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INTRODUCTION

One of the principle objectives of water quality monitoring
is the detection of trends. Monitoring of trends is important
for the assessment of environmental pollution changes due to
variations in land use practices (Gilbert, 1987). These changes
may be the consequence of city growth, industry expansion,
erosion from farmlands, or the creation of new hazardous waste
storage facilities. Monitoring to detect trends is also an
important component of water quality management. Monitoring for
trends can be used to evaluate the effectiveness of management
programs, and to identify new problems that may lead to changes

in those programs.

The ability ("power") of a monitoring program to detect
trends can be assessed by approaching the problem in a
statistical hypothesis testing framework. Power, for a given
confidence level and number of observations, is referred to as
the probability of detecting a trend of a certain magnitude when
one actually exists. In statistics terminology, power is the
probability of rejecting the null hypothesis of no trend when a
trend actually exists. For the appropriate statistical trend
test, power is a function of the confidence level (probability
that the result of the test indicates no trend when the time

series does not have a trend), the number of observations, the



trend magnitude, and the standard deviation of the water quality

parameter time series under consideration.

In general, a power analysis of a monitoring station for a
given water quality parameter requires the following steps:
Selection of a statistical trend test that best suits the data
set being analyzed; determination of the standard deviation of
the water quality parameter time series; selection of the
confidence level and number of observations; and finally, for
the trend magnitude of interest, the power can be obtained using
an appropriate power function of the aforementioned parameters.
Conversely, for a given power, confidence level and time series
standard deviation, the number of observations required to

detect a trend of a certain magnitude may be obtained.

The purpose of this report is to present a method for
evaluating the trend detection ability of monitoring programs
and to apply it, for illustrative purposes, to an existing
Potomac River basin monitoring program. In order to accomplish
this task, power curves are developed for the nonparametric
trend test proposed by Hirsch, et al. (1982), commonly known as
the Seasonal Kendall test. Then, the developed power curves are
used to estimate the "power" of the Maryland Core monitoring
network stations. The powers are estimated for trends defined as

changes of 20% and 40% of median annual nutrient concentrations



over periods of time from 5 to 20 years. For this report,
Nitrogen and phosphorus parameters, the 20% and 40% trend
magnitudes levels, and the time periods, are selected as
particularly relevant to the Chesapeake Bay Nutrient Reduction
Strategy (40% in Nitrogen and Phosphorus loads by the year
2000).



BACKGROUND

In recent years, considerable progress has been made in the
development of nonparametric tests for detection of trends in
water quality time series. Nonparametric tests, contrary to
linear regression techniques, have been found to better
represent actual water quality time series which are seldom
normally distributed or independent. Furthermore, water quality
parameters are often seasonal, and flow dependent
(concentrations related to stream flow); and missing records and
values below the detection limit are commonly found in the data
sets. Nonparametric tests, which account for some of these
limitations, have been found to be more powerful than other

trend techniques (Hirsch, et al.,1982).

Some of the early nonparametric tests for detection trends
in water quality include the Spearman’s Rho and Kendall test for
linear trends, and the Mann-Whitney test for step trends. These
tests have been widely used and new ones have been proposed to
account for serial dependence, seasonality, flow dependence, and
the missing and below the detention values of the data sets
(Lettenmaier, 1976; Hirsch, et al., 1982; Hirsch and Slack,
1984; and Van Belle and Hughes, 1984). A summary of recent
papers on nonparametric tests for environmental water quality

trend studies is presented by Hipel (1988). For different trend



tests, Berryman, et al., (1988) present the power, type of trend
tested, time series characteristics, number of stations, and
minimum number of observations required for the application of
each test. A methodology for selecting the appropriate
statistical test to detect linear trends is also presented in

their study.

For the Mann-wWhitney, Kendall, Spearman’s Rho, or
Lettenmaier tests for trend, power can be calculated using the
power function of the t-test. However, for the Seasonal Kendall
test proposed by Hirsch, et al.,(1982) or Hirsch and Slack
(1984), the power functions are not known and can only be
determined from empirical studies (Berryman, et al.,1988). Using
Monte Carlo simulations for different stochastic time series,
Hirsch, et al.,(1982) compared the power of the Seasonal Kendall
test against other trend techniques. The authors present the
results by plotting power as a function of trend slope in units
of standard deviation per year. The plots are given for 5,10
and 20 years of monthly observations at a 95% confidence level.
For a stochastic time series with seasonality and dependence,
simulated by using a LNARS model (log normal autoregressive with
seasonal cycle), they conclude that the Seasonal Kendall test is

more powerful than other trend techniques.



