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ABSTRACT

Groundwater recharge has been measured indirectly by separating baseflow from
streamflow hydrographs in 11 small watersheds in southeastern Wisconsin. Over a two year
study period, observed recharge rates at these sites and additional test locations ranged from 3to
25 cm/yr. The majority of observations fell in a smaller range, from 10 to 14 cm/yr.

The spatial distribution of recharge (R) was linked to independent topographic,
hydrogeologic, land use and climatic conditions. The latter was eliminated by normalizing
recharge to annual precipitation (P), as R/P. Normalized recharge for the study area ranged
between 0.03 and 0.26 (3 to 26% of precipitation recharges the groundwater). The normalized
values were then shown to vary directly with soil permeability, length of overland flow and the
portion of the land surface remaining natural. It varies inversely with hillslope, depth to water
table and amount of developed land use. The relation developed to predict R/P from these
independent variables accounts for 91% of its spatial variation in Year 1 of the study, the year
from which the relation was developed.

The relation was able to predict R/P at independent test sites for the same year to within
+ 19%. The predictions were most accurate for drainage areas in the range of 3 to 225 km? Use
of the relation for a second year of record required adjusting it for climatic differences between
the years. After those adjustments, prediction was accurate to within + 30% in the study area
sites and + 40% in outside test sites. The reduction in accuracy suggests that the climatic
corrections need further refinement. All the testing has been done in southeastern Wisconsin, so
it is not known whether the relation can be used elsewhere.
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INTRODUCTION

Hundreds of thousands of people in Wisconsin rely on ground water as their sole source
of water supply. Yet the rate at which their ground-water resource is recharged is usually
unknown. Recharge is a difficult flux to measure in the hydrologic system, because it’s diffuse
and variable in both space and time. Most estimates that are available stem either from
calculation of recharge as the residual in a water budget analysis or from calibration of ground-
water flow models. Both have inherent uncertainties. Water budgets frequently involve
calculating small differences between large terms, resulting in substantial cumulative error in the
residual term. Ground-water models, on the other hand, frequently assume that recharge is
constant in space and/or time. Even today, when the best models use both head and flux targets
to constrain their result, the calibration process cannot produce a unique recharge distribution.

In southeastern Wisconsin, recharge rates have been estimated as ranging between 1 and
25 cm/yr (Cherkauer and Bacon, 1978; Young and Batten, 1980; Wehrheim, 1989; Rovey, 1983;
Nader, 1990; Clite, 1992; Mueller, 1992; Mulvey, 1995; Carlson, 1999). With the exception of
the first three references, these estimates are all from ground-water flow models. Those models
done before Carlson (1999) had no flux targets to use; their calibrations are based only on
matching heads, which is now known to produce strong uncertainty in the recharge values.

The range of recharge estimates from these earlier studies is overly broad. For the sake of
proper management of ground-water resources in the areas around Milwaukee, it is incumbent to
have better measures of the amount of recharge which occurs and also a way to extrapolate those
values to areas where the measurements have not been made.






OBJECTIVES

This report presents the results of a project which was undertaken to fill the need
described above. Specifically it had three objectives:

1. For arepresentative area, obtain a reliable measure of the actual ground-water
recharge rate, '

2. Determine what independent factors control the spatial distribution of that recharge,
and

3. Test the relations between recharge and independent factors to determine their
reliability and extrapolatability to areas outside the study area. .

If at all possible, it was desired that the independent factors used in the study should be readily
measurable, so that the results of the study could be used as widely as possible. -






METHODS

The direct measurement of recharge is generally highly site-specific(Wu, et al., 1996;
Mau and Winter, 1997). In an effort to quantify recharges over broader areas, this project has
therefore used the indirect method of baseflow separation from total stream discharge. This
procedure has been shown to be a viable means of estimating recharge (Arnold and Allen, 1999).
Tt uses the stream drainage system to integrate a hydrologic response over the entire drainage
basin, thus reducing the problem of site-specificity. :

The baseflow separation method is based on the following. A simple ground-water
budget equation for a small watershed can be written as:

I+GW,, =Qy+GW,, +ET+NP + S/, (1)
where: I = infiltration to the system (total recharge),
Gw,, = ground-water influx to the watershed through aquifers,
Q,; = ground-water discharge to stream baseflow,
Gw,, = ground-water efflux beneath the surface divide through aquifers

ET = evapotranspiration losses from the watershed, :
NP = net pumpage of ground water by humans into or out of the watershed,
S/t = the rate of change of ground-water storage with respect to time.

If watersheds can be selected where, GW,, = GW,, = NP = S/t =0, and if net ground-
water recharge is defined as (I - ET), then equation (1) degenerates to:

Net recharge = Q = Stream baseflow. '(2)

In order to meet these conditions, a watershed should have coincident surface and ground-water
divides, no human transfers of water across those divides and ground-water storages which don’t
change significantly from year to year. If these conditions are met, then recharge can be
obtained indirectly by separating the baseflow component from total streamflow. Hydrograph
separation inherently assumes that direct surface runoff and ground-water discharge are the only
components of streamflow. Thus watersheds with significant surface storage locations (lakes,
wetlands) must also be avoided.

The procedures used in this study were then:

1. Select field measurement sites which meet the basic criteria listed above,

2. Monitor streamflow at the sites to obtain an annual hydrograph for each watershed,

3. Monitor precipitation at relevant sites to allow quantification across the study
watersheds,

4. Separate baseflow (ground-water discharge) from total streamflow,



5. Link the spatial variability of that baseflow to topographic, hydrogeologic
and anthropogenic properties of each watershed, and
6. Test the reliability of the relations developed in Step 5.

