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Updating Data Inputs, Assessing Trends, and Evaluating a
Method To Estimate Probable High Groundwater Levels in
Selected Areas of Massachusetts

By Janet R. Barclay and John R. Mullaney

Abstract

A method to estimate the probable high groundwater
level in Massachusetts, excluding Cape Cod and the islands,
was developed in 1981. The method uses a groundwater mea-
surement from a test site, groundwater measurements from an
index well, and a distribution of high groundwater levels from
wells in similar geologic and topographic settings. The U.S.
Geological Survey, in cooperation with the Massachusetts
Department of Environmental Protection, conducted an update
to the Frimpter method for estimating the probable high
groundwater levels in Massachusetts. The study evaluated the
potential changes to the method resulting from four decades
of additional groundwater-level data and the expansion of the
network of wells for monitoring groundwater levels. The dif-
ferences and potential benefits of daily, as opposed to monthly,
measurements in the application of the method were exam-
ined because of the increased availability of high-frequency
(subdaily) groundwater-level data. The study also considered
long-term trends in groundwater levels that may alter the accu-
racy of the method. Finally, the accuracy of the estimated high
groundwater levels was evaluated, and improved implementa-
tion guidance was prepared.

For this study, groundwater levels in 153 wells in
Massachusetts and surrounding States with records with
lengths of 16 to 78 years were analyzed. The highest recorded
groundwater levels ranged from 1.2 feet (ft) above land sur-
face (flooded conditions) to 45.8 ft below land surface, with
a median of 4.6 ft below land surface. The maximum annual
groundwater-level range was 1.4 to 17.9 ft, with a median
of 5.5 ft.

The within-month variation, maximum annual
groundwater-level range, and highest recorded groundwater
level were computed using daily mean groundwater-level
values from 28 wells with continuous records. The use of
daily data resulted in larger maximum annual groundwater-
level ranges (0.02 to 2.94 ft larger, with a median of 0.58 ft
larger) and shallower highest-recorded groundwater levels
(0.0 to 1.60 ft shallower, with a median of 0.18 ft shallower)
than computations based on monthly measurements in the
same wells.

Statistical tests showed moderate to strong evidence of
trends in measurements of both high and low groundwater
levels within most of the periods during which water lev-
els were analyzed. High groundwater levels rose beneath
the land surface at most sites during four of the six periods
used for analysis (1966-2015, 1986-2015, 1991-2010, and
1981-2010). Low groundwater levels also increased at many
sites during most of the periods evaluated, but this trend was
less widespread than the similar trends in high groundwater
levels, and the trend was to deeper low groundwater levels at
more sites than the trend to deeper high groundwater levels.
There was no clear trend in annual groundwater-level ranges
at most sites during the six periods analyzed.

In general, the Frimpter method predicted shallower
(higher) high groundwater levels than were observed but
correctly classified sites according to their suitabilities for
unmounded septic systems. The mean error of the predic-
tions (difference between the estimated and observed ground-
water levels) ranged from —3.23 ft to —1.40 ft for various
approaches to estimating the groundwater-level range and
selecting an index well. The method correctly classified 83 to
86 percent of monitoring-well sites according to their suit-
ability for an unmounded septic system for many approaches
to estimating the annual groundwater-level range and select-
ing an index well. The approach selected for estimating the
annual groundwater-level range and selecting an index well
will depend upon the importance of an accurate estimate of
the high groundwater level as compared to the importance of
an estimated high groundwater level that is less likely to be
exceeded.

Introduction

For performance and regulatory reasons, septic-system
drainage fields must be sited above the high groundwater level
(U.S. Environmental Protection Agency, 2002; Massachusetts
Department of Environmental Protection, 2016). Septic sys-
tems remove contaminants such as bacteria and soap residues
from waste effluent as it percolates through unsaturated soil in
the leach field. Saturated conditions interfere with contaminant
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removal, leading to groundwater contamination and possibly
backlogged sewage (U.S. Environmental Protection Agency,
2001). To prevent these problems, Massachusetts requires
that the vertical separation between the bottom of the soil-
absorption system and the high groundwater level be 4 or
5 feet (ft), depending upon the percolation rate (Massachusetts
Department of Environmental Protection, 2016). It can be dif-
ficult, however, to determine the high groundwater level at a
site if redoximorphic features, such as color changes, indicat-
ing the elevation of the water table are absent from the soil
profile. For these situations, an alternative approach commonly
called the Frimpter method was developed (Frimpter, 1981).
Although the Frimpter method is currently [2020] in
widespread use in Massachusetts (Massachusetts Department
of Environmental Protection, 2016), the underlying analy-
sis is based on water-level measurements collected before
April 1977. The U.S. Geological Survey, in cooperation with
the Massachusetts Department of Environmental Protection,
updated the Frimpter method. This report describes the update
to the distribution of water levels, an analysis of within-month
variation in groundwater levels, an assessment of the differ-
ences in high groundwater levels based on monthly mea-
surements versus observed daily mean groundwater levels,
an assessment of long-term trends in groundwater levels,
an evaluation of the accuracy of the method using multiple
approaches to estimating the annual groundwater-level range
and selecting an index well for a test site, and guidance on
estimating the annual groundwater-level range and selecting
an appropriate index well for a test site.

Background

The primary purposes of this report are to (1) update
the input data for the Frimpter method using approximately
40 years of additional groundwater-level data and an expanded
network of wells, (2) quantify within-month variations in
groundwater levels that may be missed by monthly measure-
ments, (3) quantify differences in calculated high groundwater
levels and annual groundwater-level ranges on the basis of
monthly groundwater levels and daily mean groundwater
levels, (4) identify the long-term trends in annual high and
low groundwater levels and annual groundwater-level ranges,
(5) provide guidance on the selection of an index well and
estimation of the annual groundwater-level range, (6) evalu-
ate application of the Frimpter method when using the current
network of wells, and (7) provide guidance on implementing
the Frimpter method.

Within-month variation, monthly versus daily measure-
ments, and long-term trends were calculated from analyses
of water-level data for wells in Massachusetts (including

Cape Cod and the islands) and surrounding States. Currently
[2020], the Frimpter method is implemented slightly dif-
ferently on Cape Cod and the islands (Frimpter and Belfit,
2006); therefore, analyses specific to implementing the
Frimpter method—updated probability distributions, index-
well and range-selection guidance, and method-performance
evaluation—include only wells on the mainland of
Massachusetts and in surrounding States.

The method (Frimpter, 1981) is based on the theory that
the ratio of the rise from current to high groundwater to the
estimated maximum annual groundwater-level range at the
test site is equal to the ratio of the rise from current to high
groundwater to the maximum annual groundwater-level range
at an index well (fig. 1). This relation is described by equa-
tion 1, which can be rearranged to yield equation 2 for easier
calculation of the probable high groundwater level at the test
site (Sh), as follows:

SCS_rSh - OWcél/OVZVmax’ or (1)

Sh = Sc— o5 OWe —OWmax) , )

where
Sc is the current groundwater level at the
test site;

Sr is an estimate of the annual groundwater-level
range at the test site;

OoWe is the current groundwater level at an

index well;

OWmax is the historical high groundwater level at an

index well; and

OWr  is the annual groundwater-level range at an

index well.

Sc is measured at the test site, Sr is an estimate based on a
probability distribution, OWc is obtained from groundwater-
monitoring records, and OWr and OWmax are obtained from
compiled statistics of previously measured values.

The original Frimpter method is currently [2020] used to
estimate probable high groundwater levels on the mainland of
Massachusetts (Massachusetts Department of Environmental
Protection, 2016). A similar analysis was completed for Rhode
Island (Socolow and others, 1994) and found that the accuracy
of the method was sufficient for septic-system design. A varia-
tion of the method that specifies index wells on the basis of
mapped zones is used for Cape Cod and the islands (Frimpter
and Fisher, 1983; Frimpter and Belfit, 2006; Massachusetts
Department of Environmental Protection, 2016).
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Well Network

Groundwater levels were analyzed from 153 wells (99
in Massachusetts, 30 in Connecticut, 22 in Rhode Island, 1 in
Vermont, and 1 in New Hampshire) that were selected based
on their periods of record, proximity to Massachusetts, and
typical water levels (fig. 2; app. 1; Barclay and Mullaney,
2020). The selected wells (1) were active at least until water
year! 2010; (2) have 10 or more years of nine or more monthly
water-level measurements during the water years since 1995;
(3) were dry during fewer than 3 percent of the measure-
ments; (4) were within 25 and 40 miles of Massachusetts,
for stratified drift and till wells, respectively; (5) had median
groundwater levels less than 30 ft below land surface; (6)
were minimally affected by pumping; and (7) were finished in
unconsolidated glacial sediments (not bedrock).

The final list of 119 wells includes wells on the mainland
of Massachusetts and nearby States (40 in glacial-till deposits
and 79 in stratified-drift deposits), and 34 wells on Cape Cod
and the islands (app. 1). Periods of records ranged from 16 to
78 years. For analysis, wells were grouped by surficial deposit
(glacial till or stratified drift) and topographic setting because
of their different hydrologic responses. Glacial-till deposits
are unsorted, unstratified sediments that may contain a mix-
ture of sand, silt, and clay, as well as boulders and gravel; in
contrast, stratified-drift sediments are sorted and layered and
may contain separate layers of sand, gravel, silt, and clay (De
Lima, 1991). Two broad topographic-setting groups were used
for the till wells (near-stream and upland), and two groups
were used for the stratified-drift wells (valley and hill). For
till wells, the group identified as “near-stream” was defined
as within 328 ft (100 meters [m]) horizontally and 16 ft (5 m)
vertically of the nearest stream; all other wells in glacial till

IThe water year is defined as the 12-month period from October 1 through
September 30 of the next year and designated by the calendar year in
which it ends.

were considered upland. The till wells included 32 in upland
settings and 8 in near-stream settings. Hill and valley for
stratified-drift wells were defined based on the surrounding
topography shown on a topographic map. The stratified-drift
wells on the mainland of Massachusetts and nearby States
included 38 that were on hills and 41 in valleys.

Wells on Cape Cod and the islands were included in
analyses of high groundwater levels, annual groundwater-
level ranges, once-a-month versus observed daily mean water
levels, within-month variation, and long-term trends. Wells on
Cape Cod were not included in the analyses related to method
implementation (updated probability distributions, index-well
and annual groundwater-range guidance, or method evalua-
tion) because a slightly different approach for estimating high
groundwater levels is in use on Cape Cod (Frimpter and Belfit,
2006). Four wells on Cape Cod with median groundwater
levels greater than 30 ft below land surface (MA-BHW 198
Bourne, MA-MIW 29 Mashpee, MA—SDW 252 Sandwich,
and MA-SDW 253 Sandwich) were included in the group
of Cape Cod wells because they are currently [2020] used as
index wells.

The original results of the Frimpter method (Frimpter,
1981) were based on 87 wells on the mainland (of which 15
were finished in till, 49 in stratified drift, 4 in bedrock) and
13 on Cape Cod (which are all finished in stratified drift). Of
the wells on the original list, 54 (9 in till on the mainland, 36
in stratified drift on the mainland, and 9 on Cape Cod) were
included in this study. Of the remaining 33 wells from the
original report that were not included in this study, 25 were
discontinued before water year 2010, 5 had median ground-
water levels more than 30 ft below the land surface, 1 was
affected by pumping, 1 was finished in bedrock, and 1 was
obstructed.
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Updated Water-Level Statistics

Implementation of the method requires an estimate of
the annual groundwater-level range at the site of interest.
The original report estimated the annual groundwater-level
range using the 5-percent exceedance? from a distribution of
the maximum annual groundwater-level ranges for wells in
similar geologic and topographic settings (Frimpter, 1981). In
this study, the distributions of maximum annual (water-year)
groundwater-level ranges were updated, and distributions of
the 90th-percentile annual (water-year) groundwater-level
ranges were also generated. The 90th-percentile distribu-
tions reflect more typical conditions by filtering out water
years with extremely large water-level ranges and, although
not currently [2020] used, were generated in preparation for
improved guidance in implementing the method.

