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Abstract 

The yield model is a time-varying lumped-parameter model based on a water balance for a given 

reservoir or lake.  The resulting first-order ordinary differential equation is solved using a first-order 

forward finite difference scheme with a time step of one day.  Water demand, which is characterized by a 

12-month curve based on known and estimated withdrawals, is unique for each lake or reservoir and 

depends on the composition of water uses to be satisfied by the demand.  The yield values are unique to 

the demand curve.  The safe yield1 has a specific definition; that is, the amount of water that can be 

withdrawn during the period that total outflow of water from the reservoir exceeds the total inflow.  

During this period, storage is used to provide the balance between inflow and outflow.  For the worked 

example of the St. Mary Lake watershed, to a good approximation this is the period from June 1st to 

October 31st.  For a given demand curve, the ratio of the June-October yield to the total annual yield is 

fixed. 

Some observations and conclusions at this point are: 

1. The water level formulation provides a useful model, with output that is directly related to 

limiting conditions of draw down and/or failure to refill.  It is equivalent to solving the problem 

using time-varying storage. 

2. Accuracy of the yield values is determined principally by the accuracy of the inflow estimates to 

the lake.  Hindcasting inflows using the water balance equation with measured water level data 

for St. Mary Lake provided reliable input data. 

3. Accuracy of water level predictions appears to be about 1 cm for St. Mary Lake; this 

corresponds to  20 dam3 in yield.  For this reason yield should be reported to three significant 

figures. 

4. Yield estimates are sensitive to the timing of the onset of dry conditions in spring, in relation to 

the increase in demand.  Daily to weekly integration time steps are required to resolve this 

sensitivity.  Monthly time steps would not provide reliable estimates. 

The yield model was applied to the St. Mary Lake watershed using hindcast inflows for the period 1981-

2015.  There were nine drought years in the total 35-yr record providing yield estimates that were used 

for an extreme value analysis.  Some key findings are: 

                                                      
1 Safe, or dependable yield is a widely used concept in water resource planning and licensing.  A good description of 

its definition, governing conditions and methods of calculation can be found, for example, in NJ Dept. Environ. 

Prot., 2011.  The methods described in this report conform closely to those described in that reference.  Further 

discussion is provided in Appendix D. 
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1. June-October yield values of ~ 415 dam3 in 2015 have a return period of about 25 years, with an 

equivalent annual yield of 705 dam3.  1987, the worst drought year on record, has a return period 

of 80 years, with a yield of ~ 360 dam3 (annual 612 dam3). 

2.  For return periods of 50 to 100 years, the dry-season yield would be about 380 to 350 dam3 

respectively.  The annual equivalent is 650 to 595 dam3.  Current withdrawals (2014) are about 

580 dam3, leaving little additional capacity in St. Mary Lake. 

3. Estimates in points 1 and 2 are based on summer environmental flows to Duck Creek that are 

currently being released (from about 1 to 9 L/s depending on the lake level).  Additional flows 

would reduce the safe yield numbers. 

4. Increasing the storage until refilling limits withdrawals would provide about 930 dam3 annually, 

assuming that winter outflows equivalent to what currently is discharged through the fish ladder 

would be acceptable to the BC Ministry of Environment.  If higher environmental flows are 

required, the benefit of raising the weir is reduced. 

5. The yield calculations for 2009, 2014 and 2015 are considered reliable because of the weir 

control of outflows and relatively good information on withdrawals.  The long-term yield 

estimates for 1981-2006 are less certain because of possible errors in the discharge estimates to 

Duck Creek, in withdrawals, and the difficulties is calculating changes in storage from the 

adjusted water level series.  Application of a hydrological model, including a rigorous 

uncertainty analysis for the yield estimates, should be considered to further support the safe yield 

assessment. 

 

BACKGROUND 

This study was undertaken by the author to investigate methods for determining the safe yield of water 

from surface reservoirs on Salt Spring Island, with a view to providing estimates applicable to St. Mary 

Lake.  An early draft of this report (May 2015) was provided to the Trustees of the North Salt Spring 

Waterworks District (NSSWD) solely for informational purposes.  A revised and expanded version was 

provided to selected Trustees in December 2016, and to Professor Steven Weijs of the Civil Engineering 

Department at the University of British Columbia to conduct an external review (see note below).  This 

version incorporates changes suggested by Dr. Weijs, and refinements to the analysis made by the author 

following Weijs’ review. 