Site Selection

Southern Washington County was chosen as the primary focus of the study. It is
traversed by the Kettle Moraine, which provides sufficient local topographic relief that surface
and ground-water drainage divides generally coincide. It is underlain by a shallow aquifer
system which is either sand and gravel in the glacial deposits or Silurian dolomite or both. The
shallow aquifer is separated from a deeper sandstone aquifer by the Maquoketa Shale, which
serves as a base to the shallow system. With the exception of the southern portions of the
Village of Germantown, all residents obtain their water from wells in the shallow aquifer and
return treated wastewater to that same aquifer via septic systems. Hence there is no significant
human transfer of water into or out of the area. In addition, water levels in local wells show no
long term changes (Cherkauer, 1999) (personal observation).

A total of ten contiguous watersheds on five small streams (Figure 1) were selected for
study. Comparisons of topographic and water table (Young and Batten, 1980) maps show that
the surface and subsurface divides are largely coincident. Only very small portions of two of the
watersheds drain the parts of Germantown served by sanitary sewers. Several sets of these
watersheds are nested along the same stream, which allows determination of how baseflow
changes downstream.

These ten watersheds are in an area where land use is primarily agricultural, residential or
low-density commercial or industrial. In order to extend the recharge analysis to more urban
land uses, an additional watershed, the Kinnickinnic in eastern Milwaukee County, was added to
the list of study watersheds. It’s monitored continuously for streamflow by the US Geological
Survey. Water table maps for this watershed are quite dated, so it has not been possible to check
it for coincidence of divides. However, there is no significant ground-water pumpage or artificial
recharge in the watershed, so it’s believed that it meets the selection criteria reasonably well.

Streamflow Monitoring

Monitoring sites within the watersheds of interest were selected based on the availability
of access to the stream. Many are in the public right-of-way along highways, but some required
access permission from private landowners. The actual gaging site was selected in accordance
with the criteria presented in Buchanon and Somers (1969). At each site, a staff gage was
established. In many cases this was a permanent point on a bridge abutment or culvert; in others,
a pipe was driven into the stream bed.

Water levels were measured on the staff gage between one and three times each week.
Frequency varied with the season, with measurements made only weekly in the winter months
when the ground was frozen, biweekly in the summer and fall and as often as three times a week
during the spring and early summer. Flow at the monitoring site was gaged using a pygmy Price
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meter and following USGS gaging standards (Buchanon and Somers, 1969). The full gagings
were done as frequently as needed to establish a consistent and reproducible rating curve for the
site. At most sites, the rating curve changed seasonally, particularly when trees dropped their
foliage in the fall. Typically a full gaging was done at each site between 20 and 35 times each
year.

With establishment of a rating curve, discharge at a site could be calculated from the gage
height reading for those dates when a full gaging was not done. A discharge was then calculated
for each monitoring date and plotted against time as a stream hydrograph. The rating curves,
monitoring data and hydrographs for each site are provided in Appendix I, Il and I, respectively.
It should be noted that these hydrographs are not the result of continuous recording; discharges
have been interpolated between actual monitoring dates, which are three to seven days apart.

Precipitation Monitoring

Precipitation provides the amount of water available to become ground-water recharge.
Because precipitation does not occur uniformly in space, it’s necessary to measure it at a number
of locations around the study area and then interpolate values between the recording stations. In
this study, data from four sites were used. For the ten contiguous watersheds in Washington
County, precipitation from NOAA stations at Hartford and Germantown and a private site
maintained by the PI and shown on Figure 1 were used. For the Kinnickinnic River site, data
from the NOAA site at General Mitchell International Airport in Milwaukee were used.

Measurements were made daily and recorded as 24 hour totals. Snowfall has been
expressed as its water equivalent. One problem with the precipitation monitoring system is that
only measures new snowfall. The water equivalent of snow on the ground was not recorded, so
there was no way to assess how much water may have been available for recharge during a single
snowmelt event.

Values for the precipitation in each study watershed were interpolated from the recording
stations using the Thiessen polygon method (Fetter, 1994). The weights applied to each
recording station’s value are listed in Table 1.

Hydrograph Separation

Baseflow has been separated from total streamflow presented in the hydrographs both
manually and using a computer-automated technique. The manual method was presented by
Linsley et al (1982) and is depicted in Figure 2. It was developed for single events and has been
modified here for use with an entire year’s hydrograph. The hydrograph is plotted semi-
logarithmically (log discharge plotted against time on an arithmetic scale). A persistent baseflow
recession rate (slope of the hydrograph) is identified by looking at the distribution of observed
discharge minima. This recession rate is then maintained throughout the year by drawing parallel
recession curves through discharge minima. For each streamflow event that represents a
recharge event (significant flow peak at times when the ground is not frozen), the post-event
recession is extrapolated backward in time to a point N days after the streamflow peak. [N is



Table 1. Thiessen polygon weights for calculation of mean precipitation in study

watersheds.

Watershed Germantown Watershed Germantown Richfield
Cedar 1 0.00 0.00 0.00 1.00
Cedar2 - 0.00 0.00 0.00 1.00
Cedar 3 0.00 0.00 0.00 1.00

Coney 0.00 0.45 0.00 0.55
“Kinnickinnic 0.00 0.00 1.00 0.00
“Menomonee 0.80 0.00 0.00 0.20

W. Branch 1 0.60 0.00 10.00 0.40
W. Branch 2 0.50 0.00 0.00 10.50
W. Branch 3 0.30 0.00 0.00 0.70
~ Willow 1 0.60 0.00 0.00 0.40

Willow 2 1 0.70 0.00 0.00 0.30




Stream discharge cu m/day

Time in days

Flgure 2. Depiction of process used for manual separation of stream hydrograph. For each recharge
event (precipitation > 1 cm in non-frozen months), the pre-event recession is continued to the
time of the flow peak (segment AB), the post-event recession is extrapolated back to a point N
days after the peak (CD) and CB is joined linearly. N = A 2 (adapted from Linsley et al.,
1982).
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defined as N = A *?, where A, is the drainage area in mi®.] The pre-event baseflow recession is
extrapolated forward in time to the point under the flood peak, and the two extrapolated curves
are then joined as shown on Figure 2. The application of the method to the Menomonee River
site’s hydrograph is shown in Figure 3a. The area under the separation line is the total baseflow
for the year. Transformation of the baseflow recession line to arithmetic scale allows direct
measurement of the annual baseflow (area under the curve in Figure 3b).