Updated Water-Level Statistical Methods

To update these distributions, the groundwater-level
range for each water year for each well was calculated, and
the maximum and 90th-percentile annual groundwater-level
ranges for each well were selected. The highest (shallowest)
and 90th-percentile groundwater levels for each well for its
period of record also were identified. If available, daily mean
groundwater levels were used, and otherwise monthly mea-
surements were used. The analysis for each well was based on
data from the beginning of the well’s period of record through
water year 2017 from water years with nine or more water-
level measurements (Barclay and Mullaney, 2020).

Wells were grouped by surficial deposits (till and strati-
fied drift) and further divided by topographic setting based on
observed differences in the annual groundwater-level range
and high groundwater levels. The resulting distributions were
displayed graphically on probability plots, with a normal or
log-normal distribution as appropriate based on the normal-
ity of the annual groundwater-range distribution for each
well group. The normality was tested using a probability-plot
correlation test (Filliben, 1975; Helsel and Hirsch, 2002) and
the smwrStats package in R (U.S. Geological Survey, 2015; R
Core Team, 2018).

Updated Water-Level Statistical Results

The highest recorded groundwater levels in 153 wells
in Massachusetts, including Cape Cod and the islands, and
surrounding States ranged from 1.2 ft above land surface to
45.8 ft below land surface, with a median of 4.6 ft below land
surface (app. 1; Barclay and Mullaney, 2020). Wells in till
deposits had higher high groundwater levels (median depth of

2The 5-percent exceedance is the value (in this case the maximum annual
groundwater-level range) that would be expected to be exceeded at 5 percent
of sites. Ninety-five percent of sites would be expected to have a maximum
annual groundwater-level range below this value.

2.2 ft) than wells in stratified-drift deposits (median depth of
4.5 ft; fig. 34), and both groups had higher high groundwater
levels than wells on Cape Cod and the islands (median depth
of 9.2 ft; data not shown). Within each surficial-deposit group
(stratified drift or till), the median values were not different by
topographic setting at the 95-percent confidence limit (fig. 3B).

The maximum annual groundwater-level range varied
from 1.4 to 17.9 ft, with a median of 5.5 ft, for all 153 wells
(Barclay and Mullaney, 2020). Among wells not on Cape Cod
and the islands, wells in till deposits had larger maximum
annual groundwater-level ranges (median range of 11.4 ft)
than wells in stratified-drift deposits (median range of 5.6 ft),
and the medians were statistically different at the 95-percent
confidence limit (fig. 44). The maximum annual groundwater-
level ranges for both the stratified-drift and till wells on the
mainland were larger than for wells on Cape Cod and the
islands (median of 4.4 ft; app. 1; Barclay and Mullaney, 2020).
On the mainland, stratified-drift wells in valleys (median range
of 4.2 ft) had smaller maximum annual groundwater-level
ranges than those on hills (median range of 7.2 ft; fig. 4B).
Similarly, among the till wells on the mainland, near-stream
wells had smaller maximum annual groundwater-level ranges
(median range of 4.5 ft) than upland wells (median range of
11.9 ft). Within each surficial-deposit group, median annual
groundwater-level ranges for wells in different topographic
settings were statistically different at the 95-percent confi-
dence limit. This contrasts with the high groundwater levels
for which the median values for each geologic and topo-
graphic setting were not statistically different at the 95-percent
confidence limit (fig. 3).

The maximum annual groundwater-level ranges for both
upland and near-stream groups of till sites were normally dis-
tributed, with an upland probability-plot correlation coefficient
(ppcc) of 0.99 (normal distribution) and a near-stream ppcc
of 0.91 (normal distribution). For upland wells, the 5-percent
exceedance level is 16.7 ft, with a 95-percent confidence
interval of 15.5 to 18.2 ft (fig. 54), which is similar to the
level of 17 ft that was calculated in Frimpter (1981). For near-
stream wells, the 5-percent exceedance level is 9.4 ft, with a
95-percent confidence interval of 6.3 to 13.4 (fig. 5B). None of
the till wells in Frimpter (1981) were in a near-stream setting.

The 90th percentile of annual groundwater-level ranges
for till wells in upland settings (ppcc of 0.97) was also nor-
mally distributed (fig. 64), but the 90th percentile of annual
groundwater-level ranges for till wells in near-stream settings
(ppcc of 0.9; log-normal distribution) was not. For upland
wells, the 5-percent exceedance level from the distribu-
tion of the 90th percentile of annual ranges is 14.4 ft, with a
95-percent confidence interval of 13.2 to 15.7 ft (fig. 64); for
near-stream wells, the 5-percent exceedance level is 7.4 ft,
with a 95-percent confidence interval of 4.3 to 15.1 ft (fig. 6B).
The distribution of the 90th percentile of annual groundwater-
level ranges was not considered in Frimpter (1981).

The highest annual groundwater-level ranges for the
stratified-drift wells in a hill setting were not normally dis-
tributed, but the ranges for the valley wells were, with a hill
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U.S. Geological Survey observation wells in Massachusetts and surrounding States, excluding Cape Cod and the islands. Boxes are

drawn only for more than 20 values.

ppcc of 0.99 (log-normal distribution) and a valley ppcc of
0.99 (normal distribution; fig. 7). As a result, the probability
plots for the wells in a hill setting were generated using a
log-normal distribution, and probability plots for the wells in

a valley setting were generated using a normal distribution.
The 5-percent exceedance level for hills is 13.8 ft, with a
95-percent confidence interval of 11.6 to 16.8 ft, and for valley
wells is 7.1 ft, with a 95-percent confidence interval of 6.5 to
7.8 ft. Both of these values are larger than the values of 10.0 ft
and 4.2 ft for terrace3 and valley-flat wells, respectively, that
were published in Frimpter (1981). This difference may be due
to the addition of wells that were not in the original Frimpter
(1981) study and (or) increases in the maximum recorded
annual groundwater-level ranges for some wells with the addi-
tional 40 years of data.

Similar to the highest annual groundwater-level ranges,
the 90th percentile of annual groundwater-level ranges for the
stratified-drift wells in a hill setting (ppcc of 0.99, log-normal
distribution) were not normally distributed, but the ranges for
the valley sites (ppcc of 0.99, normal distribution) were. As a
result, the probability plots were generated using a log-normal
distribution for the hill wells and a normal distribution for the

3Terraces are narrow areas of relatively flat topography in the middle of a
hillslope (Jackson, 1997). Because identification of terraces can be somewhat
ambiguous, in this study, terraces were included in hill topographic settings.

valley wells (fig. 8). The 5-percent exceedance level from the
distribution of 90th percentiles for hill wells was 12.4 ft, with
a 95-percent confidence interval of 10.0 to 15.8 ft (fig. 84),
and for valley wells was 5.4 ft, with a 95-percent confidence
interval of 4.9 to 6.0 ft (fig. 8B).

The choice of distribution (normal or log-normal) had a
minor effect on the 5-percent exceedance-probability level.
Across all surficial deposits and topographic groups except
till wells in near-stream settings, for both the maximum and
90th-percentile annual water-level ranges, the log-normal
distribution resulted in a slightly larger (less than 1-ft differ-
ence) S-percent exceedance probability level than the normal
distribution. For till wells in near-stream settings, the log-
normal distribution resulted in a slightly smaller (less than
0.5-ft difference) 5-percent exceedance probability level than
the normal distribution. Estimates of the 5-percent exceedance
probability levels for both normal and log-normal distributions
fell within the 95-percent confidence interval for the other
distribution except for the estimations of the maximum annual
water-level ranges for stratified-drift wells in a valley setting
(both distributions) and the estimate of the 90th-percentile
annual water-level range for stratified drift wells in a valley
setting using a log-normal distribution.
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Uncertainty in the 5-percent exceedance-probability
levels varied with topographic position, statistical distribution,
and number of wells. Confidence intervals were large when
the number of wells in the surficial deposit and topographic-
setting group was small, as in the case of eight wells in glacial
till in near-stream settings. Among wells in stratified-drift
deposits, confidence intervals were larger for wells in higher
topographic positions (hill settings) than for wells in lower
topographic positions (valley settings). This difference was
likely caused by the larger ranges of annual groundwater-level

ranges in wells in higher topographic settings than in lower
topographic settings. This pattern of larger confidence inter-
vals for higher topographic positions was not seen in the data
for till wells, likely because of the small number of till wells
in near-stream settings. Confidence intervals were also larger
if a log-normal distribution was used than if a normal distri-
bution was used. Larger confidence intervals indicate greater
uncertainty in the annual groundwater-level range and result in
greater uncertainty in the estimated high groundwater level.
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Daily Versus Monthly Data

Water levels at most wells are measured monthly;
however, some wells have automated recorders that measure
and transmit water levels at subdaily frequencies (typically
15-minute intervals). Monthly measurements are less costly
but might miss extreme high and low water levels, resulting in
underestimation of the annual water-level range. Water-level
records from a subset of wells with subdaily water-level mea-
surements were analyzed to quantify the within-month varia-
tion in water levels that would be missed by monthly mea-
surements and the effects of frequent (daily versus monthly)
water-level measurements on calculated annual water-level
ranges and high groundwater levels.

Within-Month Variation

To quantify the within-month variation that might be
missed by monthly groundwater-level measurements, the
interquartile range of groundwater levels was calculated for
each month using the daily mean groundwater level for each
site with continuous data. Within-month variability across sites
was compared using median monthly interquartile water-level
ranges and well and site characteristics (annual groundwater-
level range, high groundwater level, type of surficial deposits,
and topographic setting). In addition, within-month varia-
tion across sites was compared for each month. Before the
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temporal analysis, the within-month interquartile-range values
were standardized by dividing them by the mean monthly
interquartile range for each site.

The within-month variation, as indicated by the median
monthly interquartile range of water levels, ranged from 0.11
to 0.96 ft, with a median of 0.28 ft. At the 95-percent confi-
dence level, the median within-month variation was larger for
wells in till than for wells in stratified drift on the mainland or
on Cape Cod and the islands, with a median interquartile range
for till of 0.64 ft, for stratified drift of 0.28 ft, and for Cape
Cod of 0.16 ft (fig. 94). Among wells in stratified drift on the
mainland, within-month variation in water levels tended to be
higher on hills versus in valleys, but the difference in medi-
ans was not statistically significant (95-percent confidence;

fig. 9B). Larger within-month variation was associated with
larger annual groundwater-level ranges (rho = 0.89; fig. 104),
shallower high groundwater levels (rho = —0.55; fig. 10B),
and larger month-to-month variations (rho = 0.79; fig. 10C),
as indicated by the interquartile range of mean monthly water
levels. Within-month variation tended to be higher in early
summer and lower in the fall (fig. 11).

Monthly Versus Daily Mean Groundwater-Level
Data

To quantify the effects of daily versus monthly data
on the calculated annual groundwater-level range and high
groundwater level, water levels from a subset of 28 wells with
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3 or more water years of continuous (typically hourly) data
were analyzed. The daily mean water levels were computed
from the continuous data at each site and constituted the daily
dataset. For each site, a second monthly dataset for the entire
period of continuous data was generated by selecting the daily
mean groundwater level from the 25th day of each month. The
high groundwater level and annual groundwater-level range
for each water year were calculated using each of the datas-
ets (daily and monthly). The 95-percent confidence intervals
around the medians of the distributions of high groundwater
levels and annual groundwater-level ranges from the two data-
sets (daily and monthly) were compared.

Using the daily data from the 28 groundwater observation
wells with continuous water-level data resulted in calculated
maximum annual groundwater-level ranges that were larger
(0.02 to 2.94 ft larger, with a median of 0.58 ft) and highest
recorded groundwater levels that were higher (shallower; 0.00
to 1.60 ft shallower, with a median of 0.18 ft), than ranges
using monthly measurements. These results are similar to
what was found in Rhode Island when monthly and 5-day
measurements were compared, and monthly measurements
were deemed sufficient for estimating high groundwater
levels (Socolow and others, 1994). At the 95-percent confi-
dence level, the median change in the calculated maximum
annual groundwater-level range was greater for wells on the
mainland (0.90 ft) than for wells on Cape Cod and the islands

(0.1 ft; fig. 124), but there was no difference in the median
change between till and stratified-drift wells on the mainland
(with 95-percent confidence). At the 95-percent confidence
level, the median change in the measured high groundwater
level was greater at till sites (1.3 ft shallower) than at strati-
fied drift sites (0.095 ft shallower; fig. 12B), but there was
no statistical difference in the median change in measured
high groundwater levels between stratified-drift sites on Cape
Cod and stratified-drift sites on the mainland. The increase
in the calculated range was not correlated with the length of
the daily data record (R2 = 0.046, p = 0.14), but the increase
in the high groundwater level was related to the length of the
record. For all sites with long records of daily data (15 or
more years; n = 10), differences between monthly and daily
data records were small for the highest recorded groundwater
levels (0.00 to 0.45 ft). In contrast, the differences between
monthly and daily data in shorter records (less than 15 years;
n = 18) for sites with daily data ranged from small to large
(0.01 to 1.60 ft).

