.6 27.0 11.8 15.2 0.6 27.0
1972 2 55.9 29.7 11.3 18.4 1.5 24.7
1973 2 51.5 26.6 9.3 17.2 -0.4 25.2
1974 4 43.7 17.7 54 12.2 -1.6 27.4
1975 4 56.9 27.3 10.8 16.6 1.2 28.4
1976 4 44.6 19.0 6.9 12.0 -2.0 27.6
1977 4 48.8 19.2 7.7 11.5 2.4 27.3
1978 6 50.5 28.8 11.9 16.9 -0.4 222
1979 6 59.0 32.7 14.6 18.0 -0.1 26.5
1980 6 34.8 15.7 43 11.4 -3.8 23.0
1981 6 38.5 9.1 3.1 6.0 0.7 28.7
1982 6 45.8 18.0 7.7 10.3 1.7 26.4
1983 6 56.5 27.9 12.2 15.6 2.7 259
1984 6 523 30.7 12.3 18.5 2.2 24.1
1985 6 43.5 14.0 5.5 8.5 0.4 29.2
1986 6 425 16.6 6.1 10.5 0.4 25.6
1987 6 42.0 17.2 6.4 10.8 -0.2 25.1
1988 8 51.4 24.0 9.0 15.1 1.5 26.3
1989 8 46.4 18.8 6.6 12.1 -0.3 28.4
1990 8 38.8 14.6 43 10.3 -1.7 26.5
1991 8 42.6 13.5 4.9 8.6 0.7 28.9
1992 8 51.0 23.8 9.7 14.1 0.5 27.3
1993 8 46.9 22.1 8.4 13.7 -1.0 26.3
1994 8 41.5 13.7 54 8.3 -0.0 28.4
1995 8 67.3 373 17.2 20.1 34 273
1996 8 36.2 16.4 4.1 12.2 -3.8 24.2
1997 8 43.4 16.8 6.0 10.8 -0.4 27.6
1998 8 47.4 16.6 7.6 9.1 1.9 29.4
1999 8 46.7 19.9 7.5 12.4 -0.1 27.4
2000 8 36.5 14.1 4.7 9.4 2.3 253
2001 8 44.2 11.4 4.8 6.6 2.1 31.1
2002 8 65.9 36.5 17.0 19.5 32 26.7
2003 8 57.1 30.3 12.1 18.2 0.2 27.2
2004 8 47.7 24.4 9.3 15.1 -1.2 25.1
2005 9 47.6 24.2 8.9 15.3 -1.1 25.0
2006 9 50.5 21.8 8.4 13.4 -0.1 29.4
2007 9 50.4 21.6 8.3 13.3 -0.6 29.9
2008 9 48.8 18.4 6.6 11.8 0.0 30.7
2009 9 55.2 23.6 9.1 14.5 1.5 30.7
2010 9 48.3 22.1 7.2 14.9 -1.4 28.2
2011 9 65.8 31.4 13.9 17.5 1.5 334
2012 9 43.1 16.5 5.2 11.3 -1.6 28.8
2013 9 524 22.7 8.7 14.0 1.0 29.1
Average 48.4 21.4 8.3 13.1 0.1 27.2

Standard deviation 7.6 6.7 34 3.5 1.6 2.3




Summary and Conclusions

Chester County, Pennsylvania, has experienced a rapid
increase in population since 1950. Most of this population
growth is suburban with the conversion of farmland and
woodland to housing developments and commercial uses.
During 1963-2013, hydrologic data, including streamflow,
groundwater levels, and surface-water quality, have been col-
lected by the U.S. Geological Survey (USGS) on a systematic
basis. This study, conducted by the USGS in cooperation with
the Chester County Water Resources Authority, evaluated the
long-term trends in hydrologic data.

Annual and monthly mean streamflow, base flow, and
runoff were tested for statistically significant trends for the
period of record for 10 streamgages. The only statistically
significant trend for annual mean streamflow was for West
Branch Brandywine Creek near Honey Brook Pa. (01480300),
which increased 1.6 cubic feet per second (ft¥/s) per decade.
The greatest increase in monthly mean streamflow was for
Brandywine Creek at Chadds Ford, Pa. (01481000) for
December; the increase was 47 ft¥/s per decade.