DISCLAIMER 

While the results of the analyses are thought to be accurate within stated limits, and based on data that 

were available to the author, estimates of safe yield are not guaranteed or warranted for any purpose, and 

persons or agencies wishing to use the results do so entirely at their own risk. 

 

Donald O. Hodgins, Ph.D., P.Eng.
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EXTERNAL REVIEW 

An independent external review of the analytical methods applied in this study, and the report (Draft 

dated December 2016), was provided by Professor Steven Weijs, Civil Engineering Department, 

University of British Columbia, at the request of the Salt Spring Island Local Trust Committee of the 

Islands Trust.  A full copy of this review, and the response prepared by the author, may be available from 

the Islands Trust.  The title is “Response to the external review of Safe Yield Analysis for Surface Water 

Resources”, prepared by Donald O. Hodgins, June-July 2017.  In summary, Dr. Weijs concluded that: 

 The methods and results for the period 2007-2015 are deemed reliable, and likely close to the 

best possible estimates given the data. 

 The results for the period 1981-2006 contain greater uncertainty arising from uncertainty in the 

input data and the filtering methods to remove effects of the beaver dams. 

 Hydrological modelling combined with a quantitative uncertainty analysis could improve 

confidence in the safe yield estimates. 

In addition, Dr. Weijs provided a number of comments aimed at making minor improvements in the yield 

estimates.  All of these comments and suggestions were examined in detail by the author through 

modifications to the water balance model, the input data and the long-term analysis, and are fully 

described in the response document.  Weijs’ suggestions here made no significant difference to the final 

answers. 
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1.0 INTRODUCTION 

1.1 Why This Report at this time 

The droughty summer of 2009 was a harbinger of things to come.  In 2015, we experienced an unusually 

dry spring (April through June)2 and summer, and once again, lake levels across Salt Spring Island fell to 

low levels.  Precaution led to water restrictions, and people began to realize that such droughty 

conditions might reflect limits on available water into the future.  It also became apparent that reliable 

estimates are needed of how much water is available; now, and over the next 50 years in view of 

potential changes in the climate. 

The purpose of the following paper is to provide a technical discussion of how to approach this problem.  

The solution is not particularly difficult, but must be done carefully because many of the variables 

depend on each other.  The problem is non-linear.  It also does not permit a simple interpretation – many 

people would like to have a single number: X is how much water is available!  However, the answer 

depends so strongly on the vagaries of weather from year to year, a better solution is one that presents a 

probability distribution for safe yields.  Then one can choose the level of risk one is prepared to accept 

when planning to exploit each of the water resources. 

The paper is organized as follows.  The problem is outlined in the next section in mathematical terms and 

defines various parameters.  As we shall see, the safe yield also depends on knowing water demand – the 

demand curve – which is defined in the subsequent section.  A worked example for St. Mary Lake is 

presented in chapter 2.  Concluding remarks are given in chapter 3. 

1.2 Outlining the Problem 

Safe yield has a specific definition.  It is the amount of water that can be withdrawn from the lake during 

the period when lake level falls below full, and the time when the lake level reaches its lowest point, for a 

specified level of risk.  This is illustrated in Fig. 1.1 in the upper panel: hc is the level at which the lake is 

full, either from natural barriers at the outlet, or a man-made structure like a weir.  The solid dots show a 

typical water level response with time – St. Mary Lake for 2008-09 in this case – where, for the period 

between the red lines, outflows and evaporation exceed inflows and the water level falls.  Storage then 

plays a major role in the water balance between inflows, evaporation and withdrawals. 

Since there is, generally, a limit to how far the lake can be drawn down, then the amount of water that 

can be withdrawn while staying above such a constraint is the yield.  Yield is lowest for droughty years 

and the problem is to determine a safe (sustainable) amount. 

During periods when h(t) > hc (winter) there is excess water for withdrawal and conditions then are not 

limiting. 

                                                      
2 See Hodgins, 2015a.  
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Figure 1.1 Typical water level curve h(t) for St. Mary Lake during a dry year. 

Accordingly, throughout this paper the dependent variable will be water level, represented by h(t).  This 

is the most obvious measure of the response of each lake to the input-output balance.  Moreover, natural 

or imposed constraints on removing water from lakes are most easily understood in terms of water level. 

Constraints 

As noted previously, there is a minimum water level to which a lake can be drawn down; say hmin.  This 

level may be set by license, as is the case for St. Mary Lake and one of NSSWD’s licenses3, or arises 

naturally as the limit for refilling the lake each winter.  In this discussion it is assumed that prudent 

practice would be to refill the reservoir each year; otherwise, one runs the risk of not being able to refill 

the lake after successive years of excess draw down, satisfying environmental flow needs, or altering the 

ecology of the lake by reduced flushing and/or habitat loss. 

