ANALYSIS OF OCTOBER 2002 WATER ADDITION
LAKE MERCED AND THE WESTSIDE GROUND-WATER BASIN

March 4, 2003

Introduction

In accordance with the October 1, 2002 Certification of Determination of Exemption/Exclusion
from Environmental Review, the SFPUC conducted a short term water addition to Lake Merced
using SFPUC system water from its main water distribution system in October 2002 and is
planning a second between February 15 and April 15, 2003. The primary objective of short-term
water additions is to empirically observe and interpret the response of the lakes and the
underlying aquifer system to applied flow rates and cumulative amounts of supplemental water
addition. Additional objectives include observation and interpretation of other hydrologic
impacts; e.g., precipitation and evaporation.

A previous memorandum, Assessment of Water Addition Scenarios, Lake Merced (LSCE May
2002), consisted of an assessment of several scenarios encompassing a range of lake level
impacts through direct supplemental water addition to Lake Merced. The assessment
demonstrated that various lake level impacts can be achieved, and continuously or intermittently
sustained. This memorandum extends the previous work by analyzing the impacts caused by an
actual water addition conducted in October 2002 (see Status Report No. 4 Water Addition and
In-Lieu Recharge Activities, Lake Merced and the Westside Ground-Water Basin, December 3,
2002). In this test of direct supplemental water addition, water was added to South Lake
between October 8 and October 22, 2002. Before, during, and after water was added to the lake,
water levels were monitored in South Lake, Impound Lake, North Lake and in monitoring wells
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surrounding the lakes (see Figure 1). In addition, barometric pressure and precipitation were observed.

The water level observations in the lakes and wells completed in the surrounding aquifer system
are presented and discussed in this memorandum, as are a water budget of the lake and a
comparison of the water level response in the lake and aquifer with an analytical solution. The
results indicate that, although the rate of water loss from the lake increases when the level of the
lake rises, the increased rate of water loss from the lake due to addition of water is small enough
to make the addition of water a feasible method for raising and managing water levels in the
lakes. The results also indicate that actual lake response to the addition of water is consistent
with the responses that were projected in the previous assessment.

Water Addition and Lake Level Monitoring

The levels of North Lake, South Lake, and Impound Lake have been continuously measured for
an extended period of time, including during and since the subject water addition in October
2002. A plot of water levels in each lake throughout 2002 is shown in Figure 2. A plot of the
same lake level data with an expanded scale focusing on the water addition is shown in Figure 3.

Water was added to South Lake at an average rate of 8.3 mgd over a period of 13.55 days for a
total volume of 345 acre-feet. As discussed in Status Report No. 4, this volume of water addition
raised the level of South Lake by 1.5 feet. During this time, the rate of addition varied between
5.25 and 11 mgd except for one period of nearly 19 hours where the rate was zero (due to
mechanical problems within the delivery system). The slope changes on the South Lake water
level curve in Figure 3 reflect these changes in the water addition rate. While a significant rise
in lake levels was seen in South Lake, no definite response to the addition was seen in either
North Lake or Impound Lake.

Water Budget

A simple water budget was created to estimate the seepage from South Lake to ground water
before and after the water addition, and to allow estimation of the increased seepage rate from
the lake due to the raised lake levels after the water addition. First, estimates of average values
of evaporation from the lake and evapotranspiration by tules for October were taken from

@ LUHDORFF & SCALMANINI Analysis of October 2002 Water Addition



previous work by Yates (1990). These values were then multiplied by the appropriate areas of
the lake (165.3 acres of lake surface and 9.8 acres of tules for a total of 175.1 acres, from
Towill) to derive the rates of loss through these processes. The rate of change in storage of the
lake, before and after the addition, was set equal to the sum of the rates of water loss from
evaporation from the lake surface, evapotranspiration of the tules, and seepage to ground water.

