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1.0

Introduction

For management of groundwater systems, accurate estimation of
groundwater recharge is extremely important. Recharge can be defined as “the
entry into the saturated zone of water made available at the water-table surface,
together with the associated flow away from the water table within the saturated
zone” (Freeze and Cherry, 1979). There are several different approaches that can
be taken to estimate groundwater recharge. The water-table fluctuation (WTF) has
several advantages in estimating recharge rates including the simplicity and
insensitivity to the mechanism by which water moves through the unsaturated zone
(Healy and Cook, 2002; USGS, 2007). The WTF method is best applied to areas
that have shallow water table (e.g. unconfined aquifers) which display rapid
responses to rainfall events (USGS, 2007). Correspondingly, an unconfined aquifer
is defined as an aquifer that is not confined by impermeable material and,
furthermore, its water table cannot be confined from the effects of atmospheric
pressure (National Ground Water Association, 1999).
The primary objective of the Provincial Groundwater Monitoring Network
(PGMN) is to observe ambient groundwater levels and quality in regionally
significant aquifers. As a partnership between the Ministry of the Environment
(MOE) and the Nottawasaga Valley Conservation Authority (NVCA), PGMN water
levels are recorded hourly using pressure transducers since 2003; however, this
extensive data set has not been analyzed to determine recharge estimates for the
wells completed in unconfined aquifer settings.
The purpose of this study is to estimate the groundwater recharge levels for
three unconfined NVCA PGMN wells using the WTF method and to cross reference
these values against the MOE recharge rate based on soil type (MOE, 1995).
1.1

Study Area

The NVCA PGMN program consists of 16 monitoring wells at 10 locations,
completed in both confined and unconfined aquifer settings. Established in late
2002, three of the 16 wells are completed in unconfined aquifer settings (regional
hydrostratigraphic unit A1) representing ‘water table’ environments in which the
WTF is applicable (see Table 1 for well characteristics). Well W281-1 (Earl Rowe)
located in Adjala-Tosorontio, is approximately 7.62 m (25 feet) deep, and is
characterized by mostly brown sands and gravels (Figure 1). The second well is
W291-1 (Wasaga Beach) is approximately 9.14 m (30 feet) and comprised of
mainly brown sand (Figure 2). The last well corresponds to W292-1 (Borden) and is
located on CFB Borden. This well is approximately 7.01 m (23 feet) deep and is
characterized by mainly brown to grey silty fine sands (Figure 3).
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Well

W281-1
W291-1
W292-1
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Table 1 – Location of wells in study area.
Physiographic
region
Well
SubMunici
(HydroName
watershed
pality
stratigraphic
Unit)
AdjalaEarl
Middle
Simcoe Lowlands
Tosoron
Rowe
Nottawasaga
(A1)
tio
Wasaga Lower
Wasaga Simcoe Lowlands
Beach
Nottawasaga Beach
(A1)
CFB
Simcoe Lowlands
Borden
Pine River
Borden
(A1)

Well depth

7.62m
9.14m
7.01m

Data Sources

The corrected NVCA time series PGMN data set is from 2003 to 2012. In
order to obtain enough data to create the hydrographs required, any water year
that had at least 75% of a complete record was used. A water year is defined for
the period of October 1 to September 30 corresponding to the period beginning and
ending of the low runoff period (USACE, 1983). Table 2 depicts the water year
availability and the percent of complete record. Well W281-1 (Earl Rowe) had four
water years were available while W291-1 (Wasaga Beach) had seven water years
were available. Lastly, six water years were available were available for W292-1
(Borden). The lack of water year availability is due to network operational issues.
Due to the large amount of data available (1 data point/hour for 365 days totalling
8760 data points), MS Excel pivot tables were used to organize data and determine
daily averages.
Well
W281-1
W291-1
W292-1

Table 2 – Water year availability and percent of complete record.
2003- 2004- 2005- 2006- 2007- 2008- 2009- 2010- 20112004
2005
2006
2007
2008
2009 2010 2011 2012
Yes
Yes
Yes
Yes
No
No
No
No
No
100% 100%
81%
100%
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
100%
100% 100 %
77%
100% 100% 100%
Yes
Yes
Yes
Yes
Yes
Yes
No
No
No
100%
82%
80%
76%
89%
100%