At most sites, the shallower high groundwater levels
from daily measurements would likely not change the deter-
mination of septic-system suitability for the site; however, 3
of the 28 sites had high groundwater levels between 5 and 7
ft below land surface where small changes in the measured
high groundwater level could be important from a regula-
tory perspective. Even at these sites, however, the difference
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between the high groundwater levels based on daily versus
monthly measurements (0.5 ft) is much less than the error

in the estimated high groundwater level. These results sug-
gest that monthly water-level measurements are sufficient for
determining the distribution of annual groundwater levels,

the maximum recorded groundwater level, and the annual
groundwater-level range at index wells. Water levels can rise
quickly in response to large rain events; therefore, if continu-
ous data are available, they should be used for determining the
water level at the index well at the time of the measurement at
the test site (OWc for egs. | and 2).

Long-Term Trends in Water Levels

Trends in high groundwater levels, low groundwater
levels, and annual groundwater-level ranges were quantified to
provide guidance on the need to account for trends in esti-
mates of high groundwater levels.

Trend-Analysis Methods

Potential long-term trends in high groundwater, low
groundwater, and annual groundwater-level ranges were iden-
tified using Kendall’s nonparametric test for a monotonic trend
as implemented in the EnvStats package in R (Millard, 2013;
R Core Team, 2018). Trends in the annual high groundwater
level, annual low groundwater level, and annual groundwater-
level ranges as well as trends in groundwater levels for each
month were computed. Each possible trend was classified on a
likelihood scale (table 1) ranging from no trend to very likely
using the confidence level of the Kendall test and the trend-
classification criteria in Hirsch and others (2015).

Trends were analyzed over six periods (water years):
1966-2015, 1986-2015, 1996-2015, 1966-1985, 1991-2010,
and 1981-2010 (table 2). These periods were selected based
on data availability and to facilitate comparison with Dudley
and Hodgkins (2013), who evaluated trends in groundwater
levels in New England. When daily mean groundwater-level
data were available, the daily mean from the 25th day of each
month was used; otherwise, the closest measurement within
7 days of the 25th day of each month was used. Measurements
not within 7 days of the 25th day of each month were removed
before analysis. All sites included in the monthly groundwater-
trend analysis had at least 9 of 12 monthly values for 8 of

Table 1.

[Modified from Hirsch and others (2015)]

every 10 water years for each of the 10-year analysis periods
(Dudley and Hodgkins, 2013). Wells on Cape Cod and the
islands were included in this analysis.

Trend-Analysis Results

The highest annual groundwater levels (the shallowest
groundwater levels in specific water years) showed moder-
ate to strong statistical support (likely or very likely) for the
presence of a trend towards higher (shallower) high ground-
water levels at most wells during most of the six periods (figs.
134 and 144; table 3). For wells and periods with trends to
higher groundwater, the medians of the trend magnitudes for
the periods ranged from —0.078 to —0.019 feet per year (ft/yr),
where negative values indicate an upward trend (table 3), with
smaller rates of increasing water levels during the longer test
periods. Notable exceptions occurred during the periods from
1996 through 2015 and 1966 through 1985 (fig. 144), when
most wells had no trend.

Low groundwater levels (the deepest groundwater level
during the water year; fig. 135) were trending higher (at shal-
lower depths) at many wells during most of the six periods
evaluated, but the pattern was less widespread than for high
groundwater levels (figs. 134—B and 144-B; table 4), and a
larger number of wells had trends to deeper low groundwater
levels. In wells and during periods with trends to higher low
groundwater (when the deepest groundwater level dur-
ing the year was closer to the land surface), the magnitudes
of the median trends for the period ranged from —0.012 to
—0.065 ft/yr (table 4). In wells and periods with trends to
deeper low groundwater, the magnitudes of the median trends
for the period ranged from 0.016 to 0.032 ft/yr. Similar to high
groundwater levels, the periods of 1996 through 2015 and
1966 through 1995 (fig. 14B) were notable exceptions.

There was no clear pattern in trends of annual
groundwater-level ranges (figs. 13C and 14C; table 5). The
trends that did exist tended to be towards larger annual
groundwater-level ranges. These trends might be a result of
shallower high groundwater levels, deeper low groundwater
levels, or both.

There was no clear pattern in the trends of monthly
groundwater levels (fig. 15). Very few sites had trends to
deeper groundwater levels for any month during any of the
periods, but the remainder of sites were relatively evenly split
between no trends and trends to shallower groundwater.

Confidence levels and corresponding trend-likelihood descriptions.

Confidence level

Description

Greater than or equal to 90 percent
Greater than or equal to 67 percent and less than 90 percent

Less than 67 percent

Very likely
Likely
No trend
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Table 2. Periods used in the trend analysis of groundwater levels for U.S. Geological Survey observation wells in Massachusetts and

surrounding States.

Trend period Starting water year Ending water year Number of water years Number of wells
1 1966 1985 20 57
2 1981 2010 30 29
3 1986 2015 30 18
4 1991 2010 20 40
5 1996 2015 20 26
6 1966 2015 50 14

Overall, groundwater levels remained unchanged or
trended higher (shallower) at most sites, with the annual
groundwater-level ranges showing no trends. Trends to
higher high and low groundwater levels were consistent with
what Dudley and Hodgkins (2013) found for northern New
England, but Dudley and Hodgkins (2013) also found trends to
increasing groundwater-level ranges. The trends toward shal-
lower groundwater levels could indicate that septic drainage
fields close to the high groundwater level that do not currently
[2020] flood may flood in the decades to come.

Evaluating and Implementing the
Method

Application of the Frimpter method requires the user
to estimate the annual groundwater-level range at the site of
interest and select an appropriate index well. In the original
method (Frimpter, 1981), the annual groundwater-level range
was estimated from a probability distribution of maximum
annual groundwater-level ranges from available well data, and
minimal guidance was given regarding selection of an index

well. In addition, the estimated high groundwater levels in
Frimpter (1981) were not compared with known high ground-
water levels to evaluate the accuracy of the method. In this
study, the accuracy of the method was assessed using three
approaches to estimate the annual groundwater-level range
and six approaches to select an index well to provide improved
implementation guidance.

Test Measurements

The first step in estimating the high groundwater level at
a site was to take a test measurement of the current depth to
water. To evaluate the ability of the method to estimate prob-
able high groundwater levels, each well was treated as a test
site, and the predicted high-water level was calculated using
“test measurements” that were selected from a range of hydro-
logic conditions in the historical record. The predicted high
groundwater levels were then compared with observed values.
To select test-measurement dates, the groundwater-level
record for each well was first divided into five groups based
on water levels: high, slightly high, midrange, slightly low,

Table 3. Magnitudes and directions of trends in annual high groundwater levels in wells in Massachusetts and surrounding States for

six periods.

[Trends are significant at the 67-percent confidence level. ft/yr, foot per year]

Period  Number Number Notrend, Shallower? Deeper?

(water of of percentage  Percentage . Median, Percentage . Median,

years)  years  wells  ofsites' of sites? R AT in ftjyr of sitest  nangelinftyr
1966—-1985 20 57 68 21 —0.13 to —0.017 —0.042 11 0.017 t0 0.073 0.031
19662015 50 14 29 64 —0.054 to —0.0073 —0.019 0.013 0.013
1981-2010 30 29 31 62 —0.21 to —0.015 —0.047 0.012 to 0.08 0.046
19862015 30 18 28 67 —0.1to —0.017 —0.056 0.03 0.03
1991-2010 20 40 32 62 —0.19 to —0.02 —0.078 0.018t0 0.18 0.098
19962015 20 26 73 15 —0.12 to —0.017 —0.064 12 0.026 t0 0.061 0.034

Percentages were rounded so totals add up to 100 percent.

2Shallower and deeper indicate directions of trends in high groundwater levels, with shallower indicating direction toward the land surface.

3Range indicates the range in trend magnitude across sites with a given trend direction.
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Likelihoods of trends in A, high groundwater, B, low groundwater, and C, annual groundwater-level ranges during six
periods for wells in Massachusetts and surrounding States.
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Table 4. Magnitudes of trends in annual low groundwater levels in wells in Massachusetts and surrounding States for six periods.

[Trends are significant at the 67-percent confidence level. ft/yr, foot per year]

Period No trend Shallower? Deeper?

(water Number  Number percentag’e Percentage . Median, in Percentage . Median

years) ofyears  of wells of sites! of sites! Range,? in ft/yr ft/yr’ of sites! Range,? in ft/yr in ﬂ/yr'
1966-1985 20 57 56 28 —0.13 to —0.0075 —0.041 16 0.01 t0 0.12 0.028
19662015 50 14 43 50 —0.04 t0 —0.0039  —0.012 7 0.032 to 0.032 0.032
1981-2010 30 29 38 52 —0.13 to —0.01 —-0.032 10 0.0082 to 0.044  0.017
1986-2015 30 18 17 61 —0.098 to —0.012 —0.028 22 0.01 to 0.044 0.017
1991-2010 20 40 45 47 —0.16 to —0.021 —0.065 0.0088 to 0.1 0.016
19962015 20 26 69 27 —0.17 to —0.018 -0.039 4 0.027 to 0.027 0.027

IPercentages were rounded so totals add up to 100 percent.

2Shallower and deeper indicate directions of trends in high groundwater levels, with shallower indicating direction toward the land surface.

3Range indicates the range in trend magnitude across sites with a given trend direction.

Table 5. Magnitudes of trends in annual groundwater-level ranges for six periods for wells in Massachusetts and surrounding States.

[Trends are significant at the 67-percent confidence level. ft/yr, foot per year]

Period No trend Smaller? Larger?

(water Number - Number percentag'e Percentage . Median, Percentage . Median

years) ofyears  ofwells ot sitest of sites? Rangesinftyr 4, ft/yr’ of sitest  rangedinftyr ft/Vr'
19661985 20 57 64 18 —0.14 to —0.017 —0.056 18 0.024 to 0.076 0.044
19662015 50 14 79 7 —0.015 to —0.015 -0.015 14 0.01t0 0.013 0.012
1981-2010 30 29 59 10 —0.08 to —0.018 —0.029 31 0.021 to 0.064 0.044
1986-2015 30 18 61 6 —0.091 to —0.091  —0.091 33 0.03 to 0.056 0.04
1991-2010 20 40 70 8 —0.058 to —0.034  —0.035 22 0.038t0 0.12 0.06
19962015 20 26 73 27 —0.19 to —0.026 —0.073 0 No sites with this trend

Percentages were rounded so totals add up to 100 percent.

2Smaller and larger indicate direction of trend in annual groundwater-level ranges.

3Range refers to the trend magnitude across sites with a given trend direction.

and low (each group with 20 percent of the record). Then, five
dates from the preceding 5 years (water years 2013—17) were
randomly selected from each water-level group, for a maxi-
mum total of 25 test dates for each well. The ranges of water
levels in some wells were not complete during water years
2013-17, and some estimates for these wells were missing.
For each test date, the most probable high groundwater level
was then calculated using the approaches described in the
following section for estimating the annual groundwater-level
range and selecting an index well; then the calculated value
was compared with groundwater-level measurements.