The rates of change in lake storage were determined by estimating a linear slope of the South
Lake water level for 14 days before and for 14 days after the water addition. The water balance
equation was then solved for rate of seepage. These estimates are shown in the following table:

Water Budget For South Lake Water Addition
=0.28 mgd

Qevaporation

Qtules = 002 mgd

Qstorage change = Qevaporation + Qtules + Qseepage

BEFORE ADDITION: Q,¢puge pee = 0-11 mgd
AFTER ADDITION:  Qugearer = 0.31 mgd
NET CHANGE: Queepage inerease = 0-20 mgd

The increase in seepage after the addition is due to the higher head difference between the lake
and surrounding ground water, and is reflected by the decay of the increased lake levels. In this
setting, the decay represents the rate at which the added water is being lost by seepage to ground
water as well as through evaporation from the lake surface and evapotranspiration by tules. In
LSCE’s initial assessment of water addition (May, 2002), the projected impact and decay of lake
levels in response to adding water to the lake was evaluated using the Geo/Resource model
(Geo/Resource Consultants, 1993). This modeling differed in some respects from the current
analysis of the addition in that, in the model, North and South Lake were connected, while
during the actual addition they behaved as if they were not connected. The results from that
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initial modeling effort are shown in Figure 4, which shows that a 0.25 mgd "maintenance" rate
would be required to maintain a 2-foot increase in lake level. This value is analogous to the
increased seepage rate due to the addition as derived from the water budget above. Comparing
the results, the increased seepage due to the actual addition equals 0.20 mgd for a 1.5-foot
increase in lake level, which is very close to the 0.25 mgd maintenance rate predicted in the
initial assessment for a 2-foot increase. Given that the actual increased seepage rate was
expected to be smaller than what had been initially projected (because the actual increased lake
level was smaller), the initially projected and actual increases in seepage rate can be considered
to be in close agreement.

Ground-Water Response

Ground-water levels in monitoring wells surrounding Lake Merced were observed during the
water addition. The wells monitored during the addition are shown in Figure 1. Responses to
the water addition were clearly seen only in monitoring wells 1S, 1D, 2S and 2D, which are
immediately adjacent to South Lake. These hydrographs are shown in Figures 5-8. The water
level response to the addition in the shallow wells, MW-1S and MW-28, are distinctly evident in
the hydrographs and are approximately 0.75 feet in MW-2S and 0.35 feet in MW-1S. Responses
on the order of 0.5 feet were also observed in monitoring wells 1D and 2D. Responses may have
occurred in other wells due to the addition, but were too small to be distinguished from water
level fluctuations caused by other factors such as barometric and tidal effects.

The ground-water response in the shallow wells was found to be consistent with the
conceptualization as discussed and shown below through use of an analytical solution. It was not
possible to determine whether the response of the deep wells (MW-1D and MW-2D) was due to
external loading or vertical seepage, or both. The loading effect (Domenico and Schwartz, 1990)
is an increase in water level in a confined aquifer due to the application of a force or load to the
ground surface, in this case the weight of the water added to the South Lake. Vertical seepage, if
it occurred, would be a very small part of the water budget as demonstrated below.

The aquifer in which MW-1D and MW-2D are completed is confined and consequently has a
small storage coefficient. The storage coefficient is equivalent to the quantity of water, in feet
over a given area, required to raise the water level in an aquifer by one foot for the same area. A

@ LUHDORFF & SCALMANINI Analysis of October 2002 Water Addition



gross estimate can be made of the amount of water required to raise the water level in the deep
aquifer during the water addition test by multiplying the area affected by the water level increase
times the water level increase times the storage coefficient. For this demonstration, we
employed a conservative (very large) confined storage coefficient, S=0.005, was used with a
water level rise of 1 foot (0.5 feet was observed at the monitoring wells and 1.5 feet was the
maximum rise in the lake level) and an area of 350 acres (twice the area of the lake since the
water level increase propagated outside the area underlying the lake). The product results in a
volume of 1.75 acre-feet to create the 1-foot rise in the confined aquifer, which is equivalent to
an average vertical seepage rate of 0.04 mgd over the addition period. This is much less than the
total seepage out of the lake that occurred during the addition (approximately 1.95 mgd), even
though the 0.04 mgd is likely a significant overestimate. Therefore, it is concluded that
essentially all of the water seeping out of the lake during the addition is moving into unconfined
storage in the shallow aquifer; i.e., causing the 0.35- to 0.75-foot water level rise in MW-2S and
MW-18, respectively.