The automated procedure is based on the recession curve displacement method developed
by Rorabaugh (1964) and modified by Daniel (1996). Recently, Rutledge (1993, 1997) has
computerized the process, which is depicted in Figure 4. The programs provided with Rutledge
(1993) require the input of daily streamflows, so daily values for each monitoring site were
interpolated from the manual hydrographs. The procedure used for the study watersheds is fully
described in Ansari (1999). There is some disagreement over whether the Rutledge programs
overestimate baseflow. Mayer and Jones (1996) argue that it does, while Arnold and Allen
(1999) indicate it does not. The automated values will be compared to the manual values in this
study to resolve that issue.

The study watersheds meet the criteria required for the establishment of Equation 2.
Therefore, the baseflow separated at each site will be equated to the ground-water recharge which
has occurred in each watershed draining to the monitoring site. From this point on in the report,
the baseflow from each site will be referred to as recharge.

Relation of Recharge to Controlling Parameters

The amount of recharge which occurs within a watershed should be dependent upon a
number of independent controlling factors. For example, it’s intuitive that recharge should
increase as rainfall increases. In addition, the nature of the underlying geologic materials, the
topographic configuration of the watershed and the land use within the watershed should all exert
some control on how much of the precipitation can actually infiltrate to become recharge. The
collection of the precipitation data has already been addressed. Determination of the
topographic, hydrogeologic and land use information follows. Once these measurement were
made, they were treated as independent variables and linked to recharge (as the dependent
variable) using multiple regression.

The watersheds are treated as serially-linked, independent land areas. The topography
and other controlling factors have been measured for the drainage area contributing to the stream
between the station of interest and the next one upstream. Similarly the streamflows (both total
and baseflow) have been calculated as the gain from the upstream site to the one of interest.

| Topography
Within each watershed drainage area and density, average hillslope, total relief and the
length and gradient of the main channel were measured from 1:24,000 topographic maps. On the

topographic map, the surface drainage divide and all channels which show up as crenulations in
the contours were drawn. Drainage area, the area inside the divide, was then measured with a

11
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compensating polar planimeter. The main channel length and the total length of all channels
were measured with a map wheel. Drainage density was calculated as the ratio of the total length
of stream channels to the drainage area (km/km?).

A watershed’s total relief is the difference in elevation between its highest point and its
outlet. Main channel gradient is the change in elevation along the main channel divided by its
length. Hillslope was measured (as change in elevation divided by distance along slope) at
between 15 and 20 randomly selected locations within each watershed; the individual
measurements were then averaged to provide a single representative value. The accuracy of all
these parameters are constrained by the ten-foot contour interval of the maps.

Hydrogeology

The rate at which ground-water is recharged should be related to the permeability of the
surface sediments, the thickness of the unsaturated zone through which infiltration must travel,
and the ability of the primary aquifer to transmit the recharge away from the recharge sites. To
estimate these controls, the permeability of the surface soil and underlying material, and the
depths to the water table and to bedrock have been obtained.

The distribution of soil types across each study watershed has been mapped by the US
Soil Conservation Service (Parker, et al, 1970; Steingraeber and Johnson, 1971). The vertical
permeability (K,) of each horizon of each soil has also been measured by the SCS using
percolation tests. A representative K, of each soil has been calculated as the mean of the soils
horizon values weighted by the horizon’s thickness. As an example, the Casco Loam typically
has two horizons; the upper averages 17 inches thick with a mean K, of 1.12 in/hr, while the
lower averages 43 inches thick with a mean K, of 20 in/hr. The Casco thus has a representative
K, of 14.85 in/hr [{(1.12*17)+(43%*20)}/(20+17)].

All the soils within the study area watersheds were then grouped into three categories
based on their measured K s: high (range of 8.4 to 17.5 in/hr), moderate (2.6 to 5.2 in/hr) and low
K, (0.5 to 1.1 in/hr). For each category, the geometric mean of the range of observed values was
calculated, producing 12.1 in/hr for high, 3.7 in/hr for moderate and 0.7 in/hr for low K,. Finally,
the area of each watershed covered by soils within each K, category was measured and the
effective soil K, for the watershed calculated as the areally weighted mean. Thus if a watershed
contains 25% high K, soils, 10% moderate and 65% low, its effective soil K, is 3.9 in/hr
[ (25*%12.1)+(.10*%3.7)+(.65%0.7) = 3.9 ]. After the calculations were completed, the units of K,
were converted to cm/hr. Details of the soil distributions are in Ansari (1999).

The horizontal hydraulic conductivities of the geologic materials within the saturated
zone were calculated from well specific capacities using the method of Bradbury and Rothschild
(1985). The specific capacities are available on well construction reports, along with the depth to
bedrock and to the water table at the time of well construction. Over 150 private wells were
located on the topographic maps, and their construction reports were used to generate bedrock
and water table surface contour maps and isopachous maps of the thickness of the unsaturated
zone and of the unconsolidated sediments.

14



Land use

Land use maps have been developed for the study area by the Southeast Wisconsin
Regional Planning Commission (SEWRPC). They subdivide land use into many categories. For
the purpose of this study, the SEWRPC categories have been combined into five: natural land
(woodlands, wetlands, parks, golf courses), agricultural, developed (residential, commercial,
industrial and extractive), extractive (quarry and aggregate operations) and open water. The
areas within each watershed covered by each category were measured with the planimeter.