DEVELOPMENT OF POWER CURVES

Power curves for the Seasonal Kendall test are developed
using a Monte Carlo procedure. In this procedure, monthly data
series of specified trend slope and length are stochastically
generated and tested for trend. Data series are generated using
a LNARS model (Hirsch, et. al, 1982) because it considers
seasonality and dependence which are commonly found in water
quality time series. For each trend slope and confidence level
specified, 500 data series are generated. Power is then
estimated as the fraction of data series for which the Seasonal

Kendall test correctly identified a trend.

Power curves are generated by plotting results of the Monte
Carlo simulations as power versus trend slope in units of
standard deviation change per year. These units are convenient
because they allow one to compare power for data series with

different standard deviations, time periods and rates of change.

Figures 1 and 2 show the power curves of the Seasonal
Kendall test for 95% and 90% confidence levels respectively, and
for 5,10,12,15, and 20 years of monthly observations. Appendix A
shows separate plots for each number of years and confidence

levels. The plots of Figs. 1 and 2, or Appendix A, can be used



to assess the trend detection ability,"power analysis", of any

sampling program in the following ways.

- To estimate the power of a monitoring program to detect a
trend (using the Seasonal Kendall test) of a given magnitude in
a given period of time, a trend slope is calculated and the
power is read from the power curve for the appropriate

confidence level and number of years.

- Alternatively, given a confidence level, power, and trend
slope, the number of sampling years needed to detect a trend can
be estimated. The number of years can be interpolated from the
plots for cases in which the points lie out of the 5,10,12,15

and 20 years curves.

It is shown in Figs. 1 and 2 that for a given trend slope,
the power of the test increases as the number of years of data
collection increases. Also, as expected, the power increases as
the confidence level decreases. Power and confidence levels
must be properly selected for the design of sampling programs to
detect trends of specific magnitudes. Berryman, et al.,(1988)
argued that if public health is a concern, power should be kept
high regardless of some loss in the confidence level, because
catastrophic consequences may arise when an existing trend is

not detected.



APPLICATION OF POWER ANATLYSIS TO MARYLAND DATA

Data Set

Thirty three stations of the Maryland Core monitoring
network of nontidal waters within the Potomac River basin are
considered (Table 1). The stations and locations within
different subregions of the Potomac River basin are depicted in
Figure 3 (Rasin and Brooks, 1982). Nitrogen and phosphorus data
(Table 2) for these stations were retrieved from the US EPA
STORET data base. For this study trends magnitudes equal to 20%
and 40% reductions in the 1985 median concentrations are
considered. Therefore, application of this analysis to current
and future assessments of the Chesapeake Bay Nutrient Reduction

Strategy are illustrated.

Procedure
For each station and parameter time series data, the

Seasonal Kendall statistics are computed (Fortran programs for
computation of the Seasonal Kendall statistics are available
from the authors). Then, for each parameter measured at a
station, the data set is "detrended" (removal of trend) using
the Seasonal Kendall Slope estimator proposed by Hirsch, et
al.,(1982). From the "detrended" time series, the residual

standard deviation and the trend magnitude to standard deviation



ratio are computed. Power is obtained from the curves shown in

Figures 1 and 2 or Appendix A.

Results

Tables B.1 and B.2 (Appendix B) contain, for each station
and parameter, the 1985 median concentrations, residual
(detrended) standard deviation, trend magnitude to standard
deviation ratio (for 20% and 40% trend magnitudes), and powers
for different confidence levels and number of years of record.
These tables show that the standard deviation for a given
parameter differs at each station, and as a result, the trend
detection ability ("power") varies among stations. Figures 4.a
and 4.b show, for all the stations, the average power of each
water quality parameter for the 20% and 40% trend magnitudes
respectively. For the entire monitoring network, the average
powers are computed here for relative comparisons of the trend
detection ability of different parameters, trend magnitudes, and

time periods.

The powers of detecting a trend magnitude equal to a 40%
reduction in 1985 median concentrations are higher than for a
20% reduction (Tables B.l1l and B.2 and Figures 4.a and 4.b).
Therefore, if a 40% reduction in the 1985 median concentrations
is achieved by the year 2000 (15 years of observations), the

current monitoring program is able to detect this trend



magnitude better than the one due to the 20% reduction. To
illustrate this conclusion, Table 3 shows, for the 20% and 40%
change at a 95% confidence level, the power ranges and averages
of the water quality parameters for all the stations. For
instance, it is shown that if a 40% change in the 1985 median
concentrations of total nitrogen (TOT-N) occurs by the year
2000, the power of detecting such trend is 0.98 for this
parameter (Table 3.b and Fig. 4.b). This means that if such
change or a greater one occurs by this year, there is at least a
98% chance that the current monitoring program would detect this
trend magnitude. However, if only a 20% change occurs (Table
3.a and Fig. 4.a), the chance of detecting the trend is reduced
to 93%. The 95% confidence level means that there is a 5%
chance that the trend analysis would conclude that a trend

exists for cases in which actually there is none.