Comparison of South Lake Response to Water Addition with an Analytical Solution

An analytical solution (Papadopulos, Cooper, 1967) for ground-water flow to a well pumped at a
constant rate with casing storage was used to model the response of the lake to the water
addition. This analytical model approximates the conceptualization of the lake-aquifer
interaction. In the analytical model, the well (which represents the lake in this analysis) is
perfectly connected to the aquifer. Flow in the aquifer is horizontal and changes in storage in the
well are accounted for. Thus, this analytical solution represents a system in which the lake level
is controlled by the size of the lake, the properties of the aquifer, and the rate at which water is
removed from or added to the lake. Since there is no impedance to flow by the lake bed in this
analytical solution, the flow out of the lake is limited by the aquifer properties or, in other words,
the ability of the aquifer to transmit water away from the lake.

A curve of the Papadopulos-Cooper analytical solution was computed using MathCad; that curve
is shown on Figure 9 and is labeled "analytical". The storage coefficient used in the analytical
model is the same as the calibrated value used in the Geo/Resource model. The transmissivity
used is based on aquifer thickness and published values for conductivity of the shallow aquifer
lithology.
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Also shown on Figure 9 are several other lines. The line labeled "no losses" represents how the
lake level would rise if the lake acted as a closed tub; i.e., if there were no losses of water from
the lake to ground water, to evaporation, or to evapotranspiration. The other lines represent the
analytical solution minus estimated evaporation, evapotranspiration, and seepage. The seepage
here is the estimated seepage before the addition. These values were assumed to be constant
during the addition and are based on the derivations in the water budget discussed above. The
curve labeled “analytical - (evaporation + et + prior seepage rate)” is analogous to the actual rise
in lake levels during the addition because these processes are not accounted for in the analytical
solution by itself. The analytical solution is taken to be linearly superimposed upon the processes
that were occurring before the addition. In effect, the resultant curve that reflects all the loss
processes can be considered to be a prediction of lake response at a constant rate equal to the
average rate at which water was added during the October 2002 addition.

The actual water level rise during the addition is plotted with the analytical solution in Figure 9.
The results show close agreement between the analytical solution (after accounting for losses)
and the actual lake rise despite uncertainties in the precise area of South Lake, the variable rate
of water addition, the shape of the lake, and possibly the lack of a lakebed resistance. The close
agreement suggests that the uncertainties do not significantly affect the application of this
method for simulating the projected response of Lake Merced to water additions.

The Papadopulos-Cooper solution also predicts water levels in the aquifer outside the lake
boundary. The predicted water level rise in the aquifer as a function of radial distance from the
lake can be seen in Figure 10. The observed rise in MW-18 (500 ft. away) and MW-2S (650 ft.
away) is of the same order of magnitude as predicted by the solution. A closer match in the
aquifer rise may not be possible with this approach because of the shape of the lake and aquifer
heterogeneity as well as other background influences on water level such as barometric and tidal
effects.

Conclusion
Two principal conclusions can be drawn from the October 2002 water addition: 1) the response

of the lake to water additions; i.e., its rate of rise including accounting for losses to evaporation,
evapotranspiration, and seepage, can be reliably predicted as a function of the rate of water
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addition; and 2) the seepage loss from the lake to ground water, which would be equivalent to
the rate of water addition required to sustain a desired lake elevation, can also be reliably
predicted.