Testing the Observed Relation of Recharge to Controls

A link between recharge and independent control parameters will be established by
multiple regression using the first year of record. It’ll then be necessary to test it, and three
levels of testing will be used. First the relation will be used to calculate the recharge rates within
the study watersheds for the first year of record. These predicted values can then be compared to
the observed, with the differences a measure of the internal consistency of the data set. Second,
the relation will be used to calculate the expected recharge rates at sites outside the set of study
watersheds. Comparison to observed values will determine if the relation is spatially
extrapolatable. Finally, the relation will be used to predict recharge rates within the study
watersheds for the second year of record. Again, the calculated values will be compared to those
measured to test whether the relation is time-invariant.

. For the second test process, recharge and the independent variables will be obtained at six

additional locations. Five are USGS gaging sites on larger watersheds around the outside of the
“ten contiguous sites. They are the Menomonee River at both the Menomonee Falls and

Wauwatosa gaging sites, the Fox River gaging stations both above and at Waukesha, and the
Cedar Creek station above Cedarburg (USGS gaging stations 04087030, 04087120, 05543800,
05543830 and 04086500, respectively). The sixth site will be the southeastern quadrant of the
City of Mequon, Wisconsin, for which Cherkauer and Bacon (1978) determined recharge using a
water budget.

For multiple gaging sites on a given stream, the subwatersheds will be considered to be
non-overlapping as was explained for the nested basins in the study area. The topographic,
hydrogeologic and land use conditions of these test areas will be obtained in similar fashion to
the study watersheds. Some differences in measurement will occur because these test watersheds
are much larger than the study ones. The differences are defined in Ansari (1999). Precipitation
will be obtained from additional NOAA sites which provide the coverage for these watersheds.

15






RESULTS

Characteristics of the Study Watersheds

The hydrogeologic, topographic, and land use properties of the study watersheds are
presented in Table 2.  For the nested watersheds, the values presented in Table 2 are those
representing the drainage area between two consecutive monitoring sites. Thus the values for
station Cedar 1 are those for the land area below the Cedar 2 station and above Cedar 1. The
values listed for the Menomonee station are for the land area draining into the Menomonee above
the.monitoring station, but excluding the watershed’s west branch (which area is included under
the three West Branch stations).

Drainage areas range from 3 up to 48.7 km?, although all but three of the sites are less
than 14 km?. Soil permeabilities range from 0.7 m/day to 4.1 m/day, with a mean value of 1.45.
For the study watersheds in Washington County, the dominant land use is agriculture (Table 2),
although the total amount of development ranges up to 38%. The Kinnickinnic River watershed
was included in the study to provide a more urban end member, and that watershed is 88%
developed.

The study area traverses a variety of hydrogeologic conditions. Perhaps the most
apparent feature is a deep bedrock valley which lies under the western watersheds (Figure 5).
This produces a situation in which the depth to bedrock in the western watersheds is over 40 m,
while that in the east is as little as 2.m (Table 2, Figure 6). In those western watersheds, the
dominant underlying aquifer material is coarse outwash filling the bedrock valley. In contrast,
Silurian dolomite is the aquifer beneath the eastern and southern watersheds in Washington
County. Clay-rich glacial till is the uppermost unit beneath the Kinnickinnic watershed, and it’s
underlain by Silurian dolomite.

The topography also varies considerably across the study area. Western watersheds,
which lie in the heart of the Kettle Moraine, have steep hillslopes and channel gradients. Those
toward the south and east (West Branch, Menomonee, Cedar 1), which lie below the Kettle
Moraine, have much flatter topographies (Table 2). The water table configuration (Figure 7)
reflects the surface topography, with more relief to the west and north. As a general rule, depths
to the water table vary inversely with the local relief (Figure 8). They’re much greater in the
north and west watersheds in Washington County (Table 2). Depth to the water table in the
Kinnickinnic watershed is great because of its proximity to Lake Michigan (as a sink) and the
abrupt lake bluff which causes the ground surface to be topographically high.

The range of conditions observable within the study area is representative of most of
southeastern Wisconsin. Coupled with the proximity among the study watersheds, this makes
them an ideal set for examining the spatial variability of recharge.
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Precipitation

Monthly observations from four sites have been used to calculate the precipitations
falling in each study watershed (Table 3). The observations have been weighted using the
Thiessen polygon method, and the annual totals are listed in Table 3. Snowfall has been
converted to water equivalent. It’s included in the values provided even though much of it falls
when the ground is frozen, because at least some of it is available for recharge during the spring.
thaw. Total recharges in the watersheds will vary partially in response to the spatial variability of
the precipitation. To eliminate this source of variability, recharges will be normalized to total
annual precipitation amounts and expressed as a ratio (recharge per unit precipitation, or R/P) for
‘the remainder of this report. These values can be read as the annual recharge efficiency; a value
of R/P = 0.15 means that 15% of the annual precipitation in a watershed infiltrates as ground-
water recharge and then makes its way to a stream as baseflow.

Logistically, direct measurement of recharge across the study area with piezometers or
infiltrometers was beyond the scope of this study. One site was instrumented with piezometers,
however, to provide confirmation to the indirect observations made on the streams. A nest of
four piezometers was constructed in a wooded kettle 30 m northeast of the Richfield rain gage
(Figure 1). A shallow perched aquifer system exists beneath this kettle. From the spring thaw
until July of each year, the perched water table’s response to rainfall events has been monitored.
After July, the perched system dries up until the following year’s thaw.

The piezometers’ response to 25 individual recharge events has been observed (Figure 9).
"The responses have been grouped into four categories, recharge resulting from: snow melt (on
thawed ground), from gentle rainfall before and after the trees have become active (listed as pre
and post-leafing), and from intense rainfalls. The latter category is somewhat unique to this
monitoring site, because intense rainfall (greater than 0.3 cm/hr) produces some overland flow
and depression focused recharge. This category is not considered relevant to the remainder of the
study area.