Normally draw down and refilling amount to the same thing – refilling defines the allowable draw down.  

However, when a licensed lower limit is imposed this is no longer the case.  In some circumstances, hmin 

by license may govern before a refilling criterion applies.  This is currently the case for St. Mary Lake 

with the weir at 40.7 m: hmin = 40.0 m. 

Another constraint may arise through requirements to meet environmental flow needs, either in 

downstream creeks or rivers, or to maintain flushing in the reservoir itself.  Since the discharge is usually 

determined by water level in the reservoir, this constraint is linked to maintaining specified levels in 

different seasons. 

                                                      
3 NSSWD – North Salt Spring Waterworks District http://www.northsaltspringwaterworks.ca.  

http://www.northsaltspringwaterworks.ca/
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Problem Formulation 

Level h(t) changes with time as a result of a difference between inflows, outflows, withdrawals and 

evaporation.  The rate of water added or removed, v(t) corresponding to a change in level is: 

 v(t) = d(h(t) A(h))/dt (1) 

where t = time,  

 A(h) = surface area of the lake, and 

 d( )/dt = the total derivative of h(t)A(h). 

In general, the surface area is a function of the water level in the lake.  In some cases where the draw 

down is modest, the area can be considered a constant, and (1) simplifies to: 

 v(t) = A dh(t)/dt (2) 

When dh(t)/dt = 0, water exported from the lake is balanced by inflows.  In the example in Fig. 1.1, this 

occurred around the second week of October for St. Mary Lake.  After this time, inflows exceeded 

exports and the lake began refilling. 

The balance of flows equates v(t) to the sum of the fluxes of water flowing into the lake, and out of the 

lake (Fig. 1.2); i.e., 

 d(h A(h))/dt = I - ( Q(h)  W  E  GW ) (3) 

where I = total surface inflow (rain and storm water runoff), 

 Q(h) = outflow to creeks, which is a function of water level, 

 W = withdrawal, 

 E = evaporation, and 

 GW = loss/gain to or from ground water. 

It is convenient to think of the fluxes in units of dam3/d (1000s m3/day).  The time symbol t in the 

dependent variables is dropped for clarity from hereon.  

I sfc inflowQ Duck Creek

GW -out

E evaporation

W  withdrawal

h

I sfc inflowQ Duck Creek

GW -out

E evaporation

W  withdrawal

h

 

Figure 1.2 Definition of nomenclature. 

The yield from the lake, and the utilization of storage over the summer depend on the parameter (I-E), 

termed the net inflow, IN.  Letting IN = (I-E) and S = d(h A(h))/dt, substituting into equation (3) 

provides: 

 S/t = (I - E) - (Q +W)  =  IN - (Q + W), or 
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 IN = S/t + (Q +W) (4) 

where S  = change in storage over time step t, and is calculated from measurements of water level. 

The net inflow is determined only by the change in storage, the discharge from the reservoir, and the 

withdrawals.  It is a useful metric for characterizing inflows from the watershed to the lake, and can be 

compared with the precipitation data to check for consistency (e.g., low precipitation, low net inflow and 

vice versa).  Evaporation does not directly enter into this calculation, and ground water exchanges GW 

are subsumed into IN. 

Once IN has been calculated, equation (3) is solved in finite difference form: 

 hn+1 = hn - t {[Q(h) - (IN - (FW ))]/An} (5) 

where  t is the time step of integration (typically one day), 

 F = scale factor applied to withdrawal, 

 n, n+1 = indices for the current and next time step. 

Using An, that is the area at the old time step, is an acceptable approximation when the change in h is 

small or the lake area does not change rapidly with depth.  However, one must be careful to ensure that 

the approximation is appropriate for the reservoir in question. 

The calculation is initialized with h(t=0), and (4) is stepped forward in time (prognostic calculation).  W 

is modified by scaling the withdrawals by multiplying by F until h = hmin, or until the lake fails to refill 

before the next dry season commences.  The yield is found by summing FW over the critical draw down 

period. 

In practice, the safe yield is determined by drought years, which range in severity.  The scale factor F will 

then, in general, differ for each of these drought years since the inflow will also vary.  Solutions to (4) 

are obtained recursively by adjusting F4 until the draw down or refilling criterion is just met in each of 

those drought years.  The result is a set of yield values that can be analyzed for their likelihood of 

occurrence (return period). 