The magnitudes of annual peaks and, where available,
peaks above the base streamflow were tested for statistically
significant trends for the period of record for 11 streamgages.
Fifty percent of the streamgages showed a small statistically
significant increase. The greatest increase was for Brandywine
Creek at Chadds Ford, Pa. (01481000) for 1962-2012; the
increase was 1.8 ft¥/s per decade. The frequency and num-
ber of floods equal to or greater than the 2-year recurrence
interval (for this report considered bank full flow) were tested
for statistically significant trends for the period of record for
11 streamgages. There were no statistically significant trends
for peak streamflow equal to or greater than the 2-year recur-
rence interval or the number of annual peak streamflows at or
above the 2-year recurrence interval.

Annual mean water level below land surface, annual
minimum (highest) water level, maximum (lowest) water
level, and annual range in water-level fluctuations were evalu-
ated for 21 monitoring wells for statistically significant trends.
Four wells exhibited a small statistically significant increase
in annual mean water level that ranged from 0.16 to 0.74 foot
per decade. No wells had a statistically significant decrease
in annual mean water level. Well CH-10 was the only well to
exhibit a statistically significant increase in annual range of
water-level fluctuation.

Most of the correlations that were conducted to evaluate
water resources in Chester County between 1970 and 2013
indicated no significant increase or decrease in streamflow,
base flow, or groundwater levels. Trends that were significant
generally had slopes that indicate the changes were small and
occurred gradually.

Long-term precipitation and temperature data for Chester
County are available from the West Chester (1893-2013) and
Phoenixville (1915-2013) National Oceanic and Atmospheric
Administration (NOAA) weather stations. There were no
statistically significant trends in annual mean precipitation
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or annual mean temperature for either weather station. Both
weather stations showed a decrease in the number of days per
year with precipitation greater than or equal to 0.1 inch (in.);
however, there was no statistically significant trend in the
number of days per year with precipitation greater than or
equal to 0.5 or 1 in. Average annual estimated winter snowfall
ranged from 2.9 in. during the winter of 197172 to 81.8 in.
during the winter of 1995-96. No statistically significant trend
was determined for annual snowfall amounts.

Annual mean minimum and maximum temperature from
the NOAA Southeastern Piedmont Climate Division increased
0.2 degrees Fahrenheit (F) per decade between 1896 and 2014.
No statistically significant trend was determined for the num-
ber of days per year with temperature greater than or equal to
0 degrees F at either weather station. The number of days with
a maximum temperature greater than or equal to 90 degrees F
increased at West Chester and decreased at Phoenixville. At
West Chester the number of days per year with a maximum
temperature equal to or greater than 90 degrees F increased
1.3 days per decade, whereas at Phoenixville, the number of
days per year decreased 1.1 days per decade.

Three stream water-quality monitors have been in opera-
tion on the Brandywine Creek since 1965. The monitors
operate in non-winter months (March 1 through November 30)
and measure pH, specific conductance, temperature, and dis-
solved oxygen concentration. Because of regulation by Marsh
Creek Reservoir beginning in 1974, and to provide a concur-
rent period of record for analysis, data from 1974 to 2014
were evaluated for the three stream water-quality stations.
Minimum pH less than 6.0 was uncommon at any of the three
stream water-quality stations. Maximum daily pH greater than
9.0 was rarely measured at East Branch Brandywine Creek
below Downingtown, Pa. (01480870) or Brandywine Creek at
Chadds Ford, Pa. (01481000) but was regularly measured at
West Branch Brandywine Creek at Modena, Pa. (01480617).
Prior to 1988, it was common in the summer months for mini-
mum daily dissolved oxygen concentrations at East Branch
Brandywine Creek below Downingtown, Pa. (01480870) and
West Branch Brandywine Creek at Modena, Pa. (01480617)
to be less than 6 milligrams per liter (mg/L). Since 1988, the
number of days the minimum dissolved oxygen was less than
6 mg/L has decreased at East Branch Brandywine Creek below
Downingtown, Pa. (01480870) and West Branch Brandywine
Creek at Modena, Pa. (01480617). The monitoring data
indicate a substantial improvement in the pH and dissolved
oxygen concentration in the Brandywine Creek over time.