For the remaining events, Figure 9 shows that water levels in the piezometer respond to
any amount of snow melt. Recharge occurs to this perched system - whenever snow melts on
thawed ground. In contrast, rainfall must exceed about 0.5 or 1.5 cm in the pre-leafing and post-
leafing periods, respectively, before recharge occurs. These observations are considered to be
upper limits on recharge response because the monitored site is more heavily wooded than any of
the study watersheds. Thus while vegetation is active (late spring until the leaves fall in autumn),
it will be assumed that a minimum rainfall of 1 cm is necessary to produce recharge in the study
 area.. Before the leaves are out each spring and after they have fallen each autumn, it’s assumed
that any rainfall exceeding 0.5 cm will produce recharge.

Baseflows
The hydrographs for each of the watersheds for the two year study period are presented in

Appendix III. Baseflow separation has been conducted in two stages. First the annual total
baseflow for the first year was separated both manually and with the automated Rorabaugh
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Table 3. Precipitation in the study watersheds.

Watershed

Annual precipitation _

_ Spring precipitation

YearI

Yearn.; ,

Yearl .

Year I

" Cedar 1

93.47

... 4861

51.19§

. Cedar?2. -

93.47|

96.94

_ 48.61

51.19

93.47{.

" 96.94]

48.61

51.19]

. 88.26

47.63

97.92}

9904

4797

45200

‘Ménomonee

95.39]

'52:40

47.59|

93.47] '

99.98

o578

51.45

- 48.491

. WBranch 2

' 98.90}

5098

96.36| - -

50.03

49.84

" Willow 1

99.98

95.78

51.45

48.49

101.06

95.58|

- 51.93

48.04

~_Willow 2
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method. Then manual separation was done for each study year for the period when the ground
was not frozen.

The first step was done to test the relative results of the manual and automated methods.
The latter is designed to work best for a full year’s record and is not readily adapted to seasonal
differentiation. The two procedures produces very similar results, however, (Figure 10) so it was
deemed appropriate to use the manual method exclusively for the remainder of the study

The second stage was manual baseflow separation with some imposed constraints. First,
only precipitation events in excess of the minima defined above were considered to produce
‘recharge. Secondly, it was assumed that no recharge would occur during the period when the
- ground was frozen (based on observations at Richfield). Snow melt or rainfall during the frozen
ground period will produce surface runoff and a resultant increase in stream discharge, but it
should not produce the infiltration necessary for recharge.

The baseflow separation curves are shown on the stream hydrographs (in both arithmetic
and semi-log format) in Appendix IIl. The annual volumes of baseflow for each study watershed
and their conversions to recharge and normalized recharge are provided in Table 4. There is
considerable spatial variation in the normalized recharge across the study area. This variability,
especially in light of the fact that most of the watersheds are geographically contiguous, suggests
that recharge must be controlled by spatially variable factors.

Causes of Spatial Variability of Recharge

Attempts to correlate the observed normalized recharges with individual independent
topographic, hydrogeologic or land use parameters failed. The cause of the spatial variability of
recharge is more complex than a single watershed property. In view of this determination, a set
of three dimensionless ratios of parameters was established which, when combined, would
account for the spatial variability. Each of these parameters was generated as a ratio between
factors which would enhance or reduce infiltration.

- The first dimensionless parameter (called Term 1) is conceived as the ratio between the
rate of infiltration and that of overland runoff and defined as:

Infiltration/Runoff = VJ/V, = K/(S*[%D"]), 3)

where; K, = effective vertical soil conductivity,
S = average hillslope in a watershed,
%D = percentage of the land in a watershed which is developed,
V, = estimated infiltration velocity, and

v

V, = estimated overland runoff velocity.

Infiltration rate equals the product of the vertical hydraulic conductivity of the soil cover and the
vertical hydraulic gradient. In the unsaturated soil system at the ground surface, the former is
represented by the effective soil conductivity (defined earlier) determined from percolation tests
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Table 4. Observed baseflows and recharges in the study watersheds.

‘Yearl . 1 - YearI

Watershed | Baseflow | Recharge | ~ R/P _j Béseﬂo,w Recharge RP
(m3fyr) | (emfyr) | (em/om) | (m3fyr) | (cmfyr) | (cm/em)

Coney |220E+06| 92 [ 0104 |218B+06| 87 0.097
Menomonee | 6.84E+06 | 187 | 0:183 |397E+06 | 109 | 0.114
WBranch1 | 6.00E+05 | 118 | 0118 |1.I10E+0S| 28 0.029
WBranch2 | 6.79E+05 | 103 | 0104 “|6.07E+0S [ 9.2 0.096

WBranch3 | 7.21E+05 | 249 | -0.257 | 5.73E+05 19.8 0.205

Willow 1 SO0B+0S | 109 | 0109 .}|540E+05 | 117 | 0.123

Willow 2 1.88E+06 209 | 0207 |119E+06 |  13.2° 0.138

Cedarl1 - | 156B+06 | 148 | 01s8. |810B+05| 74 | 0077
Cedar 2 2.30E+H0S 60 |- 0064 |9.00B+04| 3.0 0.031
Cedar3 | 1.13B+06| 86 . | 0092 | LI176+06.| .89 | 0.091

Kinniokinmic_| 5.73E+06 | __11.8_| 0.120 _| 5.24E+06 | _ 108 | 0.08
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on the soil cover. The latter can be assumed to be unity, so infiltration rate is approximated by
K.. ‘

A representation of overland runoff velocity has been generated using the Manning
equation as an analogy. Hillslope (S) and the amount of developed land (%D) are analogous to
the Manning channel slope and the inverse of the friction factor. The-Manning relation also
includes a channel’s hydraulic radius. For overland flow, that quantity effectively becomes the
runoff depth. Its value is extremely small and is being considered a constant here. The
exponents in the denominator of equation 3 have been determined empirically; they are the
values which provide the best fit with the observed normalized recharges. As presented, the
relation indicates that as the land within a watershed is developed, the amount on recharge should
decrease. This is particularly true in areas where storm sewers are constructed to carry storm
water to the nearest open channel (as in the Kinnickinnic watershed)...In most of the study area,
however, storm drainage consists only of roadside ditches. Even these should reduce the amount
of infiltration by enhancing runoff and evaporation.