Approaches To Estimating the Annual
Groundwater-Level Range

The second step in estimating the high groundwater level
was to estimate the annual groundwater-level range. Three
potential approaches to estimating the annual groundwater-
level range were compared. The approaches included (1) the
original method (Frimpter, 1981), which uses the 5-percent
exceedance probability from the distribution of maximum
annual groundwater-level ranges at index sites in similar surfi-
cial deposits and topographic settings, (2) use of the S5-percent
exceedance probability from a distribution of the 90th percen-
tile of annual groundwater-level ranges from the same groups
of index wells, and (3) estimation of the annual groundwater-
level range (either the maximum or the 90th percentile) using
two test measurements taken during differing hydrologic
conditions. Because the test sites (study wells) were also used
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to create the maximum and 90th-percentile distributions, the
S5-percent exceedance probability was recalculated for each
test site using measurements from all wells in the appropri-
ate surficial-deposit and topographic settings except for the
test well.

Using a distribution of the 90th percentile of annual
groundwater-level ranges may better represent typical condi-
tions because extreme outliers would be removed from the
distribution. When the range was estimated from this distri-
bution, the 90th percentile annual groundwater-level range
and high groundwater level at the index well were also used
to determine the values represented by OWr and OWmax
(egs. 1 and 2).

Using two test measurements to estimate the annual
water-level range could improve the estimate: the change in
water level between the two dates at the test site could be com-
pared with the change in water level between the same two
dates at a well with a known annual water-level range. For this
approach, the ratio of the change in water levels between two
test dates at the test site to the change in water levels between
the same two test dates at the index well was assumed to be
equal to the ratio of the water-level range at the test site to the
water-level range at the index well. To test this assumption,
groundwater levels at the test well and the index well were
divided into five groups by water level, and the date selected
was the date nearest the original test date when the water lev-
els at both the index well and the test well changed in the same
direction by two or more water-level groups. The following
equation was used to estimate the annual groundwater-level
range at the test well for this alternative approach:

Sr —  Sc—S8c2 3)
OWr  OWc— OWc2’
where
Sc2 is the water level at the test site on the second
test day, and
Oowe2 is the water level at the index well on the

second test day.

Identifying the Topographic Setting of a Test Site

Estimating the annual groundwater-level range based
on the 5-percent exceedance probability requires the user to
identify the topographic setting of the test sites. For the pur-
poses of this study, wells in glacial till were divided into two
groups based on topographic setting: near-stream and upland.
Near-stream was defined as within 328 ft (100 meters [m])
horizontally and 16 ft (5 m) vertically of the nearest stream
based on analysis of patterns in groundwater levels and
annual groundwater-level ranges. All other wells in glacial
till were considered upland. Wells in stratified drift were also
divided into two groups: hill and valley. These classifications
were based on the inspection of a topographic map. Because

groundwater was deeper beneath sites in hill settings than in
valley settings, the groundwater level can be used as a second-
ary indicator of the likely topographic setting (fig. 16).

Comparison of Range Estimates

The maximum and 90th-percentile annual groundwater-
level ranges estimated from the 5-percent exceedance proba-
bility and the two-measurement approach were compared with
the known maximum and 90th-percentile annual groundwater-
level ranges at each site. The accuracy of the range estimates
was assessed using the mean error, mean absolute error,
and the percentage of measurements for which the annual
groundwater-level range was underestimated by 20 percent
or more. The mean error reflects the potential bias of the
method, and the mean absolute error reflects the magnitude
of the errors. Underestimating the annual groundwater-level
range is a problem because it will lead to deeper estimated
high groundwater levels and, as a result, a potentially incor-
rect determination that a site is suitable for an unmounded#
septic system.

In all approaches to estimating the annual groundwater-
level range, the mean error was positive, indicating that, in
general, the estimated annual groundwater-level range at a
given site is likely to be greater than the actual range. This is
a result of using the 5-percent exceedance-probability value
for the range (a value that is expected to be exceeded in only
5 percent of wells) and leads to a conservative determination
of the suitability of the site for an unmounded septic system.
The mean errors for the maximum and 90th-percentile annual
groundwater-level ranges were greater when the error was
estimated using the 5-percent exceedance probability than
when the range was estimated using two test measurements
(fig. 174). The larger positive mean error with the exceedance
approach indicates that it is biased towards estimating larger-
than-actual annual groundwater-level ranges. In contrast to the
mean error, the mean absolute error was substantially higher
for wells in glacial till when the maximum and 90th-percentile
annual groundwater-level ranges were calculated using the
two-measurement approach (fig. 17B). This result indicates
that the two-measurement approach to estimating the annual
groundwater-level range results in large errors (overestima-
tion and underestimation) in some wells in glacial till. In wells
in stratified drift, the mean absolute error was greater with
the 5-percent exceedance-probability approach than with the
two-measurement approach because of the bias of the exceed-
ance approach (as indicated by the similar magnitude of the
mean error and the mean absolute error for wells in stratified
drift). Finally, the percentage of wells for which the annual
groundwater-level range was underestimated by 25 percent
or more was much higher when the range was estimated
using two measurements than when the 5-percent exceedance

4A mounded system is one where a septic drainage field is built above the
existing land surface to allow the necessary vertical separation between the
high groundwater level and the bottom of the drainage field.
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confidence) to be in a valley setting. If the groundwater level is plotted within the darker gray region at the bottom, it is likely (with
greater than 75-percent confidence) to be in a hill setting. Topographic settings based on water levels that are plotted in the white

region are inconclusive.

probability approach was used (fig. 17C). This underestima-
tion may be the most important metric because it could lead
to an incorrect determination of suitability for an unmounded
septic system and ultimately to septic-system failure.

Approaches to Selecting an Index Well

The third step of the method is the selection of an appro-
priate index well. The selection of the index well is based on
the assumption that water levels at the index well respond
similarly to water levels at the test site, that is, that they are
highly correlated. Six approaches to selecting an index well
were considered: (1) random and in any surficial deposit,

(2) random and in the same surficial deposits as the test site,
(3) random and in the same topographic setting and surficial
deposits as the test site, (4) nearest geographic distance and

in the same surficial deposits as the test site, (5) most similar

water level in depth below land surface at the time of the test
measurement and in the same surficial deposits as the test site,
and (6) a predictive equation.

Correlations Between Wells

In preparation for evaluating the approaches to selecting
an index well, correlations between all pairs of wells were cal-
culated using Spearman’s rho (Helsel and Hirsch, 2002) with a
pairwise comparison (U.S. Geological Survey, 2015). Higher
correlations between two wells indicate that water levels in
the wells change at the same times and in the same directions
(deeper or shallower), although the actual magnitudes of the
water-level changes may differ between the wells. Correlations
(Spearman’s tho) between water levels in all well pairs ranged
from —0.08 to 0.98, with a median of 0.66. Correlations were
higher between well pairs of all types finished in the same
topographic group (including surficial deposits), at a similar
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elevation, and at a similar distance from the nearest stream,;
receiving similar amounts of precipitation and recharge; and
situated close together (table 6). Correlations for pairs of
wells, at least one of which was in stratified drift or glacial till,
were mostly similar to the correlations with predictor variables
for all well pairs. The one exception was that the correlation
between water levels in two wells finished in glacial till was
higher if both wells were in the same topographic setting.

Predictive Equation for Index Well Selection

To develop the prediction equation, a multiple linear-
regression equation was developed to explore the relations
between predictor variables and the correlations with the goal
of predicting the most highly correlated index well for each
test site. Potential predictor variables included geographic dis-
tance between the pair of wells and similarity of the following:
surficial deposit, topographic setting, elevation of land surface,
aspect, slope, estimated annual recharge, annual precipitation,
monthly groundwater levels, proximity to a water body, eleva-
tion above a stream or river, and two topographic indices [the
topographic index (Beven and Kirkby, 1979) and the topo-
graphic position index (Weiss, 2001)]. Numeric variables were
first calculated as differences and then multiplied by —1 so that
larger values indicated greater similarity. All numeric variables

were standardized by subtracting the mean and dividing by
the standard deviation (Larose and Larose, 2015, p. 31), and
highly cross-correlated variables (rho > 0.75) were dropped
using the caret package in R (Kuhn, 2018; R Core Team,
2018) prior to regression analysis. The regression analysis was
done for the entire well dataset and for the till and stratified-
drift subsets. For each group, the best predictor variables were
identified through a model-selection process based on use of
the leaps package in R (Lumley, 2009; R Core Team, 2018)
and with the Bayesian information criterion (BIC) as the test
statistic. Variables with negative coefficients, which indicated
that wells with less similar traits responded more similarly
than wells with more similar traits, were assumed to be statis-
tical artifacts and were dropped. Also, variables with coef-
ficients that did not differ from 0 at the 95-percent confidence
level were dropped. The regression predicts the correlation
between water levels at the test site and a potential index well.
The most highly correlated potential index well can then be
selected as the index well. Inputs and outputs to the regression
equation are further described in appendix 2 and Barclay and
Mullaney (2020). The predictive regression equation served as
one approach to selecting the best index well.

The subset of variables that best predicted the correlation
between two wells for all well pairs were (1) the proximity of
the wells to one another; similarities in (2) annual recharge,
(3) precipitation, (4) distance to the nearest stream, (5)
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Table 6. Correlations between well-pair water-level correlations and possible predictor variables for wells in Massachusetts and

surrounding States.

[Correlations for stratified drift and till wells include all pairs of wells in which at least one of the wells is in the specified surficial deposit]

Variable All wells Stratified drift wells Till wells
Same surficial deposit 0.00 —0.08 0.25
Same topographic setting 0.10 0.00 0.29
Similar elevation 0.10 0.09 0.12
Proximity 0.22 0.21 0.24
Similar aspect —-0.02 —-0.03 —-0.03
Similar slope —-0.04 —-0.05 —-0.01
Similar topographic index —-0.07 -0.09 —-0.06
Similar recharge 0.10 0.08 0.11
Similar precipitation 0.17 0.16 0.18
Similar topographic position index at 500 meters —-0.02 —-0.02 0.00
Similar topographic position index at 2,000 meters 0.00 0.02 0.00
Similar elevation above the nearest stream —0.04 0.01 —0.08
Similar distance to the nearest stream 0.07 0.10 0.03

elevation; and (6) whether the wells were in the same surficial
deposit and topographic setting (table 7). This list is similar

to the list for the subset of well pairs in which at least one of
the wells was in till and stratified drift, except that being in the
same surficial deposit and topographic group was not included
for wells in stratified-drift deposits, and similar elevations
were not included for wells in till deposits.

Comparison of Index Well Selection Approaches

For wells in till, the median groundwater-level correlation
between a test site and an index well was highest if the nearest
well in the same surficial deposit (glacial till) was selected
as the index well (rtho = 0.82; fig. 184). Median water-level

Table 7.
Massachusetts and surrounding States.

correlations were lowest if the index well was selected

at random (regardless of geologic or topographic setting;

rho = 0.67). Among the other approaches, the median cor-
relations were similar (rtho = 0.75 to 0.81). Using the regres-
sion equation to identify the best index well did not improve
the correlation between measurements at the test site and the
index well as compared to simply selecting the nearest well in
till deposits. The regression equation was also more difficult to
implement than to select the nearest well.

For wells in stratified drift, the median groundwater-
level correlation with an index well was also highest when the
nearest well in the same surficial deposit (stratified drift) was
selected (rho = 0.72; fig. 19B). Among the other approaches,
the median correlations were similar (rho = 0.62 to 0.69). As

Regression coefficients for an equation to predict the correlation between an index well and a test well for wells in

[Coefficients apply to data that have been standardized to a mean of 0 and a standard deviation of 1. NS, not statistically significant at p < 0.05; Adj R2, adjusted

coefficient of determination]

Variable All wells Stratified drift wells Till wells

Intercept 0.607 0.605 0.619
Same surficial deposit NS NS 0.038
Same topographic setting 0.038 NS 0.093
Similar elevation 0.007 0.007 NS

Proximity to each other 0.025 0.025 0.032
Similar recharge 0.020 0.018 0.016
Similar precipitation 0.022 0.020 0.022
Similar distance to the nearest stream 0.046 0.050 0.035
Adjusted coefficient of determination (R?) 0.13 0.13 0.16
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with wells in glacial till, using the regression equation to select
the index well did not improve the correlation between water
levels at the test site and the selected index well as compared
to the other more easily implemented approaches.