Yearly precipitation data was collected from Environment Canada’s Climate
database. Figure 4 depicts the precipitation data available. Table 3 depicts the
averaged precipitation values for the water years that were used. Precipitation data
is important to recharge as it provides consideration to the amount of expected
recharge. A water year that has a higher amount of precipitation could expect a
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higher level of recharge; however in some years this is not the case. Factors such
as more precipitation falling as snow, more runoff as a result of higher rainfall
intensities, or higher evapotranspiration rates could lead to lower recharge levels in
years with a high amount of precipitation.
Table 3- Average precipitation values per study wells (Environment Canada, 2013).
Well
Average precipitation
for available years
281-1 (Earl Rowe)
820.13 mm
291-1 (Wasaga Beach)
817.06 mm
292-1 (Borden)
958.35 mm
3.0

Methodology

This study utilized the WTF method which provides an estimate of recharge
by analysis of the water-level fluctuations in an observation well. The WTF method
requires knowledge of specific yield of the soil and changes in water levels over
time (Healy and Cook, 2002). Recharge estimate based on the WTF method:
R(tj) = Sy * ∆H(tj)
Where R(tj) (measured in cm) is the recharge occurring between times t0 and tj, Sy
is specific yield (a dimensionless unit), and ∆H(tj) is the peak water level rise with
respect to the recharge period (cm). Specific yield (Sy) is calculated by subtracting
the porosity (Φ) from the specific retention (the volume of water retained by rock
per unit volume of rock).
Sy = Φ – Sr
Key assumptions must be made in order to apply this method correctly.
1. The observed well hydrograph must only show natural water-table
fluctuations that are caused by groundwater recharge and discharge
2. Sy is known and constant over the time period of the water-table fluctuations
3. The pre-recharge water-level recession can be extrapolated to
determine ∆H(tj).
(USGS, 2007)
The MOE Water Well Record for each of the wells was used to determine the
respective soil type (Figure 1, 2, 3). Predetermined porosities and specific yields for
the encountered soil types were used as outlined by Johnson (1967). Table 4
outlines the type of soil and specific yield for each well. For W292-1 (Borden), the
soils were characterized as silty fine sand; therefore an average was taken for the
specific yield of silt and fine sand.
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Table 4 – Soil and specific yield (Johnson, 1967).
Well Name

4.0

Type of soil

Specific Yield (Sy)

W281-1 (Earl
Rowe)

Coarse to medium 27%
sand
0.27

291-1 (Wasaga
Beach)

Sand

26%
0.26

292-1 (Borden)

Silty fine sand

Average Silt = 8 % (0.08)
Average Fine sand = 21%
(0.21)
Therefore used 14.5% (0.145)

Results

Hydrographs were created to illustrate the water years: Figure 5 corresponds
to W281-1 (Earl Rowe), Figure 6 corresponds to W291-1 (Wasaga Beach), and
Figure 7 corresponds to W292-1 (Borden). Extrapolation of the water year
hydrograph was completed to determine ∆H (Tables 5a, b, c). The recharge for
each water year per well was calculated (Tables 6a, b, c). Table 7 provides an
average calculated recharge for all water years per well. The USGS WTF method
required extrapolation of pre-recharge levels (USGS, 2007), therefore in Table 6a
W281-1 (Earl Rowe), water year 2005-2006 and 2008-2009 could not be used. In
Table 5b, W291-1 (Wasaga Beach) water year 2003-2004 and 2005-2006 could not
be used. In Table 5c W292-1 (Borden), water year 2003-2004 and 2008-2009 was
not utilized.
Table 5a – W281-1 (Earl Rowe) high and low levels for water year.
Year
High (HH)
Low (HL)
∆H
2005-2006
223.49 masl
221.99 masl
1.50 m
2006-2007
223.54 masl
222.04 masl
1.50 m
2008-2009
223.70 masl
222.88 masl
0.82 m
2009-2010
223.50 masl
222.61 masl
0.89 m
Table 5b – W291-1 (Wasaga Beach) high and low levels for water year.
Year
High (HH)
Low (HL)
∆H
2003-2004
185.56 masl
184.73 masl
0.83 m
2005-2006
185.23 masl
184.28 masl
0.95 m
2006-2007
185.19 masl
184.73 masl
0.46 m
2007-2008
185.58 masl
184.77 masl
0.81 m
2008-2009
185.54 masl
184.87 masl
0.67 m
2009-2010
185.24 masl
184.81 masl
0.43 m
2010-2011
185.44 masl
184.79 masl
0.65 m
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Table 5c – W292-1 (Borden) high and low level water for year.
Year
High (HH)
Low (HL)
∆H
2003-2004
199.44 masl
197.28 masl
2.16 m
2004-2005
199.50 masl
197.00 masl
2.50 m
2008-2009
199.36 masl
197.70 masl
1.66 m
2009-2010
198.74 masl
197.77 masl
0.97 m
2010-2011
199.41 masl
197.57 masl
1.84 m
2011-2012
199.32 masl
197.14 masl
2.18 m