The observed response of South Lake to water additions over a 2-week period in October 2002 ,
which resulted in increasing the elevation of the lake by 1.5 feet, was consistent with the
response predicted by application of a simple analytical model. The model, in this case,
accounted for both the addition of water and concurrent losses to evaporation,
evapotranspiration, and seepage. Although the model assumes a constant rate of water addition,
and although the actual rate of water addition was not precisely constant (due to mechanical
difficulties), the actual response of the lake closely tracked the simulated, or predicted, response.
For practical purposes, then, the response of the lake to future water additions intended to
achieve some desired level can be reliably predicted as a function of the available rate of
supplemental water addition.

The increase in lake level as a result of adding water in October 2002 was expected to increase
the seepage rate from the lake, basically as a result of the increased gradient from the lake to the
surrounding shallow ground-water system. The observed response of the lake and immediately
surrounding shallow aquifer to the October 2002 water addition were analyzed with a water
budget and through application of an analytical model. Although achieving precise matches of
ground-water response with model predictions is somewhat limited by the physical features of
the lake and characteristics of the aquifer, an analytical model is capable of approximating the
anticipated ground-water level response in the shallow aquifer around the lake to provide a
reliable means to manage lake levels through supplemental water additions.

Significantly, the water budget analysis of actual lake-aquifer interaction, under both pre- and
post-water addition conditions, confirmed that the rate of seepage from the lake is relatively
small, primarily limited by the physical properties of the surrounding shallow aquifer materials.
The rate of water addition that would be required to offset the increased seepage resulting from a
higher lake elevation (i.e., to maintain the higher elevation) would vary as a function of the
elevation of the lake. For the approximately 1.5 feet of lake level increase achieved in October
2002, the increased seepage rate was about 0.2 mgd (equivalent to about 140 gallons per
minute). If then, for example, it were desired to maintain that lake elevation, a sustaining water
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addition of about 0.2 mgd would be required. Estimates were previously made for sustaining
rates to maintain lake level additions up to about 8 feet above ambient conditions (LSCE, May
2002). The observations of actual seepage in response to the October 2002 water addition
support those earlier estimates. When a desired lake level is decided upon, the rate of water
addition to maintain that level can be determined.

The results of the October 2002 water addition can be considered a test of an hypothesis that
might be further evaluated through the planned second addition. That is, the results indicate that
a simple water budget and analytic solution provide a reliable means for predicting lake rise and
suggest that maintenance rates required to maintain a particular lake elevation would be
relatively small in comparison with the initial addition rates used to date. This hypothesis, which
can be considered to have been tested by the October 2002 water addition, might be explored
further in conjunction with the next addition which is specified to be 6 inches above the February
15th lake level, if water could continue to be added to maintain that lake level through the spring
and summer.

Attachments: References
Figures (10)
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Figure 4
Lake Merced Elevation Impact

Assessment of Water Addition Scenarios, Lake Merced (May 2002) Total

Water

9 Added
(1 year)

190 days
8 - - - 1.0 mgd to Maintain This Level
----------___ 3,435AF
7 _
6 130 days

0.75 mgd to Maintain This Level

S \

Feet Above Ambient Lake Level

4- - - 0.5 mgd to Maintain This Level
3 ]
2. 40 days £ 0.25 mgd to Maintain This Level
1
0 I I I I I
0 60 120 180 240 300 360
Days

Notes

1. Figure prepared as initial assessment (May 2002) of potential lake level rise in response to supplemental water addition.

2. Rate of projected lake level rise directly related to water addition rate (5 mgd for this case); other rates would result in different slope in lake rise.

3. Changes in lake levels (2 ft, 4 ft, etc.) selected for initial assessment only and reflect arbitrary increments between spring 2002 lake level and historic high
levels. Scenarios are for illustration purposes only and do not reflect proposed or recommended lake levels.
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Figure 6
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Figure 7
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Figure 8
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