Assessing High Groundwater-Level Estimates

Three metrics were used to evaluate the high
groundwater-level estimates from the Frimpter (1981) method.
First, the accuracy of the estimated high groundwater level
was assessed by comparing the predicted and measured
high groundwater levels for each test site and each test-
measurement date using the mean error and the mean absolute
error. These metrics were calculated for the entire datasets
and for subsets based on surficial deposit, topographic setting,
and hydrologic conditions using the hydroGOF package in R
(Zambrano-Bigiarini, 2017; R Core Team, 2018). Second, the
frequency with which the observed high groundwater level
exceeded the estimated high groundwater level was calculated
for each test site and test measurement. Third, each site was
classified as suitable or unsuitable for an unmounded septic
system based on a threshold high groundwater level of 6 ft
below land surface and the estimated high groundwater level.
This threshold accounts for the required 4-ft vertical separa-
tion between the septic drainage field and the high ground-
water level and for 2 ft of the thickness of the drainage bed.
After this classification was done, the ability of the method to
correctly classify the site was assessed.

The estimated high groundwater levels were assessed
using two approaches to estimate the annual groundwater-
level range (5-percent exceedance probability from either the
maximum annual groundwater-range distribution or the 90th
percentile of the annual groundwater-range distribution) and
five approaches to select an index well. The two-measurement
approach to estimate the annual groundwater-level range
was not considered further because of the high probability of
underestimating the observed annual groundwater-level range
by more than 20 percent. The regression equation approach
to selecting an index well was not considered further because
this approach is much more difficult to implement than other
approaches and, compared with other approaches, did not
improve the correlation between the groundwater levels mea-
sured in the test well and in the selected index well.

Finally, one additional metric was used to quantify the
effect of groundwater levels at the time of the test measure-
ment on the accuracy of the estimated high groundwater level.
Errors in the estimated high groundwater level (compared with
the observed high groundwater level) were compared across
five water-level groups (low, slightly low, midrange, slightly
high, and high). The water-level groups refer to water levels at
the time of the test measurement compared with water levels
during the historical period of record for the test site. For this
analysis, the nearest well in the same surficial deposit was
selected as the index well, and both approaches to estimating
the annual groundwater-level range were used.

Accuracy of Estimated High Groundwater Level

The accuracy of the estimated high groundwater level
varied with the approaches used to estimate the annual
groundwater-level range and select an index well. Errors for
test-site and test-measurement date pairs ranged from —27.0 to
14.8 ft, with a median error of —1.9 ft (fig. 19). The mean error
for the estimated high groundwater level ranged from —3.23
to —1.40 ft for all approaches and hydrologic conditions used
to estimate the annual groundwater-level range and to select
an index well (table 8). Negative values for the mean error
indicate that, in general, the estimated high groundwater level
is higher (on average, 1.40 to 3.23 ft higher) than the observed
high groundwater level. The mean absolute error for the
estimated high groundwater level ranged from 2.79 to 3.97 ft,
indicating that, in general, the estimated high groundwater
level was off (either high or low) by 2.79 to 3.97 ft.

The approach to estimating the annual groundwater-level
range had a greater effect on the accuracy of the estimated
high groundwater level than the choice of an index well. The
magnitude of the mean errors was smaller if the range was
estimated using the 5-percent exceedance probability of the
90th percentile of annual groundwater-level ranges instead
of the distribution of the maximum annual groundwater-level
ranges (—1.73 to —1.40 ft compared with —3.23 to —2.99 ft;
fig. 19; table 8). Similarly, the magnitude of the mean abso-
lute error was smaller if estimated by the 90th-percentile
distribution instead of the maximum distribution (2.79 to
3.09 ft compared with 3.78 to 3.97 ft). These reductions in the
mean error and mean absolute error were likely caused by the
removal of extreme values in annual groundwater-level ranges
from the statistical distributions. The approach to choosing an
index well (for example, randomly from any surficial mate-
rial, or the nearest index well in the same surficial material)
had less effect on the mean error and the mean absolute error,
resulting in maximum differences of 0.24 ft in the mean error
(—2.99 to —3.23 ft) and 0.19 ft in the mean absolute error (3.78
to 3.97 ft) when the range was estimated from the maximum-
range distribution, and 0.33 ft in the mean error (—1.4 to
—1.73 ft) and 0.30 ft in the mean absolute error (2.79 to
3.09 ft) when the range was estimated from the 90th-percentile
distribution of annual groundwater-level ranges (table 8).

When the accuracy of the estimated high groundwater
level was assessed for test sites in stratified drift and glacial
till separately, the choice of index well was more important
(fig. 19; table 8, middle and right columns). This was par-
ticularly true for test sites in glacial till where selecting an
index well at random, regardless of surficial deposit, or by the
most similar depth to water at the time of the test measure-
ment resulted in larger magnitude mean error values than
other approaches to selecting an index well, regardless of the
approach to estimating the annual groundwater-level range.
Mean error values were slightly lower for wells in glacial till
than in stratified drift for all of the approaches used to esti-
mate the annual groundwater-level range and select an index
well, except for selection of an index well at random from any
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Figure 18. Comparison of Spearman’s rho for index wells chosen by six different approaches for test wells in A, till and
B, stratified-drift deposits in Massachusetts and surrounding States.

surficial deposit and for selection of an index well using the test sites in glacial till and stratified drift unless the index well
most similar depth to water at the time of the test measure- was selected at random from any surficial deposit. Selecting an
ment. Mean absolute error values were generally similar for index well at random from any surficial deposit likely results
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Table 8. Errors in estimated high groundwater levels for wells in Massachusetts and surrounding States.

[ft, foot]
All wells (n=119) Stratified drift wells (n=79) Till wells (n = 40)
Approach to selecting an index well Meanerror, M Meanerror, Meanabsolute Meaneror, _Mean
. absolute . . . absolute
in ft . in ft error, in ft in ft .
error, in ft error, in ft
Range estimated from 5-percent exceedance level of maximum ranges
Randomly, any surficial deposit -2.99 3.92 -2.53 3.48 -3.82 4.7
Randomly, same surficial deposit -3.05 3.94 —3.43 4 -2.37 3.84
Randomly, same surficial deposit, same topographic -3.02 3.97 -3.15 3.74 —2.80 4.4
setting
Nearest well, same surficial deposit —3.06 3.85 —3.62 3.91 —2.07 3.72
Similar depth to water, same surficial deposit -3.23 3.78 —2.86 3.39 -3.90 4.48
Range estimated from 5-percent exceedance level of 90th-percentile ranges
Randomly, any surficial deposit -1.52 3 -1.07 2.53 -2.33 3.85
Randomly, same surficial deposit —-1.40 2.98 -1.74 292 —-0.78 3.08
Randomly, same surficial deposit, same topographic -1.60 3.09 -1.96 3.08 —0.95 3.1
setting
Nearest well, same surficial deposit -1.59 2.89 —2.06 2.85 —-0.75 2.97
Similar depth to water, same surficial deposit -1.73 2.79 —1.55 2.61 —2.04 3.12

in higher errors for wells in glacial till; because the well
network includes fewer wells in glacial till, it is likely that the
randomly selected index well will be in stratified drift and may
not respond like a well in glacial till.

Errors in estimated high groundwater levels varied
slightly by the water levels at the time of the measurement.
When the range was estimated using the S5-percent exceed-
ance probability of the maximum annual groundwater-level
range, the median error between the observed and estimated
high groundwater levels ranged from —1.8 to —3.3 ft across
all hydrologic conditions from the highest 20 percent of water
levels to the lowest 20 percent of groundwater levels (fig. 20).
Within the 95-percent confidence interval, the median error
did not differ between the high and slightly high groundwa-
ter levels or between the slightly low and low groundwa-
ter levels, but the magnitudes of the median errors for the
drier conditions (slightly low and low groundwater levels)
were greater than for the wetter conditions (high, slightly
high, and midrange groundwater levels). When the annual
groundwater-level range was estimated from the distribution
of the 90th percentile of annual groundwater-level ranges,
the median error ranged from —0.6 to —2.0 ft. Within the
95-percent confidence interval, the magnitude of the median
error with midrange water levels was greater than for slightly
high water levels and less than for slightly low and low water
levels, and the median error for slightly low and low water
levels was greater than for wetter conditions (high, slightly
high, and midrange). Because the median error differed in
some instances by groundwater level (with drier conditions
generally having greater errors than wetter conditions), the

accuracy of the estimated high groundwater levels might

be slightly better if the test measurement were made dur-

ing higher water levels. The magnitudes of the differences in
median error between water-level groups, however, was much
less than the interquartile range of error magnitudes within
each group. This suggests that, although the differences in
error are statistically significant in some cases, those differ-
ences are a relatively minor component of the overall error in
the high groundwater-level estimates.

Frequency of Exceeding the Estimated High
Groundwater Level

The approach to selecting an index well had a greater
effect on the percentage of wells where groundwater levels
never exceeded the estimated high groundwater level than
did the approach to estimating the annual groundwater-level
range. For all surficial deposits and both approaches to esti-
mating the annual groundwater-level range, using the nearest
well in the same surficial deposit as the test well resulted in
the greatest number of wells where the observed groundwater
level did not exceed the estimated high groundwater level
(fig. 21). Estimating the annual groundwater-level range based
on the 5-percent exceedance probability of the maximum
annual groundwater-range distribution resulted in a higher
percentage of sites where the observed groundwater levels did
not exceed the estimated levels than estimating the range from
the distribution of the 90th-percentile of the high ground-
water levels. This result is expected due to the larger esti-
mated ranges from the maximum annual groundwater-range
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Figure 19. Differences between predicted and measured high groundwater levels for wells in Massachusetts and surrounding
States. Annual groundwater-level ranges were estimated from the 5-percent exceedance probabilities of the A, maximum ranges or
B, 90th-percentile ranges. Negative values indicate that the estimated high groundwater level is higher (shallower) than the observed
high groundwater level. The mean error for each group is the mean of the differences for that group (resulting from the approach for
estimating the range and the approaches for selecting an index well), and the mean absolute error for each group is the mean of the
absolute value of the differences for that group.

distribution. The percentage of wells in glacial till where the never exceeded the estimated high groundwater level; these
observed groundwater levels never exceeded the estimated results applied to all approaches to selecting an index well and
high groundwater levels was lower than the percentage of estimating the annual groundwater-level range.

wells in stratified drift where the observed groundwater levels
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Figure 20. Differences between predicted and measured high groundwater levels for wells in Massachusetts and surrounding States

at the time of the test measurement. Annual groundwater-level ranges were estimated from the 5-percent exceedance probabilities of
the A, maximum ranges or B, 90th-percentile ranges. Water-level categories from high to low each represent 20 percent of the water

levels in the period of record for a given site.

The observed groundwater levels in most wells exceeded
the estimated high groundwater level infrequently. For the
full dataset, the median frequency at which the observed
groundwater level exceeded the estimated level ranged from
0.5 to 1.9 percent of months, or every 4 to 17 years, for both
approaches to estimating the annual groundwater-level range
and all approaches to selecting an index well (fig. 22). The
median frequency of the observed groundwater level exceed-
ing the estimated high groundwater level did not vary substan-
tially across approaches to selecting an index well.

At some sites, however, the estimated high groundwater
level was exceeded relatively frequently (in more than 5 per-
cent of months; figs. 21 and 22). The percentage of sites that
exceeded the estimated high groundwater level in more than
5 percent of months ranged from 5 to 26 percent across both
approaches to estimating the annual groundwater-level range
and all approaches to selecting an index well. Higher fre-
quency exceedances were most common when the range was
estimated based on the 90th percentile of annual groundwater-
level ranges for wells in glacial till.
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in Massachusetts and surrounding States for five approaches to selecting an index well and for two approaches to estimating the
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Percentage of months in which groundwater levels exceeded the estimated high groundwater level for wells in

Massachusetts and surrounding States where the estimated high groundwater level was exceeded one or more times. Annual
groundwater-level ranges were estimated from the 5-percent exceedance probabilities of the A, maximum ranges or B, 90th-percentile

ranges.