Table B.l1 shows relatively lower powers for 20% reductions
in median concentrations. These lower powers mean that the
current monitoring program may not be adequate to detect trends
of this magnitude, particularly over short time spans. For
instance, as shown in Table 3.a and Fig. 4.a, the powers to
detect changes of 20% in median concentrations of total nitrogen
in a 5 year period (at a 95% confidence level) ranges from 0.19

to 1.0 with an average of 0.69. However, if only this reduction

-10-



is achieved by the year 2000 (15 years of observations) the

powers range from 0.37 to 1.0 with an average power of 0.93.

For illustrative purposes, and because trend detection of
the 20% change is more critical, Fig. 5 shows the average power
of all the stations within the different subregions of the
Potomac River basin (Fig. 3); Appendix C shows the average
powers along stations grouped by the stream name, and Appendix D
the powers of each station. Water quality parameters not
showing any power on these plots or the tables, are parameters
for which not enough data is available for trend analysis (less

than 3 years of data).

For the trend magnitude due to a 20% change in the median
concentrations, Fig. 4.a shows total nitrogen (TOT-N) to have
the highest power. Therefore, evaluation of the progress of the
nutrient reduction strategy in 1990 (5 years of observations),
shows that there is a 69% chance that, for this parameter, the
current sampling program would detect this trend magnitude.
However, stations in the Potomac Urban Estuary show an average
low power (27%) for this parameter (Fig. 5.d). 1In general, for
this trend magnitude, other parameters show even lower powers
(Figs. 4 and 5). Consequently, the ability of detecting this

trend decreases for those parameters.
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For the different subregions in the Potomac River basin,
Fig. 5 generally shows the highest powers for the stations in
the Upper Great Valley region, and the lowest powers for the

stations in the Potomac Urban Estuary region.
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CONCLUSIONS

A methodology to assess the trend detection ability of a
monitoring program has been presented. Power curves for the
Seasonal Kendall test have been developed, and examples of their
applications are illustrated. The technique shows to be very
helpful in evaluating the trend detection ability of a
monitoring program, and its application to current or future
assessments in the progress of the Chesapeake Bay Nutrient
Reduction Strategy. However, it should be pointed out that the
power curves developed in this study are approximate. Exact
power functions of nonparametric tests such as the Seasonal
Kendall test are not known (Berryman, et al., 1988). To
overcome this difficulty, empirical studies using Monte Carlo
simulations have been proposed (Hirsch, et al.,1982) and were
adopted in this study. Therefore, the results obtained in this
report give an insight into the power of a monitoring program,
and provide an approach for relative comparisons of power among
water quality parameters and stations within the Potomac River

basin.

Powers of a 20% and 40% reduction in the 1985 median
concentrations have been presented for 5,10,12,15 and 20 years
of observations. The powers obtained are shown to be very useful

in the assessment of the Maryland water quality monitoring

-13-



program. Improvement of the powers obtained in this analysis
may be achieved by adopting the following recommendations:
Implementation of statistical trend techniques that account for
the flow dependence of water quality parameters; better and
consistent water quality measurement techniques as well as
laboratory procedures; and an increase in the number of
observations collected each month. These improvements would
contribute to reducing the unexplained (after detrending)
variance of each water quality parameter, and consequently, a

higher trend detection ability (Power) may be achieved.
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Figure 2 Power, Seasonal Kendall Test
90% confidence level
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Table 1
Water Quality Monitoring Stations

STREAM LOCATION STATION BWQMN
POTOMAC HIGHLANDS

North Branch Potomac Oldtown, MD, Md Rt 51 Toll Bridge NBP0023 8
Cumberland, MD, at Md Rt 51 NBP0O103 7
Pinto, MD, West Md RR Bridge NBP0326 5
Rt 220 Bridge NBP0461
Bloomington, MD at Md Rt 135 Bridge NBP0534 2
Kitzmiller, MD, below Md Rt 38 NBP0689 1

George Creek Franklin, MD, Md Rt 36 Bridge GEO0009 4

Savage River Bloomington, MD, at Md Rt 135 SAV0000 3

Town Creek Oldtown, MD, Oldtown Rd Bridge TOW0030 11

Wills Creek Cumberland, MD, below Braddock Run WILOO13 6

Mouth of Braddock Run US 40 and Braddock St Bridge BDK000O

Potomac River Paw Paw, WV, MD Rt 51 Bridge POT2766 12
Hancock, MD, below US Rt 522 P0OT2386 13