Trends were evaluated for 1974-2013 for annual mean
specific conductance, pH, stream temperature, and dis-
solved oxygen concentration. Statistically significant upward
trends were observed for annual mean specific conductance
at all three stream water-quality stations. The increase in
specific conductance was 22 microsiemens per centimeter
at 25 degrees Celsius (uS/cm at 25 °C) per decade at West
Branch Brandywine Creek at Modena, Pa. (01480617) and
23 puS/em at 25 °C per decade at East Branch Brandywine
Creek below Downingtown, Pa. (01480870) and Brandywine
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Creek at Chadds Ford, Pa. (01481000). If the current trend
continues, the annual mean specific conductance could be as
high as 395-444 uS/cm at 25 °C at the three sites by 2050.
This indicates that total dissolved solids load has been increas-
ing with time at the three stream water-quality monitoring
stations. The increase in specific conductance likely is due to
increases in chloride. The chloride concentration has increased
steadily over time at all three stream water-quality monitoring
stations.

Statistically significant upward trends in pH were
observed at all three water-quality stations. The increase in pH
is very small, only 0.08 pH unit per decade at Modena, 0.1 pH
unit per decade at Downingtown, and 0.04 pH unit per decade
at Chadds Ford.

Statistically significant upward trends in stream tempera-
ture were observed for the East Branch Brandywine Creek
below Downingtown, Pa. (01480870) and Brandywine Creek
at Chadds Ford, Pa. (01481000) stations. The increase in
stream temperature was 0.5 degree Celsius (C) (0.9 degree F)
per decade at East Branch Brandywine Creek below Down-
ingtown, Pa. (01480870) and 0.6 degree C (1 degree F) per
decade at Brandywine Creek at Chadds Ford, Pa. (01481000).
There was a statistically significant increase in dissolved
oxygen concentration at West Branch Brandywine Creek at
Modena, Pa. (01480617); the increase is 0.2 milligrams per
liter per decade. Virtually no correlation was found between
monthly mean specific conductance and mean monthly
streamflow or base flow.

The Stream Conditions of Chester County Biological
Monitoring Network was established in 1969. Data from 1998
to 2009 were used to establish the Chester County Index of
Biotic Integrity (CC-IBI). The CC-IBI from 1998 to 2013
was evaluated for the five biological sampling sites located at
streamgages. CC-IBI scores are based on a 0-100 scale with
higher scores indicating better stream quality. Statistically sig-
nificant upward trends in the CC-IBI were observed at the two
sites in the Brandywine Creek watershed—West Branch Bran-
dywine Creek at Modena, Pa. (01480617) and East Branch
Brandywine Creek below Downingtown, Pa. (01480870). No
trend was observed for the other three sites evaluated.

Linear regression was used to determine whether a cor-
relation exists between the CC-IBI for 1998-2013 and (1)
mean, minimum, and maximum daily streamflow during the
6 and 12 months prior to the day of sampling; (2) the most
recent large peak streamflow; (3) days since most recent large
peak streamflow; (4) greatest peak streamflow during the 6
and 12 months prior to the day of sampling; (5) days since the
largest peak streamflow during the 6 and 12 months prior to
the day of sampling; (6) number of days streamflow was less
than a selected low threshold streamflow in the 6 months prior
to the day of sampling; (7) total and maximum daily precipita-
tion during the 6 and 12 months prior to the day of sampling;

and (8) mean, minimum, and maximum monthly air tempera-
ture during the 6 and 12 months prior to the day of sampling.
The CC-IBI was poorly correlated with all of these factors.

Linear regression was used to determine whether a cor-
relation exists between the CC-IBI for 1998-2013 and the
mean, minimum, and maximum stream specific conductance,
pH, stream temperature, and dissolved oxygen concentration
at East Branch Brandywine Creek below Downingtown, Pa.
(01480870) and West Branch Brandywine Creek at Modena,
Pa. (01480617) during the 6 months prior to the day of
sampling. The CC-IBI did not correlate with water quality. A
single factor is not responsible for changes in the biological
community over time.

Water budgets were developed for nine Chester County
watersheds. An average water budget was calculated for Ches-
ter County using data from the nine watersheds. Annual pre-
cipitation ranged from 35 in to 67 in. with an average of 48 in.
Average annual streamflow ranged from 9 in. to 37 in. with
an average of 21 in. Average annual runoff ranged from 3 in.
to 17 in. with an average of 8 in. Average annual base flow
ranged from 6 in. to 20 in. with an average of 13 in. Average
annual base flow ranged from 15 percent of precipitation to
35 percent of precipitation with an average of 27 percent. The
average annual change in groundwater storage ranged from a
loss of 4 in. to a gain of 3 in. with an average of 0 in. Average
annual evapotranspiration plus estimation errors ranged from
22 in. to 33 in. with an average of 27 in.
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