When the normalized recharges for the first year of record are compared to the values of
Term 1 (Figure 11), a weak direct correlation is observed. As the ratio increases (either K,
increases or K, declines), R/P increases. This is intuitively reasonable; faster infiltration
enhances-recharge, while faster runoff diminishes it. ‘The correlation coefficient shown on Figure
11 demonstrates that this parameter alone does not account for the total variability of R/P,
however. In addition, the Willow 2 watershed is a clear outlier and has not been included in the
calculation of 1%,

A second dimensionless parameter (Term 2) has been conceived as the ratio of the
distances that water must travel in the vertical and horizontal directions. It’s defined as:

Vertical flow distance/horizontal flow distance = L /L, = Dy/(0.5%(A/L,))

4
where: Dy, = average depth to the water table (m),
A, = watershed drainage area (m®),
L = length of the main channel in a watershed (m),
L, = average vertical distance water travels to become recharge, and

L, = average horizontal distance water travels to enter the main channel.

In order to recharge the ground water system, water must travel from the ground surface to the
water table. As that distance increases, there is greater opportunity for evapotranspiration loss
from the unsaturated zone, so there should be an inverse relation between recharge and the
average depth of the water table in a watershed. Conversely, as the distance that surface runoff
must travel to reach the main channel increases, the opportunity for infiltration increases; there
should be a direct relation between recharge and overland flow distance. The depth to the water
table has been measured (Table 2). The average overland runoff distance is calculated in
equation 4 as one half the average width of the watershed (A4/L,). This is an approximation
which considers each watershed to be rectangular in shape.
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Figure 11. Relation of observed normalized recharge to the ratio of flow velocities. Points plotted are
for the study watersheds in Year I. The ratio is defined in Equation 3. The outlier in the
upper left has been omitted in the calculation of 1%,
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When the normalized recharge values for the first year of record are compared to Term 2
(Figure 12), the expected inverse relation appears. There are three populations apparent in Figure
12, and correlation coefficients have been calculated for the two sets with more than one
member. As in Figure 11, there is a single outlier, although it’s not the same watershed. At this
time, it’s not known what distinguishes the populations on Figure 12.

The third dimensionless parameter used in this study is the percentage of the watershed
which remains in natural land use (woodland, wetland, parks). Intuitively, natural land use
should enhance infiltration, just as development tends to enhance runoff (and diminish
infiltration). For the first year of record in this study, there is only a faint direct relation between
normalized recharge and natural land use (Figure 13). Natural land use does not explain much of
the spatial variability of recharge by itself.

'Figures 11 through 13 indicate that there is some relation between the individual
dimensionless parameters and normalized recharge, but that it’s not strong. When the three are
combined by multiple regression, however, they provide a relationship for the prediction of R/P.
That relation is:

R/P = 0.0085(V/V,) - 4.18(L,/L,) + 0.0025(%N) + 0.022 (5)

where: R/P = normalized annual recharge (recharge per unit precipitation),
%N = percentage of land in a watershed in natural state, and the remainder of the
terms are explained in equation 3 and 4 above.

When equation 5 is used to calculate the normalized recharge in each watershed and that is
compared to the observed values, an excellent correlation is obtained (Figure 14, Table 5). The
one outlier on Figure 14 (again the Willow 2 watershed, as in Figure 11) has not been included in
the calculation of the correlation coefficient. The Willow 2 watershed has a lot of relatively low
conductivity soil, all located on low ground along the stream, a configuration which distinguishes
it from the other study watersheds. It’s possible this is the cause of the watershed’s anomalous
response, but this remains conjectural.

Testing of the Observed Relationship

Three levels of testing were conducted to determine the validity of equation 5. The first
has already been presented as Figure 14, which shows that equation 5 can explain 91% of the
- spatial variability of normalized recharge for the study watersheds (except Willow 2). It can also
predict the observed value to within + 10% (Table 5).

To determine if equation 5 is valid outside the set of study watersheds, normalized
recharges were collected from six nearby sites. Five are USGS gaging stations around the
perimeter of the main study area. The relevant independent variables were measured as
explained above, and normalized recharge for these sites was obtained by separating the baseflow
manually from the hydrograph. All of these sites are independent from the study site. Even
though two gaging stations are on the Menomonee River downstream from the study site, both
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Figure 14. Comparison of observed and predicted normalized recharges - Year I - study area. Predicted
values are calculated from Equation 5 (expression at bottom of figure). Correlation
coefficient calculated without outlier at lower right. Values and prediction errors are in
Table 5.
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Table 5. Observed and calculated R/P for study watersheds in Year 1._

FromEquation § - _
Watershed RP | KvVh | LvLh .| %Nat RP | Difference
| Observed | (Term 1) { (Term2) | (Term3)-} Cale'd | (Obs-Calc)
(cm/cm) § N . ~ |(fomEq5)| (%)
Coney 0.104 0.146 | -0.131 | 0.067 0.105 - 0.8
Menomonee | 0.183 | 0123 | -0025 | 0067 | 0.186 1.5
W Branch 1 0.118 0.135 -0.036 | 0.024 0.145 22.7
W Branch 2 0.104 0.093 -0.046 .| 0.029 0.097 -6.5
W Branch 3 0.257 0268 | -0.089 | 0.038 0.239 6.9
Wilowl | 0109 | 0.121 | -0066 | 0.057 0,134 . 23.2
Willow 2 0.207 - | 0.053 -0.053- | 0.044 0.065 -68.4.
Cedar 1 - 0.158 0.115. .| -0.025 .| 0.032. | 0.144 -8.8
Cedar 2 - 0.064 . | 0.084 | -0:060 +| 0.020. | 0:066 3.0
Cedar 3 0.092 0034 | -0042 ! 0056 | 0070 1 -23.8
Kinnickinnic | 0.121 | 0.087 [ "-0022 - 0031 | 0118 2.1