Water Year

2006-2007
2009-2010

Water Year

2006-2007
2007-2008
2008-2009
2009-2010
2010-2011

Water Year

2004-2005
2009-2010
2010-2011
2011-2012

Table 6a – W281-1 (Earl Rowe) calculated recharge.
Total
Estimated
Calculated
Calculated
Precipitation
Specific Yield Water Level
Recharge
(Sy)
Rise (∆H)
R= Sy * ∆H

705.9 mm

0.27
0.27

Table 6b – W291-1 (Wasaga Beach)
Total
Estimated
Precipitation
Specific Yield
(Sy)
673.3 mm
834 mm
684.8 mm
741.2 mm
743.8 mm

0.26
0.26
0.26
0.26
0.26

1.50 m
0.89 m

calculated recharge.
Calculated
Calculated
Water Level
Recharge
Rise (∆H)
R= Sy * ∆H
0.46
0.81
0.67
0.43
0.65

m
m
m
m
m

Table 6c – W292-1 (Borden) calculated recharge.
Total
Estimated
Calculated
Precipitation
Specific Yield Water Level
(Sy)
Rise (∆H)
822.2
880.4
927.3
932.1

mm
mm
mm
mm

0.145
0.145
0.145
0.145

405 mm
240 mm

2.50
0.97
1.84
2.18

m
m
m
m

120
211
174
112
169

mm
mm
mm
mm
mm

Calculated
Recharge
R= Sy * ∆H
363
141
267
316

mm
mm
mm
mm

Table 7 – Average calculated recharge for water years.
Well
Average Calculated
Number of Years
Recharge
Used
W281-1 (Earl Rowe)
323 mm
2
W291-1 (Wasaga Beach)
157 mm
5
W292-1 (Borden)
272 mm
4
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5.0

Discussion

Visual inspection of the hydrographs typically indicates a high water level in
March and April and a low water level in September and October. This result was
expected as this is indicative of the USACE (1983) description of a water year
(September 30 – October 1). For W281-1 (Earl Rowe), the calculated recharge
values range from 240 mm to 405 mm. The average recharge for well 281-1 is 323
mm. For W291-1 (Wasaga Beach), calculated recharge values range 112 mm to
211 mm, averaging 157 mm. For well 292-1 (Borden), the calculated recharge
values range from 141 mm to 363 mm, averaging 272 mm.
The W281-1 (Earl Rowe) is a typical hydrograph in which water levels peak in
spring and a gradual decrease follows throughout the remainder of the year. Due to
a data gap in late 2007 to early 2008 and using pre-recharge levels from previous
years the recharge was extrapolated for water year 3. Based on the calculated
recharge values derived in this study, W281-1 (Earl Rowe) exhibits a decrease in
recharge from approximately 405 mm to 240 mm, a difference of over 160 mm
from water year one to the last year of study. However, the limited water years
(n=2) indicates that more data should be incorporated when available to provide a
more comprehensive recharge estimate through the WTF method.
W291-1 (Wasaga Beach) is also a typical hydrograph with a rise in water
levels in the spring and a gradual drop off after peaking; similar to W281-1 (Earl
Rowe). Due to a small data gap in water year 4, extrapolation was used. W291-1
(Wasaga Beach) exhibited an overall increase in calculated recharge, from 120 mm
in 2006-2007 to 169 mm in 2010-2011, an increase of approximately 50 mm from
water year one to the last year of study.
W292-1 (Borden) also mirrors a typical hydrograph with the exception of a
large data gap occurring in late 2005 to late 2008. Like W281-1 (Earl Rowe), W2921 (Borden) displays a decrease in calculated recharge for the study years from 363
mm in the first year to 316 mm by the last year of study of approximately 47 mm.
Table 8 outlines the average calculated recharge based on the WTF method
compared to the recharge rate based on soil type outlined by the MOE (1995).
When comparing the average calculated recharge to the recharge rate based on soil
type; W281-1 (Earl Rowe, 323 mm) fell within the range stipulated by the MOE (>
250 mm). W291-1 (Wasaga Beach) had a lower average calculated recharge (157
mm) than the MOE numbers (200-250 mm) and W292-1 (Borden) however had a
higher average calculated recharge based on the WTF method (272 mm) in
comparison to the recharge rate based on soil type (150-200 mm).
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Table 8 – Visual estimation of model recharge per hydrologic response unit
compared to average calculated recharge based on WTF method and recharge rate
based on soil type.
Well
Average Calculated
Recharge Rate
Recharge based on
(mm/year) MOE, 1995
WTF method (mm)
(based on soil type)
Earl Rowe 281-1
323
> 250
Wasaga Beach 291-1
157
200 – 250
Borden 292-1
272
150-200
The calculated recharge rates are herein considered acceptable with respect
to the recharge rate based on soil type outlined by the MOE. The MOE values were
based upon experience and are typical groundwater recharge rates for the soil type
however significantly different recharge rates from those outlined in Table 8 could
be expected in some areas depending on the physical setting and climatic
conditions (MOE, 1995). The differences in recharge rates could be attributed to the
fact that specific yields were not derived in the lab. Another difference in recharge
rates could be because of data gaps, some water years required extrapolation
instead of using actual recorded data.
6.0