1.3 What is the Demand Curve and Why It Is Important 

The water demand curve5 is determined by the water use characteristics of the community, and varies 

substantially with season.  It is important because it determines the rate of withdrawal and the timing of 

withdrawal seasonally.  Both determine the rate of draw down, and when dh/dt = 0 occurs.  Thus, the 

solution to (3) depends upon the demand curve and each solution is unique to the shape of the curve and 

the amount of water withdrawn. 

By way of illustration, Fig. 1.3 shows the daily water production data collected at NSSWD’s St. Mary 

Lake treatment facility between 2007 and 2014.  The mean daily demand curve, derived from the time-

series measurements, is plotted in Figure 1.4.  It shows the approximately 2:1 ratio between the average 

                                                      
4 It is assumed here that present withdrawal conditions do not violate the draw down or refilling criteria, and that one 

is scaling up the demand for water to determine the upper limit on yield.  Hence generally F > 1. 

5 In this paper, the term water demand refers to the demand placed upon the lake to satisfy all needs.  Demand is met 

by production from the lake.  Consumption will be used to refer to the quantity of water used by consumers.  

Generally, production = consumption + operating requirements & system losses.  
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demand in February and in July-August, and the rapid increase in demand toward the middle of June and 

the first two weeks of July as the tourist season ramps up.  Derivation of the total demand curve for St. 

Mary Lake is discussed further in the worked example in the next section. 

There is an important point to consider here: the limiting yield is determined by the draw down constraint 

and that governs the amount of water that can be withdrawn between the red lines in Fig. 1.1.  This is the 

area underneath the demand curve between those two lines.  Because the average demand curve is fixed, 

the annual yield is a simple multiple of the limiting dry-season yield, and does not vary independently. 
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Figure 1.3 Daily produced water time-series for NSSWD (St. Mary Lake). 
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Figure 1.4 Daily mean water demand curve (n=8) for the NSSWD St. Mary Lake water treatment 

facility.  The smoothed curve is a 10-d moving average of the daily mean values. 

1.2 Thoughts on Accuracy and Precision 

The accuracy of solutions to the model equations discussed previously is governed by the accuracy of the 

input data, which includes estimates of water leaving the reservoir.  In many cases, information on 

withdrawal is not particularly accurate, in some cases no better than guesswork, and it is not always well 
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resolved in time (another problem).  Estimates of evaporation are also uncertain, although the 

Thornthwaite equations used here are well corroborated by data collected by Environment Canada.  And 

there is error in the stage-discharge equations used for outflow, particularly at low flows during summer, 

which is the critical period.  Finally, the data on water level contain error, which affects the estimates of 

changes in storage.  Experience working with these equations for St. Mary Lake, suggests that, in an 

absolute sense, predictions of water level are no more accurate than about 2 cm, or so.  For that lake, this 

amounts to an uncertainty of about 40 dam3, although it is hard to pin down this number more precisely. 

Consequently, there is no point in attempting to present sustainable yield values to more than three 

significant figures.  That convention is adopted here, and all volumes are reported in units of decametres 

cubed, or dam3.  An unconventional unit, perhaps; however, multiply it by 1000 and you will obtain 

cubic metres. 
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2.0 WORKED EXAMPLE – ST. MARY LAKE 

The objective is to determine the safe, or renewable, yield for St. Mary Lake subject to the constraints 

imposed by water licenses and refilling,.taking environmental flow needs into account.  The discussion 

begins with the derivation of the demand curve and a review of the limitations on it.  This is followed by 

the method of solving equation (3), first for net inflow IN (diagnostic calculation) and then for W 

(prognostic calculation).  The extreme value analysis is then described, followed by a discussion of the 

results. 

2.1 Demand Curve 

2.1.1 Derivation 

Three withdrawal demands apply to St. Mary Lake:  water withdrawals for potable water supply by 

NSSWD, and by the Capital Regional District for the Highlands-Fernwood area (CRD), and a number of 

other licenses for domestic, irrigation, stock watering and commercial uses (others).  These distinctions 

are based on the type of data available to quantify demand, which are:  

1. NSSWD – daily production data (Fig. 1.3) – best resolution in time, and reasonably accurate, 

2. CRD – monthly production data – poor resolution in time, but reasonably accurate, 

3. others – no information on withdrawal, but license limits are known. 