Mean Absolute Error without Aniomalous Willow2_ 9.9
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the recharge and the independent variable were measured for the drainage areas between gaging
sites. Hence, the data for the Menomonee at Menomonee Falls, which contains the study’s
Menomonee site, are only for the incremental drainage area between the study and the USGS
sites. The same is true for the Cedar Creek gaging station. The two sites on the Fox River are
entirely outside the study area. :

The sixth site is southeastern Mequon, where recharge was calculated in 1978 using a
water budget (Cherkauer and Bacon, 1978). Independent variables for site conditions in 1978
were used for this site (Table 6), although only land use, precipitation and depth to the water
table change over time. The fact that this site’s recharge has been calculated with a procedure
other than baseflow separation allows assessment of whether equation 5 is method dependent. In
addition, all six of these test sites are considerably larger than the study watersheds, allowing
determination of whether equation 5 is restricted to small sites.

Normalized recharge for each independent site was calculated using equation 5 and
compared to the observed value (Year I points on Figure 15 and Table 7). The comparison is
excellent. Recharge at an individual site was predicted to within an average of +19%. The
prediction errors are relatively small errors up to a drainage area of 225 km? and then increase
dramatically for larger watersheds (Year I points on Figure 16). This indicates that the relation
expressed in equation 5 is valid up to drainage areas of 225 km? and then becomes less reliable
for larger watersheds. Equation 5 also accurately reproduces the recharge at the Mequon site
(Figure 15), meaning that it’s validity is independent of the method used to obtain recharge.

The Menomonee Falls site, listed in Table 6, is not included in Table 7 or Figures 15 and
16. Two community supply wells open in the shallow aquifer are located very close to the river
where they could effect flow at the USGS gaging site. They pump as much as 1 mgd and
apparently induce considerable water to flow from the river to the aquifer (perhaps as much as
10° m*/yr). This controverts the assumptions for site validity for the baseflow separation method
and requires elimination of this site as a test locale. Observed ground-water discharge at the
station is only 10% of what would be expected from equation 5. The Falls site remains useful,
however, for calculation of the gain in baseflow between it and the Wauwatosa site downstream.

Finally it’s necessary to test whether the relationship is valid for any time other than the
first year of the study. Equation 5 will always predict the same R/P value for a given watershed,
because it is not configured to recognize the variation of precipitation through time. For use in
years other than Year I of the study period, it was necessary to account for temporal changes as
follows:

R/Py.x = R/Pp.ce vear © (precipitation correction) * (event correction), 6)

where: R/P y..x = the recharge per unit precipitation for any year of interest,
R/P poeverr — the R/P predicted by equation 5 (for Year I of the study)

The “spring correction” and “event correction” terms in equation 6 have been defined as:
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Figure 16. - Relation of accuracy of normalized recharge predictions to size of test area. Dashed line is
an eyeball fit which shows errors are < 20% when areas are < 225 km?.
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(SPYear X/ SPBase Year) and (EFYear X/EFBase Year)

where: SP = spring precipitation, the total amount occurring in March through June,
EF = event frequency, the total number of recharge events (precipitation > 1 cm)
occurring during the non-frozen months at a site.

Recharge in this study occurs primarily in response to precipitation in excess of 1 cm and
only in the months when the ground is not frozen. Thus two years with the same total
prempltatlon will have different recharges if the frequency of these events differ, and the “event
correction” logically accounts for that difference.

Intuitively there should also be more recharge in years when there is more total
precipitation. In this study, it was learned that the observed recharges are more sensitive to the
precipitation in the spring months (March through June) than to the that for the whole year.
Consequently, the other temporal correction applied to the recharge prediction relation uses just
the spring precipitation.

When above relations are used to predict the normalized recharge of the study watersheds
in Year II of the study, the results are quite good (Table 8, Figure 17). The relation accounts for
71% of the spatial variation of the observed normalized recharge (Figure 17). The predlcted
values are within about +30% of the observed values (Table 8). Both the Willow 2 and West
Branch 1 watersheds have been excluded from the calculations of these percentages, because of
anomalous behavior. Willow 2 was anomalous in both years of the study. West Branch 1, on the
other hand, was anomalous only in the second year, when observed discharges at the site were
lower than those of the next upstream site (WB2) close to 75% of the time. It’s believed that
WB1 and WB2 are spaced so close together that in years with relatively low recharge (Year II),
the differences in their baseflows approach the accuracy of the baseflow separation method.

Equation 6 was also applied to the test watersheds (Table 7, Figure 15 and 16). Once
again, the results were very reasonable. The average prediction error for the four test sites is
+41% (Table 7), although that is highly skewed by the single largest watershed (Cedar Creek).
Figure 16 shows that for test areas smaller than 225 km?, the prediction is good to within + 20%
for both years. Recharge for the Mequon site was only measured once in the past, so it has only
been included once in Table 7 and Figures 15 and 17.

Range of Observed Recharge

One underlying purpose for this study was to refine the very broad range of recharge rates
that has been estimated for southeastern Wisconsin. Prior studies have listed values in the range
of 1 to 25 cm/yr, but are in disagreement on what a general rate might be. This study indicates
that there is tremendous spatial variation. Figure 18 shows the frequency of the observed rates
for Year I and for both years of the study. The observed range is from 4 to 26 cm/yr, very similar
to that previously cited. However, over half of the observed values fall in the range from 10 to
14 cm/yr (Figure 18). If one is unable to apply equation 5 or 6 to an area, then this study shows it
would be prudent to use a value in the 10 to 14 cm/yr range as an initial estimate.
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Figure 17. Comparison of observed and predicted normalized recharges - Year II - study area. Predicted
values are calculated from Equation 6. Correlation coefficient calculated without the 2
points farthest from the line. Point in lower right is same outlier as in Figure 14. Point in
upper left is site which lost water in Year Il. Values and prediction errors are in Table 8.
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CONCLUSIONS

Streamflow in eleven small watersheds has been monitored for two years. The
watersheds were specifically selected for possessing the properties that baseflow is the only
significant ground-water discharge and recharge is the only significant ground-water inflow in
them. Baseflow separation from the stream hydrograph was then used to determine stream
baseflow which has then been equated to recharge. During the process, it was assumed that no
recharge occurs during the months when the ground surface is frozen, so separation has been
limited to the non-frozen months.