Accuracy of Septic-System-Suitability
Classification

Most sites were correctly classified as suitable or
unsuitable for an unmounded septic system regardless of
the approach used for estimating the annual groundwater-
level range or selecting an index well. Correct classification
rates ranged from 83 to 86 percent for all wells under both

approaches to estimating the annual groundwater-level range
and all five approaches to selecting an index well (fig. 23).
When the annual groundwater-level range was estimated
using the distribution of the maximum groundwater-level
ranges, the number of sites incorrectly classified as suitable
for an unmounded septic system was lower (therefore fewer
failed septic systems) than when the range was estimated
from the distribution of the 90th percentile of the annual



groundwater-level ranges (2.7 to 6.0 percent versus 6.6 to
10.1 percent for all wells across all approaches to selecting an
index well), whereas the number of sites incorrectly classified
as unsuitable for an unmounded system was higher (therefore
more unnecessarily mounded systems; 9.0 to 12.1 percent for
all wells versus 6.5 to 8.4 percent across all approaches to
selecting an index well). Rates of correct classifications were
slightly higher for sites in glacial till than for sites in strati-
fied drift.

Implementation of the Method

The accuracy of estimated high groundwater levels
and suitability for unmounded septic systems varied among
approaches to estimating the annual groundwater-level range
and selecting an index well. In general, the estimated high
groundwater levels were higher than the observed groundwa-
ter levels, but most estimated high groundwater levels were
within 4 ft of the actual high groundwater levels. Regardless
of the approach to estimating the annual groundwater-level
range and selecting an index well, most sites were correctly
classified as suitable or unsuitable for an unmounded sep-
tic system.

The approach to estimating the annual groundwater-
level range introduces a tradeoff between the accuracy of
the estimated levels and how frequently the estimated high
groundwater level is exceeded (potentially leading to a failed
septic system). Estimating the annual groundwater-level range
from a distribution of the maximum annual groundwater-
level ranges resulted in larger errors in the estimated high
groundwater level, but the estimated levels were exceeded
in fewer wells and less frequently than when the range was
estimated from a distribution of the 90th percentile of annual
groundwater-level ranges. The choice of approach to estimat-
ing the annual groundwater-level range had a minor (about 1
percent) effect on the percentage of sites correctly classified
regarding unmounded septic-system suitability, but it did
affect the type of error for incorrectly classified sites. When
the range was estimated using the distribution of the maxi-
mum annual groundwater-level ranges, more than half of the
classification errors were due to incorrectly classifying sites as

Evaluating and Implementing the Method 33

unsuitable for unmounded septic systems (leading to unnec-
essary installation of mounded systems, which are costlier
than unmounded systems). In contrast, when the range was
estimated using the 90th percentile of the annual groundwater-
level ranges, more than half of the errors were due to incor-
rectly classifying sites as suitable (leading to occasional septic
system failure).

Unlike the approach to estimating the annual
groundwater-level range, the approach to selecting an index
well did not involve broad tradeoffs because it did not sub-
stantially alter the accuracy of the estimated high groundwater
levels. In contrast, the approach to selecting an index well
did change how frequently the estimated high groundwater
level was exceeded. Across all wells and both approaches to
estimating the annual groundwater-level range, using the near-
est index well in the same surficial deposit resulted in fewer
sites where the estimated groundwater level was exceeded
than selecting an index well using other approaches. Like the
approach to estimating the annual groundwater-level range,
the approach to selecting an index well had little effect on the
percentage of wells that were correctly classified according to
their suitability for an unmounded septic system. Also similar
to the approach for estimating the range, the approach for
selecting the index well affected the type of incorrect clas-
sifications, particularly when the annual groundwater-level
range was estimated using the distribution of the 90th per-
centile of annual groundwater-level ranges. For example, if
the index well was selected at random and the range estimate
from the 90th percentile of annual water-level ranges was
used, the method resulted in slightly more incorrectly suitable
classifications than incorrectly unsuitable classifications. In
contrast, if the selected index well was finished in the same
surficial deposit with a depth closest to the depth of water
at the time of the test measurement, the method resulted in
slightly more incorrectly unsuitable classifications than suit-
able classifications. The approach selected for estimating the
annual groundwater-level range and selecting an index well
will likely depend upon the importance of an accurate estimate
of the high groundwater level as compared to the importance
of an estimated high groundwater level that is less likely to be
exceeded.
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Approach to selecting an index well

Figure 23. Accuracy of determination of suitability for an unmounded septic system for wells in Massachusetts and surrounding
States. Annual groundwater-level ranges were estimated from the 5-percent exceedance probabilities of the A, maximum ranges or
B, 90th-percentile ranges.

summ ary one test groundwater-level measurement at the site of inter-
est, the current and maximum groundwater level at an index
well, and the maximum annual groundwater-level ranges
from U.S. Geological Survey (USGS) wells across the State.
Index wells typically are near the test site and in similar
geologic and topographic settings. This method is referred to
as the Frimpter method by State and local agencies. Since the
Frimpter method was originally developed, about 40 years of

Determining the suitability of a site for a septic sys-
tem requires identification of the high groundwater level;
absence of redoximorphic features, such as color changes
indicating the elevation of the water table, from the soil
profile can hinder this determination. In 1981, an alterna-
tive method for estimating the high groundwater level in
Massachusetts was developed. The alternative method uses



additional groundwater-level data have been collected at most
of the USGS wells and thus have prompted an update to the
statistical distributions of these groundwater levels.

The USGS, in cooperation with the Massachusetts
Department of Environmental Protection, updated the Frimpter
method for estimating the probable high groundwater levels
in Massachusetts. This study also provided an opportunity to
analyze within-month variation in groundwater levels, assess
the differences in high groundwater levels based on monthly
measurements versus observed daily-mean groundwater
levels, quantify long-term trends in groundwater levels, and
evaluate the accuracy of the method using multiple approaches
to estimate the annual groundwater-level range and select an
index well for a test site.

For this study, records with lengths of 16 to 78 years for
153 wells in Massachusetts and nearby in surrounding States
were analyzed. The highest (shallowest in depth) recorded
groundwater levels varied widely from 1.2 feet (ft) above land
surface (the site was flooded) to 45.8 ft below land surface,
with a median of 4.6 ft below land surface; the maximum
annual groundwater-level ranges varied from 1.4 to 17.9 ft,
with a median of 5.5 ft. Among wells on the mainland, wells
screened in glacial till had shallower high groundwater levels
(median of 2.2 ft) and larger maximum annual groundwater-
level ranges (median of 11.4 ft) than wells screened in
stratified drift (high groundwater level median of 4.6 ft and
maximum groundwater-level range median of 5.6 ft).

The within-month variation, maximum annual
groundwater-level range, and highest recorded groundwater
levels were computed using daily mean groundwater-level val-
ues from 28 wells with continuous records. The within-month
interquartile groundwater-level range varied from 0.11 to
0.96 ft, with a median of 0.28 ft. Larger variation was associ-
ated with larger annual groundwater-level ranges, shallower
high groundwater levels, and larger month-to-month varia-
tions. Computations based on daily data were compared with
computations based on monthly data at the same sites. Using
daily data resulted in larger maximum annual groundwater-
level ranges (0.02 to 2.94 ft larger, median of 0.58 ft larger)
and shallower highest recorded groundwater levels (0.0 to
1.60 ft shallower, median of 0.18 ft shallower) than compu-
tations based on monthly measurements in the same wells.
Results suggest that monthly measurements are sufficient
for calculated annual groundwater-level ranges and high
groundwater-level statistics for index wells, but continuous
data should be used, when available, for water levels at index
wells on the day of the groundwater-level measurement at the
test site.

Statistical tests showed moderate to strong support that
trends were present in both high and low groundwater levels
at most periods that were analyzed. High groundwater levels
became shallower (higher) at most sites during four of six
analysis periods (19662015, 1986-2015, 1991-2010, and
1981-2010). Low groundwater levels also became shallower
at many sites during most periods evaluated, but this trend was
less widespread than it was with high groundwater levels: a
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greater number of sites had trends to deeper low groundwa-

ter levels than had trends to deeper high groundwater levels.
There was no clear trend in annual groundwater-level ranges at
most sites during the six periods analyzed. The trends toward
shallower groundwater levels could suggest the need for added
depth between septic drain fields and groundwater to prevent
flooding in the decades to come.

Three potential strategies for estimating the maxi-
mum annual groundwater-level range at a test site and six
potential strategies for identifying an appropriate index well
were analyzed. The approaches for estimating the annual
groundwater-level range included (1) the approach from the
original method, which uses the 5-percent exceedance prob-
ability from the probability distribution of maximum annual
groundwater-level ranges at index sites in similar surficial
deposits and topographic settings, (2) use of the 5-percent
exceedance probability from a probability distribution of the
90th percentile of annual groundwater-level ranges from the
same groups of index wells, and (3) estimating the annual
groundwater-level range (including either the maximum or
the 90th percentile) using two test measurements made during
differing hydrologic conditions. The approaches to estimating
the annual groundwater-level range were assessed by compar-
ing the estimated and known annual groundwater-level ranges
for each well. The approaches for selecting an index well were
(1) random and in any surficial deposit, (2) random and in the
same surficial deposits, (3) random and in the same topo-
graphic setting and surficial deposits, (4) nearest geographic
distance to the test site and in the same surficial deposits,

(5) water level most similar to that of the test well with respect
to depth below land surface at the time of the test measure-
ment and in the same surficial deposits, and (6) a predictive
equation. The approaches to selecting an index well were
assessed by comparing the correlations between test wells and
potential index wells that were selected by different methods.
The two-measurement approach to estimating the annual
groundwater-level range and the predictive-equation approach
to selecting an index well did not perform better than simpler
approaches and were dropped from further investigation, leav-
ing two approaches to estimating the annual groundwater-level
range and five approaches to selecting an index well.

The Frimpter method was assessed by comparing the
estimated and measured high groundwater levels, quantify-
ing the frequency with which the measured groundwater
level exceeded the estimated high level, and quantifying the
errors in determining site suitability for an unmounded septic
system using each of the approaches to estimating the annual
groundwater-level range and to selecting an index well.

The accuracy of the estimated high groundwater level
varied with the approaches used to estimate the annual
groundwater-level range and select an index well, but, in
general, the method predicted higher levels than the observed
high groundwater levels. The approach to estimating the
annual groundwater-level range had a larger effect on the
accuracy of the high groundwater-level measurement than
did the approach to selecting an index well, with larger
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errors caused using the maximum annual range instead of the
90th-percentile annual range. The accuracy varied slightly by
hydrologic condition (groundwater levels at the time of the
test measurement), with higher groundwater levels (wetter
conditions) resulting in smaller errors than lower groundwater
levels (drier conditions).

The number of wells where the observed groundwater
levels never exceeded the estimated high groundwater level
was more strongly influenced by the approach to selecting
an index well than by the approach to estimating the annual
groundwater-level range. For all surficial deposits and both
approaches to estimating the annual groundwater-level range,
use of the nearest well in the same surficial deposit as the
index well resulted in the greatest number of sites where
the estimated high groundwater level was not exceeded. For
most wells where the estimated high groundwater level was
exceeded, the exceedances were infrequent. Higher frequency
exceedances were more common when the range was esti-
mated using the 90th percentile of annual groundwater-level
ranges and for wells in glacial till.

Most sites were correctly classified as suitable or
unsuitable for an unmounded septic system regardless of
the approach used for estimating the annual groundwater-
level range or selecting an index well. When the annual
groundwater-level range was estimated using the distribution
of the maximum groundwater-level ranges, the number of
sites incorrectly classified as suitable for an unmounded septic
system was lower (potentially fewer failed septic systems)
than when the range was estimated from the distribution of
the 90th percentile of the annual groundwater-level ranges,
but the number of sites incorrectly classified as unsuitable
for an unmounded system was higher (therefore incorrectly
requiring more mounded systems) using the distribution of
the maximum groundwater-level ranges. Rates of both correct
and incorrectly suitable classifications were slightly higher for
sites in glacial till than for sites in stratified drift. The approach
selected for estimating the annual groundwater-level range and
selecting an index well will likely depend upon the impor-
tance of an accurate estimate of the high groundwater level as
compared to the importance of an estimated high groundwater
level that is less likely to be exceeded.
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Appendix 1.