The demand curve was derived using the NSSWD daily data as the starting point.  Some spikes were 

removed and gaps filled by interpolation; however, these were few and do not affect the overall accuracy 

of the results.  The observations for the period 2007-2014 were used to calculate the daily mean 

production; 2015 was excluded because water restrictions during July-September reduced the demand 

from prior years (by about ~30%) and would skew the averages to lower than expected values for 

“normal” conditions. 

The CRD monthly production data from 2007-2014 were averaged to give the mean monthly value, 

which was then distributed uniformly in each month by dividing by the number of days/month. 

The withdrawals by others were determined arbitrarily using the licensed limits and local knowledge.  By 

any standard, they are best guesses.  Table 2.1 shows the breakdown of issued licenses by category.  

There are 40 unique license holders with 62 licenses.  The column Q provides the total annual 

withdrawal limit and n is the number of licenses per category.  Where the license specifies a maximum 

day limit, that value was multiplied by 365 to give the annual total.  For example, domestic licenses 

usually have a maximum day limit of 500 imperial gallons. 

Weights were estimated for each category applicable to “others” to factor the annual limits down to a 

reasonable current withdrawal.  60% for irrigation, 50% for enterprise and 100% for stock watering, 

which are arbitrary percentages.  The domestic value was determined assuming occupancy of 2.2 

persons/license  250 L/person.day  365 days/yr multiplied by the number of domestic licenses.  This 

was felt to be a more reasonable basis than the license limit.  It seems likely that irrigation is over-

estimated, but that may be offset somewhat by domestic licenses that are used for plant watering during 

dry months.  Roughly, 84 dam3/yr is the annual estimate for the others category, which amounts to about 

52% of their licensed total. 
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These annual totals were then distributed monthly.  Domestic and stock water were weighted using the 

distribution for NSSWD production, and enterprise and irrigation were heavily weighted to the four 

summer months, June-September.  Figure 2.1 shows the final monthly demand for the “others” category. 

These monthly totals were distributed to daily values in the same manner as the CRD data.   

Table 2.1  Summary of licenses for St. Mary Lake. 

Use Q N weight withdrawal 

 m3/yr   dam3/yr 

Irrigation           99,727  9 60%        59.84  

Domestic           28,208  30 21%          6.02  

Enterprise           29,868  6 50%        14.93  

Stock watering             2,854  3 100%          2.85  

Waterworks       1,432,244  9 na  

Fire Protection                 29  1 0%             -    

Storage         422,775  4 0%             -    

     

Total       2,015,706  62         83.65  
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Figure 2.1 Monthly distribution of water withdrawals in the “others” category. 

The demand curve was then found by summing the three categories – this result is shown in Fig. 2.2.  

Being monthly, the CRD and “others” data introduce a step-wise progression to the curve, which was 

smoothed by applying a fortnightly moving average to the daily data.  The smoothed curve was used for 

input to the model equation.   The total withdrawal (area under the curve) is 580 dam3. 
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2.1.2 Limitations 

Two limitations stand out.  First, the contribution from the “others” category is very uncertain and 

obviously introduces some error into the demand curve.  This is mitigated somewhat because the shape of 

the “others” monthly demand curve (Fig. 2.2) is similar to the NSSWD curve (Fig. 1.4) which dominates 

the total.  Since the final curve is scaled up or down to determine the yield, error in the magnitude of the 

“others” curve is of less importance than the shape.  On the other hand, the “others” data were used in the 

diagnostic solution of (3) where the magnitude is potentially important. 
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Figure 2.2 Daily demand curve for current conditions.  The smoothed curve results from applying a 2-

week moving average to the raw data. 

The second limitation concerns the seasonal variations in demand and how these change from year to 

year.  The averaging process used to calculate the curve in Fig. 2.2 removes the inter-annual variation in 

the timing of demand in the original data.  For example, in some years it appears that the rising limb of 

the NSSWD curve can occur earlier in the year than the average, by up to a month (thay year was 2010).  

The sensitivity of the yield values to the variations in the demand curve is discussed in Section 2.6. 