The recharges were then calculated for each of the study watersheds, and they range from .
3 to 25 cm/yr. Because the precipitation in any year is spatially varied, part of the variation of
recharge rates is due to rainfall variation. To eliminate this source of variation, recharges (R)
have been normalized to total annual precipitation (P) and expressed as R/P. For the study
watersheds, these range from 0.03 to 0.26 cm/cm, meaning that between 3% and 26% of the total
annual precipitation ultimately becomes ground-water recharge.

The spatial distribution of normalized recharge has been linked to independent
topographic, hydrogeologic and land use factors. For a given year, the observed R/P in the study
area varies directly with the effective vertical permeability of the soil, the average length of
overland flow and the percentage of land cover which remains in natural state (wetlands,
woodlands and parks). Conversely it varies inversely with the average land surface slope, the
depth to the water table (thickness of the unsaturated zone) and the percentage of the land surface
which has been developed for residential, commercial or industrial purposes. Equation 5
provides an empirical relation between R/P and some dimensionless ratios of the independent
variables which prediction of normalized recharge for conditions in Year I of the study.
Extrapolation to other years requires using Equation 6, which adjusts the predicted R/P to
account for changes from the base year of precipitation and the number of individual events that
produce recharge (precipitation > 1 cm).

Testing of the relationships has taken three forms. - First, use of equation 5 to calculate the
normalized recharge for Year I of the study accounted for 91% of the spatial variation in the
- study watersheds. The average prediction error was less than 10%. Second, when the relation
was used to predict normalized precipitations for areas outside the study watersheds for Year I, it
was accurate to within + 19%. Finally, normalized recharges were predicted for both the study
and test watersheds for a second year’s observations. In the study watersheds, the procedure
developed was able to account for 71% of the spatial variation and was accurate to within + 30%.
‘For the outside test watersheds, prediction errors were less than 4+ 40%. All the testing has been
done within southeastern Wisconsin, so it’s not known how well the relations could be
extrapolated to other geographic locations.

The method was developed using observations from watersheds ranging between 3 and
50 km?. It has been shown to be accurate for areas up to 225 km?, with most of the error at the
outside test sites above occurring in the largest watershed. The predictive accuracy also



diminishes toward the lower end of the observed spectrum, so the method presented to calculate
normalized recharge should be limited in use to areas between 3 and 225 km®. The method was
also less accurate when used to predict recharges for the second year of the study, the one for
which the empirical relations were not developed. It’s believed that this reduction of accuracy
indicates that the correction factors in Equation 6 need further refinement, but that is beyond the
scope of the current project.

Finally the study showed that the previously published range of estimated recharge rates
in southeastern Wisconsin, 1 to 25 cm/yr, is actually reasonable. The observed rates in the study
and test watersheds over a two year period ranged between 3 and 25 cm/yr. However, this study
showed that the majority of the observed rates fell within the range of 10 to 14 cm/yr. If
insufficient information exists at a site to allow application of Equation 6, then a value within
that range would be a reasonable approximation.
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APPENDIX I. Rating Curves for the Study Gaging Sites

A graph for each site displays the relation of discharge to gage height. The different lines
are for different seasons or time periods. The raw data for each rating curve and the dates for
each line’s validity are in Appendix II. The sites, whose locations are on Figure 1, are arranged
alphabetically:

Cedar 1 (CE1l)
Cedar2 (CE2)

Cedar 3 * (CE3)
Coney (CO) (CO)
Menomonee (M1)
West Branch 1 (WB1)
West Branch 2 (WB2)
West Branch 3 (WB3)
Willow 1 (W1)
Willow 2 (W2)

* The Cedar 3 staff gage was hit be floating debris on April 23, 1999. Separate rating
curve plots are presented for the periods before and after that event.
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APPENDIX II. Stream Gaging Data for each of the Study Gaging Sites

A two page table lists all the fieid data at each site’s gaging station. The first page shows
Year I data, the second page shows Year Il. Each table is arranged in 7 columns, with the
following information:

Column 1
Column 2
Column 3
Column 4
Column 5

Column 6
Column 7

Calendar date of reading

Number of days elapsed since the start of the project

Gage height (m)

Stream Discharge (m*/sec)

G indicates a direct measurement of discharge was done that day, S means
only a gage height reading was made.

Comments about field conditions

Indicates which rating curve the date lies on (Appendix I).

The sites, whose locations are on Figure 1, are arranged alphabetically:

Cedar1 (CEl)
Cedar2 (CE2)
Cedar 3 (CE3)

Coney (CO)

Menomonee (M1)
West Branch 1 (WB1)
West Branch 2 (WB2)
West Branch 3 (WB3)
Willow 1 (W1)
Willow 2 (W2)
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APPENDIX ITI. Two Year Hydrographs for the Study Gaging Sites

Two graphs are provided for each site. Both show the distribution of total stream
discharge (light line) and baseflow (dark line) through the full two year study period. In each
case, the first graph is semi-logarithmic and the second is an arithmetic plot. The Kinnickinnic
River hydrographs, obtained from the USGS, are also included. All sites except the Kinnickinnic
are located on Figure 1. The sites are arranged alphabetically.

Cedar 1 (CE1)
Cedar2 (CE2)
Cedar3 (CE3)

Coney (CO)
Kinnickinnic (KK)
Menomonee (M1)
West Branch 1 (WB1)
West Branch 2 (WB2)
West Branch 3 (WB3)
Willow 1 (W1)
Willow 2 (W2)
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