Groundwater Observation Wells in Massachusetts and Surrounding States

U.S. Geological Survey groundwater-observation wells in Massachusetts and surrounding States.

Map

Decimal

Decimal longi-

no. Site number Station name latitude tude Notes
Stratified drift, hill
15 414704072580501 CT-BU 143 41.78425 —72.9673306
42 414825072185601 CT-MS 45 41.807183 —72.3152528
43 414815072183401 CT-MS 75 41.804031 —72.3083222
53 414237072034401 CT-SC 20 41.710376 —72.0617425
54 414240072033201 CT-SC 22 SCOTLAND 41.711017 =72.0591667 *5
28 414910072372101 CT-SW 64 41.819403 —72.6221778
2 415925073252001 CT-SY 15 41.990211 —73.4217944
3 415956073241501 CT-SY 24 SALISBURY, CT 41.999042 —73.4038639 4
134 413956070164301 MA-A1W 230 BARNSTABLE, MA  41.663722 =70.2775211 CC, +
132 413930070190901 MA-A1W 306 BARNSTABLE, MA  41.658444 —70.3186334 CC, *
87 422812071244401 MA-ACW 158 ACTON, MA 42.470114 —71.4118806 +, *,1,2,3,4,5,6
121 414129070361401 MA-BHW 198 BOURNE, MA 41.691495 —70.6033639 CC, +,*,1
31 421012072324501 MA-CMW 95 CHICOPEE, MA 42.170093 —72.5453655
119 412154070404701 MA-CNW 36 CHILMARK, MA 41.365114 =70.6791943 CC
22 423809072435601 MA-CSW 8 COLRAIN, MA 42.635918 =72.731759 +
91 422650071214402 MA-CTW 167 CONCORD, MA 42.447316 —71.3617266 + 1
29 423310072355801 MA-DFW 44 DEERFIELD, MA 42.552864 —72.598978 +, 1
103 414705071045301 MA-F3W 23 FREETOWN, MA 41.784824 =71.080877 +,1,2,4
14 420259072581701 MA-GLW 6 GRANVILLE, MA 42.049816 —72.9709367 +, %1
49 422058072085501 MA-HHW 1 HARDWICK, MA 42.349444 —72.1486111 +, 1
105 424841071004101 MA-HLW 23 HAVERHILL, MA 42.811606 =71.0116222 +,*,1,2,3,4,5,6
112 415228070554601 MA-LKW 14 LAKEVILLE, MA 41.874546 ~70.9289297 + % 1,2,3,4,5,6
20 421240072490201 MA-M7W 19 MONTGOMERY, MA  42.211267 —72.8169972
97 415812071111101 MA-N4W 37 NORTON, MA 41.9701 —71.1858828 +,1,2,4
147 411712070022801 MA-NBW 198 NANTUCKET, MA 41.286789 —70.0405706 CC
45 423441072170701 MA-ORW 63 ORANGE, MA 42.578143 —72.2848063
39 422103072241103 MA-PDW 24 PELHAM, MA 42.350924 —72.4025847
8 422745073112001 MA-PTW 51 PITTSFIELD, MA 42.462585 —73.1884366 +,*,1,2,3,4,5,6
117 415453070434901 MA-PWW 22 PLYMOUTH, MA 41.914925 =70.7297667 + %1
32 422607072324401 MA-S6W 7 SUNDERLAND, MA 42.435366 —72.5450879 +, 1
4 420351073193602 MA-SJW 58 SHEFFIELD, MA 42.064044 —73.3265444 *
60 422520071483001 MA-SYW 177 STERLING, MA 42.422314 —71.8078499
68 424055071435301 MA-TRW 13 TOWNSEND, MA 42.682033 =71.730906 +, 1
116 414518070435701 MA-WFW 51 WAREHAM, MA 41.755156 —70.7320167 +
65 422341071464901 MA-WSW 26 WEST BOYLSTON, 42.394783 =71.7798528 *
MA
50 421410072081301 MA-WUW 2 WEST BROOKFIELD, 42.236204 —72.1364665 +, 1
MA

26 420646072420101 MA-WVW 62 WESTFIELD, MA 42.112871 —72.6998144 +

39
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Table 1.1. U.S. Geological Survey groundwater-observation wells in Massachusetts and surrounding States.—Continued

[Wells have been grouped by setting, designated as the surficial deposit (stratified drift or till) and the topographic position. Additional information on these
wells can be found in Barclay and Mullaney (2020). Map no. refers to number on figure 2. Site number refers to the U.S. Geological Survey station number
(U.S. Geological Survey, 2018). Numbers in the “Notes” column indicate the well was used for the corresponding trend period from table 2 of this report. *,
continuous record well; +, well used in analysis of Frimpter (1981); CC, Cape Cod, Martha’s Vineyard, and Nantucket Island]

l\::.p Site number Station name ?;?:ﬂ:l DeclT:t:;ongl- Notes
Stratified drift, hill—Continued
21 421923072451001 MA-WXW 20 WESTHAMPTON, 42.341199 —72.8062055
MA
84 424800071295301 NH-NAW 218 42.800088 —71.4975669 2,3,4,5
67 414223071453701 RI-COW 342 41.706488 =71.7597915
86 415626071254601 RI-CUW 265 41.940655 —71.428947 1,2,3,4,5,6
80 415948071325001 RI-NSW 21 41.994821 —71.5470071 1,2,4
82 412918071321001 RI-SNW 6 SOUTH KINGSTOWN, 41.488434 =71.5356159 *2,3,4,5
RI
Stratified drift, valley
41 414833072190301 CT-CV 51 41.809265 —72.317025
34 415458072291901 CT-EL 82 41.916264 —72.4885417
48 414548072114501 CT-MS 19 41.763222 —72.1948972 1
5 420125073193001 CT-NOC 7 42.023383 —73.3248389 1
55 414240072032202 CT-SC 23 41.71121 —72.0556312
133 414154070165001 MA—-A1W 247 BARNSTABLE, MA 41.698443 =70.2800214 CC,+,1,2,3,4,5,6
131 413958070214701 MA-A1W 254 BARNSTABLE, MA  41.666221 —70.3625237 CcC
11 421550073025101 MA-A3W 12 BECKET, MA 42.264111 —73.0468472
98 423641071102501 MA-AJW 462 ANDOVER, MA 42.611482 =71.1731124
94 415447071155301 MA-ATW 83 ATTLEBORO, MA 41.913156 —71.264218 +, 1
12 421228072585301 MA-BEW 9 BLANDFORD, MA 42.207868 —72.9809352
149 414518070020301 MA-BMW 21 BREWSTER, MA 41.75511 —70.0336284 CC,+ 1,24
150 414100070011101 MA-CGW 138 CHATHAM, MA 41.683445 =70.019183 CC,+,* 12,4
16 422733072532601 MA-CYW 13 CUMMINGTON, MA  42.459461 —72.8902806
118 420321070433502 MA-D4W 79 DUXBURY, MA 42.055936 —70.725872 +, * 1
141 414402070083901 MA-DGW 123 DENNIS, MA 41.733999 —70.1436301 CC
140 414210070090901 MA-DGW 158 DENNIS, MA 41.702888 —70.1519633 CC
122 412346070353403 MA-ENW 52 EDGARTOWN, MA 41.396226 —70.5922496 CC
126 412118070311001 MA-ENW 60 EDGARTOWN, MA 41.355118 =70.5189149 CC
125 412358070320001 MA-ENW 81 EDGARTOWN, MA 41.39956 —70.5328046 CC
124 413737070330301 MA-FSW 167 FALMOUTH, MA 41.627103 —70.5501678 CC
123 413631070331801 MA-FSW 173 FALMOUTH, MA 41.608825 —70.5544928 CC
106 424322070592401 MA-GCW 168 GEORGETOWN, MA 42.72287 —70.9894992 +, 1
33 421355072322001 MA-GKW 68 GRANBY, MA 42.232036 —72.538421 +, 1
114 420353070520301 MA-HGW 76 HANSON, MA 42.064824 —70.8669862 +,1,2,4
95 422627071154002 MA-LTW 104 LEXINGTON, MA 42.440928 —71.2606123 +, 1
127 413525070291901 MA-MIW 26 MASHPEE, MA 41.590388 —70.488083 CC
128 413525070291904 MA-MIW 29 MASHPEE, MA 41.590388 —70.488083 CC
152 411536069591301 MA-NBW 107 NANTUCKET, MA 41.260123 —69.9864028 CC

148 411555070021901 MA-NBW 228 NANTUCKET, MA 41.265401 —70.0380705 cC
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[Wells have been grouped by setting, designated as the surficial deposit (stratified drift or till) and the topographic position. Additional information on these
wells can be found in Barclay and Mullaney (2020). Map no. refers to number on figure 2. Site number refers to the U.S. Geological Survey station number
(U.S. Geological Survey, 2018). Numbers in the “Notes” column indicate the well was used for the corresponding trend period from table 2 of this report. *,
continuous record well; +, well used in analysis of Frimpter (1981); CC, Cape Cod, Martha’s Vineyard, and Nantucket Island]

Appendix 1.

Groundwater Observation Wells in Massachusetts and Surrounding States

U.S. Geological Survey groundwater-observation wells in Massachusetts and surrounding States.—Continued

a“n

n::.p Site number Station name IIJ;?:[EZI Decll':l:(:(:ongl- Notes
Stratified drift, valley—Continued
143 411609070050701 MA-NBW 28 NANTUCKET, MA 41.26929 —70.084738 CcC
142 411535070051002 MA-NBW 302 NANTUCKET, MA 41.259846 —70.0855713 cc
146 411542070023303 MA-NBW 313 NANTUCKET, MA 41.26179 —70.0419595 CC
137 411620070113201 MA-NBW 44 NANTUCKET, MA 41.272346 —70.1916844 CcC
139 411645070104401 MA-NBW 46 NANTUCKET, MA 41.27929 —70.1783508 cc
109 414025070572801 MA-NGW 116 NEW BEDFORD, 41.673715 —70.9572617 + 1
MA
93 420545071174001 MA-NNW 27 NORFOLK, MA 42.095932 —71.2939439 + %*,1,2,3,4,5,6
73 420610071421402 MA-NXW 54 NORTHBRIDGE, MA  42.102874 —71.7034015 4
10 420912073043001 MA-OTW 7 OTIS, MA 42.153424 —73.0745497 +, 1
120 415217070393102 MA-PWW 494 PLYMOUTH, MA 41.871493 —70.6580897
138 420355070112302 MA-PZW 78 PROVINCETOWN, 42.06538 —70.1891933 cC
MA
30 422559072332402 MA-S6W 68 SUNDERLAND, MA 42.433144 —72.5561992
130 414418070241601 MA-SDW 252 SANDWICH, MA 41.738441 —70.4039139 CC, +,1,2,3,4,5,6
129 414124070265901 MA-SDW 253 SANDWICH, MA 41.690108 —70.4491929 CC, +,*,1,2,3,4,5,6
92 414714071175901 MA-SHW 275 SEEKONK, MA 41.787323 —71.2992174 + %1
102 415457071060101 MA-TAW 337 TAUNTON, MA 41.915934 —71.099768 +, 1,24
51 423717072043101 MA-TMW 3 TEMPLETON, MA 42.621476 —72.074802 +,1
145 420051070024805 MA-TSW 203 TRURO, MA 42.01427 —70.0461349 cc
144 420206070045901 MA-TSW 89 TRURO, MA 42.035228 —70.0825722 CC, +, *,1,3,5,6
104 423115071032001 MA-WAW 38 WAKEFIELD, MA 42.516742 —71.0484639 +, 1
40 421627072201701 MA-WEW 43 WARE, MA 42.274259 —72.3375825 + 1
90 421852071220501 MA-WKW 2 WAYLAND, MA 42.31454 —71.3675595 +,*,1,2,4
57 420314071514001 MA-WLW 1 WEBSTER, MA 42.053985 —71.8606272 +, 4
153 415353069585401 MA-WNW 17 WELLFLEET, MA 41.898162 —69.9811311 CC,+ * 1,5
151 415722070010001 MA-WNW 34 WELLFLEET, MA 41.956216 —70.0161332 cC
115 423505070491702 MA-WPW 76 WENHAM, MA 42.585028 —70.8206389 + 1
24 420924072422602 MA-WVW 152 WESTFIELD, MA 42.156759 —72.706759
88 423257071243702 MA-WWW 160 WESTFORD, MA 42.549147 —71.4103861
110 421120070562801 MA-XGW 4 WEYMOUTH, MA 42.188989 —70.9406011 +, 1
99 423401071093801 MA-XMW 78 WILMINGTON, MA  42.566897 —71.1599667 + *,1,2,3,4,5,6
135 414059070153301 MA-YAW 85 YARMOUTH, MA 41.683166 —70.2586318 cC
136 414051070130301 MA-YAW 89 YARMOUTH, MA 41.680944 =70.2169643 CC
75 415710071402201 RI-BUW 187 41.952876 —71.6722889 2,4
79 414022071332801 RI-COW 411 41.672878 —71.5572843 1,2,3,4,5,6
81 413252071323601 RI-EXW 554 EXETER, RI 41.547879 —71.5428388 *4.5
69 413423071431901 RI-EXW 6 41.573155 —71.7214565 1,2,4
85 413148071281601 RI-NKW 255 41.530101 —71.4706136 1,2,3,4,5,6
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U.S. Geological Survey groundwater-observation wells in Massachusetts and surrounding States.—Continued