UPPER GREAT VALLEY

Conococheague Creek Fairview, MD, Md Rt 58 CON0180 15
Williansport, MD, Md Rt 68 CONO0005 16

Antietan Creek Rocky Forge, MD, Rt 60 Bridge ANT0366 22
Funkstown, MD, Poffenberger ANT0203 23
Sharpburg, MD, Rt 34 Bridge ANTO0044 24

Potomac River Shepherdstown, WV, below Md Rt 24 POT1830 20

BWQMN = Station number in Figure 3

B3



Table 1 ( continued )
Water Quality Monitoring Stations

STREAM LOCATION STATION BWQMN
POTOMAC PIEDMONT
Potomac River Point of Rocks, MD, US Rt 15 POT1595 39
Big Pipe Creek Bruceville, MD BPC0035 43
Catoctin Catoctin Creek at Md Rt 464 CACO0031
Catoctin Creek at Md Route 17 CAC0148
Monocacy River Bridgeport, MD, Rt 97 Bridge MONO528 42
At Biggs Ford Road MON0269 44
Below Frederick, MD, Reich Ford Br MONO0155 45
Dickerson, MD, Rt 28 Bridge MONO0020 46
Potomac River White'’s Ferry, MD, Rt 107 POT1471 47
Seneca Creek Bethesda, MD, River Rd Bridge SEN0008 50
Cabin John Creek Washington, DC , MacArthur Blvd Br CJB00OS 51
POTOMAC URBAN ESTUARY
Potomac River Bethesda, MD, Little Falls Dam POT1184 52
Rock Creek Bethesda, MD, Rt 410 Bridge RCMO0111
Anacostia River Bladensburg, MD, US Rt 50 Br. ANA0082 57

BWQMN = Station number in Figure 3

-23-



Table 2
Water Quality Parameters

ABBREVIATION PARAMETER DESCRIPTION UNITS
TOT-N Nitrogen, Total mg/l
ORG-N Organic Nitrogen mg/l
NH3+NH4 - Nitrogen, Ammonia, Total mg/l
NO2-N Nitrite Nitrogen, Total mg/l
NO3-N Nitrate Nitrogen, Total, mg/l
TOT-KJEL Nitrogen, Kjeldahl, Total, mg/l
ORTHOPO4 Phosphorus, Total, Ortho, mg/l
PHOS-TOT Phosphorus, Total, mg/l

-24-



Table 3.a

Power of all Statiomns

(202 Reduction in Median Concentrations)

PARAMETER RANGE AVERAGE

5 years 15 Years 5 Years 15 Years
TOT-N 0.19-1.00 0.37-1.00 0.69 0.93
ORG-N 0.07-0.62 0.13-1.00 0.41 0.75
NH3+NH4 - 0.08-0.47 0.15-0.90 0.23 0.44
NO2-N 0.03-0.44 0.06-0.85 0.19 0.37
NO3-N 0.18-0.86 0.35-1.00 0.57 0.89
TOT-KJEL 0.10-0.85 0.20-1.00 0.47 0.82
ORTHOPO4 0.00-0.58 0.01-1.00 0.26 0.48
PHOS-TOT 0.03-0.47 0.06-0.90 0.23 0.45

Table 3.b
Power of all Stations

(40Z Reduction in Median Concentrations)
PARAMETER RANGE AVERAGE

5 years 15 Years 5 Years 15 Years
TOT-N 0.35-1.00 0.66-1.00 0.91 0.98
ORG-N 0.12-1.00 0.24-1.00 0.71 0.90
NH3+NH4 - 0.14-0.84 0.19-0.28 0.41 0.73
NO2-N 0.06-0.79 0.11-1.00 0.34 0.59
NO3-N 0.32-1.00 0.62-1.00 0.87 0.97
TOT-KJEL 0.18-1.00 0.35-1.00 0.78 0.97
ORTHOPO4 0.00-1.00 0.01-1.00 0.45 0.71
PHOS-TOT 0.05-0.84 0.10-1.00 0.42 0.73
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Appendix A

Power Curves
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Appendix C

Average Power Along Streams
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Power (20% reduc. in 1985 conc.)

Anacosti

95% Confldence = River.
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Power (20% reduc. in 1985 conc.)

Broddock Run

95% Confldence = River:
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Power (20% reduc. in 1985 conc.)

Big Pipe Creek

95% Confidence — River:
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Power (20% reduc. in 1985 conc.)

Catoctin

95% Confidence — River:
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Power (20% reduc. in 1985 conc.)

Conococheague

95% Confidence — River:
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Power (20% reduc. in 1985 conc.)

Georges Creek

95% Confidence = River:
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Power (20% reduc. in 1985 conc.)

95% Contidence — River: Monocacy
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