Conclusion

One of the most difficult hydrologic parameters to estimate is ground
water recharge (Anderson and Evans, 2007). Unfortunately, there is no easy way to
measure recharge directly and even using a water budget proves to be difficult due
to the spatial variation of parameters required such as soil moisture and
evapotranspiration. The calculated recharge values derived in this study were
verified with the MOE recharge rate based on soil type therefore proving that the
WTF method will work for a well located in an unconfined aquifer with at least a
75% complete data record.
Through the application of the WTF method, estimated recharge rates were
calculated for the three NVCA PGMN wells completed in unconfined aquifer settings
and compared against the recharge rates determined by the MOE (1995). Well
W281-1 (Earl Rowe, 323 mm) fell within the range stipulated by the MOE (> 250
mm) while W291-1 (Wasaga Beach) had a lower average calculated recharge (157
mm) than the MOE numbers (200-250 mm). Lastly, W292-1 (Borden) had a higher
average calculated recharge based on the WTF method (272 mm) in comparison to
the recharge rate based on soil type (150-200 mm).
Uncertainty in recharge estimates using this method relate to the limited
accuracy in which specific yield can be determined, and to the extent assumptions
used in the water table fluctuation method are valid (Healy and Cook, 2002).
Another source of error in this project lies in the results pre-recharge recession.
Due to the fact that even though a well hydrograph shows that water levels are
declining, recharge can still occur (LePine, 2010). The main limitation when
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conducting the WTF study was the low number of complete annual data sets (>75%
of data per year) due to data logger issues that occurred between 2003 and 2006
and periodic maintenance/logger issues.
The WTF method provides an opportunity to estimate site specific recharge
values which is one aspect of water balance calculation. This can be enhanced
through the use of real time soil moisture monitors. Given the opportunity for
integrated keystone PGMN monitoring locations, consideration should be provided
to wells in the PGMN network that can serve a multitude of objectives, e.g. drought
forecasting, integrated climate monitoring, recharge estimation, etc which can be
equipped with enhanced equipment (i.e. FTS dataloggers). Where wells are already
equipped with the FTS dataloggers with satellite transmission, it is recommended
when funding is available that for a more accurate recharge estimation be
completed through the soil moisture probes be installed (ideally to the water table)
and potentially integrated with nested rain gauges in order to use the water
balance approach to estimate recharge.
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Figures:

Figure 1 – W281-1 (Earl Rowe) Ministry of Environment water well record.
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Figure 2 – W291-1 (Wasaga Beach) Ministry of Environment water well record.
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Figure 3 – W292-1 (Borden) Ministry of Environment water well record.
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Figure 4 – Total precipitation (mm) for site locations, based on complete water
years per well (Environment Canada, 2013).
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Figure 5 – W281-1 (Earl Rowe) water year hydrograph.
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Figure 6 – W291-1 (Wasaga Beach) water year hydrograph.
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Figure 7 – W292-1 (Borden) water year hydrograph.

Water
Year 6