[Wells have been grouped by setting, designated as the surficial deposit (stratified drift or till) and the topographic position. Additional information on these
wells can be found in Barclay and Mullaney (2020). Map no. refers to number on figure 2. Site number refers to the U.S. Geological Survey station number
(U.S. Geological Survey, 2018). Numbers in the “Notes” column indicate the well was used for the corresponding trend period from table 2 of this report. *,
continuous record well; +, well used in analysis of Frimpter (1981); CC, Cape Cod, Martha’s Vineyard, and Nantucket Island]

Map

Decimal

Decimal longi-

no. Site number Station name latitude tude Notes
Stratified drift, valley—Continued
77 412935071355701 RI-SNW 1198 41.493156 —71.5986739
64 413907071465001 RI-WGW 181 41.652044 —71.7800697 2,3,4,5
6 424810073160401 VT-PQW 1 42.802857 —73.2673313 1,4,5
Till, near-stream
59 412746071510601 CT-NSN 78 41.496267 —71.8508306
17 423339072524101 MA-HMW 8 HAWLEY, MA 42.560918 —72.8775956
63 415847071471401 RI-BUW 396 41.97982 —71.7867366
71 412434071422401 RI-CHW 586 41.409545 —71.7061764
70 412424071423601 RI-CHW 587 41.406767 —71.7095098
74 414315071410701 RI-COW 466 41.720933 —71.684789
76 413400071363101 RI-EXW 238 41.566767 —71.608119 4,5
78 413645071332901 RI-WGW 206 41.612601 —71.5575618 5
Till, upland
25 412809072420701 CT-D 116 41.468647 —72.7018194
27 412825072410501 CT-D 117 DURHAM, CT 41.472706 —72.6839083 *
35 415312072280201 CT-EL 140 41.936831 —72.4667778
19 415649072494801 CT-GR 328 41.947097 —72.8300167
18 415647072495901 CT-GR 329 41.946497 —72.8331611
38 413535072253701 CT-MB 32 MARLBOROUGH, CT 41.593133 —72.4264222 *5
36 413554072270201 CT-MB 35 41.598432 —72.4500858
37 413518072264501 CT-MB 36 41.588432 —72.4453635
23 413033072432001 CT-MF 1 41.509411 —72.7216333 1,2,4
46 414741072134501 CT-MS 44 MANSFIELD, CT 41.795022 —72.2286361 * 34,5
44 414843072182601 CT-MS 74 41.812375 —72.3069889
58 412931071514201 CT-NSN 77 41.4921 —71.8598528
7 412916073121701 CT-SB 42 SOUTHBURY, CT 41.487874 —73.2042801 *
52 414243072040501 CT-SC 19 41.712153 —72.0675083
1 415559073253401 CT-SY 23 41.933378 —73.4257278 4
13 413245072584201 CT-WB 198 41.546431 —72.9778222 2,4
9 423503073075401 MA-CJW 2 CHESHIRE, MA 42.584381 —73.1313333 +
100 421250071090901 MA-DDW 231 DEDHAM, MA 42.213988 —71.1519965 + 1
108 420056070575701 MA-EBW 30 EAST BRIDGEWATER, MA 42.015656 —70.9653205 +,1,2,4
107 415433070583302 MA-MTW 82 MIDDLEBORO, MA 41.909268 —70.9753197 +,1
111 424520070562401 MA-NIW 27 NEWBURY, MA 42.755372 —70.9394889 +, *,
1,2,3,4,5,6

47 422906072124301 MA-PHW 16 PETERSHAM, MA 42.485075 —72.2114361 *
83 421851071312601 MA-SSW 12 SOUTHBOROUGH, MA 42.314261 —71.5233976 4
61 422805071480801 MA-SYW | STERLING, MA 42.468147 —71.8017389 , 1
113 423845070542501 MA-TQW 1 TOPSFIELD, MA 42.646289 —70.9067389 , 1
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U.S. Geological Survey groundwater-observation wells in Massachusetts and surrounding States.—Continued

[Wells have been grouped by setting, designated as the surficial deposit (stratified drift or till) and the topographic position. Additional information on these
wells can be found in Barclay and Mullaney (2020). Map no. refers to number on figure 2. Site number refers to the U.S. Geological Survey station number
(U.S. Geological Survey, 2018). Numbers in the “Notes” column indicate the well was used for the corresponding trend period from table 2 of this report. *,
continuous record well; +, well used in analysis of Frimpter (1981); CC, Cape Cod, Martha’s Vineyard, and Nantucket Island]

l\::.p Site number Station name ?;?:ﬂ:l DeclT:(:;ongl- Notes
Till, upland—Continued
56 424204072015201 MA-XNW 13 WINCHENDON, MA 42.701019 —72.0308361 +, 1
101 422819071065701 MA-XOW 14 WINCHESTER, MA 42.47204 =71.1153312 +,1
62 415546071474701 RI-BUW 395 BURRILLVILLE, RI 41.929543 =71.7959035
72 414420071422301 RI-FOW 40 41.738988 —71.7059009 4.5
66 413126071455501 RI-HOW 67 41.523988 —71.7647912
96 413220071115501 RI-LTW 142 41.538992 =71.1981017
89 414106071223901 RI-WCW 59 41.685101 —71.3769985
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Appendix 2. Description of Data Used in the Predictive Equation To Select the

Best Index Well

The data used in this analysis are available in Barclay and
Mullaney (2020).

Data on Individual Network Wells

Information about location (latitude, longitude, and
elevation) and surficial material for each well was downloaded
from the U.S. Geological Survey National Water Information
System database (U.S. Geological Survey, 2018). Values
for aspect, slope, topographic index, recharge, precipitation,
topographic position index at 500 meters (m; 1,640 feet [ft]),
and topographic position index at 2,000 m (6,562 ft) at each
network well were calculated by extracting the values from the
appropriate raster to the shapefile of wells using the Extract
Values to Points tool from the Spatial Analyst toolbox in
ArcMap 10.5 (Esri, 2017).

The rasters for aspect and slope were calculated from
the 1-arc-second National Elevation Dataset (U.S. Geological
Survey, 2003) using the Aspect and Slope tools from the
Spatial Analyst toolbox in ArcMap 10.5. Aspect was calcu-
lated using the geodesic method. Slope was calculated in
degrees using the planar method. The raster for topographic
index (77) was calculated according to the following equation
(Beven and Kirkby, 1979):

a
71 = In(gn®) 2.1)
where
a represents the upslope contributing area per
unit contour, and

b represents the angle of the slope, in radians.

The upslope contributing area per unit contour was
calculated with the Flow Direction tool, then the Flow
Accumulation tool from the Spatial Analyst toolbox in Arc-
Map 10.5, and was finally multiplied by the raster-cell size.
The slope, as calculated by the planar method, was converted
from degrees to radians prior to calculation of the topo-
graphic index. Values for recharge were extracted from Reitz
and others (2017). Values for precipitation were extracted
from PRISM’s 30-year normal-precipitation totals (PRISM
Climate Group, 2012). Rasters for the topographic position
index at 500 m (1,640 ft) and the topographic position index
at 2,000 m (6,562 ft) were generated using the Topographic

Position Index tool from the Topography Tools 9.3 toolbox
for ArcMap (Dilts, 2010); the tool created circular neighbor-
hoods with radii of 500 m (1,640 ft) and 2,000 m (6,562 ft),
respectively. The toolbox has since been superseded by two
other toolboxes: Land Facet Corridor Designer (Jenness and
others, 2013) and Topography Tools for ArcGIS 10.3 and ear-
lier (Dilts, 2015). Elevation above the nearest stream was read
from a digital topographic map for each well. Distance to the
nearest stream was calculated by joining the shapefile of wells
to the nearest stream in the National Hydrography Dataset
Plus (NHDPlus) flowline shapefile (U.S. Environmental
Protection Agency and U.S. Geological Survey, 2012) using
the spatial-join tool in the Analysis toolbox in ArcMap 10.5.

Data on Well Pairs

Correlations between water levels measured in each pair
of wells were calculated using Spearman’s rho (Helsel and
Hirsch, 2002) to make a pairwise comparison (U.S. Geological
Survey, 2015). Higher correlations between two wells indicate
that water levels in the wells change at the same times and in
the same directions (deeper or shallower), although the actual
magnitude of water-level change may differ between the wells.

If both wells in the pair were finished in the same surfi-
cial deposit, the Same Surficial Deposit attribute was set to 1;
otherwise it was set to 0. Similarly, if both wells in the pair
were in the same topographic setting, the Same Topographic
Setting attribute was set to 1; otherwise it was set to 0.

Proximity between two wells (proximity) was calculated
as the Euclidean distance between the wells using the “NAD
19831 State plane Massachusetts mainland FIPS2 2001 feet”
projection. The distances were standardized by subtracting the
mean and dividing by the standard deviation. The standardized
distances were converted to proximity by multiplying by —1
so that larger values indicated smaller distances between the
wells and smaller values indicated greater distances.

The similarity of the remaining variables (elevation,
aspect, slope, topographic index, recharge, precipitation, topo-
graphic position index at 500 m, topographic position index
at 2,000 m, elevation above the nearest stream, and horizontal
distance to the nearest stream) were calculated according to

INAD 83 refers to the North American Datum of 1983.

2F1PS refers to the Federal Information Processing Standards.
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the following process: first, the absolute value of the difference
between the values of the given variable was calculated for
each well pair. Second, the absolute differences were standard-
ized by subtracting the mean difference for all well pairs from
the absolute difference for each well pair and then dividing

the result by the standard deviation for all well pairs. Finally,
the standardized differences were converted to similarities

by multiplying by —1 so that larger values indicated greater
similarity, and smaller values indicated less similarity. For
example, if the elevation of well A is 300 ft, and the elevation
of well B is 400 ft, the absolute value of the difference is 100
ft. If the mean absolute difference between all pairs of wells

is 500 ft, and the standard deviation of the absolute differ-
ences between all well pairs is 1,000 ft, then the standardized
difference between the elevations of well A and well B is —0.4
([100 ft — 500 ft]/1,000 ft). Converted to a similarity, the stan-
dardized similarity in elevation is 0.4.

Prediction Model Outputs

The regression equation was used to estimate the correla-
tion (Spearman’s rho) between pairs of wells as the first step in
predicting the most highly correlated index well. Each well, in
turn, served as the base well (representing a potential test site),
and the correlation with each other well was estimated using
the prediction model coefficients (table 6 of this report) for the
surficial deposits of the base well. This means that the cor-
relation between each pair of wells was predicted twice (with
each well serving as the base well once and as the potential
index well once). If the two wells were finished in the same
surficial deposit, the predicted correlations should be the same,
regardless of which well is the base well. If the two wells were
finished in different surficial deposits, however, the predicted
correlations might differ because of differing model coeffi-
cients based on the surficial deposit location of the base well.
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