2.2 Yield Estimates 

2.2.1 Meteorological Conditions Leading to Low Yields 

Two precipitation regimes lead to droughty conditions and low yields.  The first, obvious one is extreme 

low precipitation during the summer months.  As shown in Hodgins (2015a), low rainfall during spring 

(April to June) exacerbates a dry summer because lake levels are drawn down earlier than would be the 

case during a more normal spring.  This was the situation in 2015 for example.  The second regime 

corresponds to low rainfall during the winter preceding a dry spring-summer, which leads to a low 

reservoir of water as increasing demand begins to utilize storage earlier than normal.  This condition 

occurred during the winter of 2008-2009, preceding the dry summer of 2009. 
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The precipitation data for St. Mary Lake and Saanichton were examined for extremes in these two 

regimes to give an idea of how often they occur, and the variation in precipitation amounts.6  Two series 

were calculated: (i) total precipitation from April to September (PAS); and (ii) total precipitation from 

October to March (POM) preceding the April-September values.  The data are expressed in terms of 

rainfall anomaly, reflecting the amount above (wet) or below (dry) average.  To facilitate plotting these 

data, the anomaly time-series have been normalized by the record-length mean () and standard deviation 

(). 
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(b) 

Figure 2.3 Time-series of total precipitation (normalized) (a), and filtered to show pairs with at least one 

value less than one standard deviation below the mean (b).  The normalizing values are: POM 

= 7 mm, = 153 mm; PAS = 0.9 mm, = 57 mm.  Green dots represent the annual sum of 

net inflow (I-E)<0. 

                                                      
6 The data and the methods for calculating the proxy 102-year record for St. Mary Lake are described in Hodgins 

(2015a). 
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The complete series are shown in Fig.2.3a.  If these data are filtered to retain only those pairs when 

EITHER PAS < -1 OR POM < -1, the result is plotted in Fig. 2.3b.  [This selects droughty extremes that are 

more than one standard deviation from the mean.] 

These results indicate that there were 13 dry summers in the 102-year record (average recurrence interval 

of ~ 8 years), and 13 instances when a dry summer was preceded by a low-precipitation winter (also an 

average recurrence interval of about 8 years).  Thus, meteorological conditions leading to low yields are 

not particularly rare, and do occur in sequences of 2-3 years. 

The purpose of this precipitation analysis is to allow comparison of droughty conditions calculated from 

the water balance equation with meteorological conditions that, in principle, give rise to them. 

2.2.2 Yield Estimates for the Period 2007-2015 

Solution of Equation (4) for Inflow 

Inflow IN was calculated for the period January 2007 to March 2016.  The water level data h were 

available at intervals of approximately one week, but not always exactly 7 days.  Accordingly, the change 

in storage was calculated from one observation to the next, and not on a uniform 1-d time step.  The 

remaining terms were evaluated for the correct number of days in each of these steps.  The approximation 

(2) was also applied with A = 1.82  106 m2. 

The actual daily withdrawal data from NSSWD were used in each year for this calculation.  Similarly, 

the monthly CRD withdrawal data in each year were used, distributed to daily values as noted earlier.  

The estimates for withdrawals by “others”, as described in section 2.1, were used in each year without 

modification.  This approach was taken to provide withdrawal rates as close to actual conditions as 

possible, which is, of course, necessary for the diagnostic calculation. 

Further details of the solution method are given in Hodgins (2015b).  One revision to the method 

described in that reference concerns the stage-discharge equation for Q(h), to correct for apparently 

unrealistic discharge rates when lake levels are high (> 41 m).  The new equation is described in 

Appendix A.  There was also anecdotal information that the environmental flow of 9 L/s through the fish 

ladder was not sustained as a constant discharge as water levels fell below 40.7 m, but tapered off as 

levels approached 40 m.  A linear function (Appendix A) has been used to model this behaviour. 

Figure 2.4a shows the input time-series h(t).  The solution for IN is plotted in Fig. 2.4b (shown as daily 

values). 

Solution of Equation (5) for Yield W 

Equation (5) was solved by initializing the calculation with h(0)=40.84 m (the water level on Jan 1, 

2007), and integrating forward in time to December 31, 2015.  The net inflow IN was specified from the 

diagnostic calculation (as shown in Fig. 2.4b), and W was specified as the demand curve in Fig. 2.2 times 

the scale factor F.  Verification of the formulation arithmetic is discussed in Appendix B. 

For current conditions, water levels in St. Mary Lake are controlled by a fixed weir with an elevation of 

40.7 m above sea level.  One license for water withdrawal by NSSWD limits draw down to 40.0 m.  

Although no such restrictions apply to the other 39 license holders, the 40.0 m constraint is considered to 

govern the total amount of water available. 
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One solution of (4), for F=1.25 in 2015, is shown in Fig. 2.5.  Draw down on Oct 28, 2015 reached 40.00 

m.  Interestingly, the maximum draw down in 2009 (Oct 17th) was 40.05 m.  A second solution to (4), 

increasing F to 1.45, provides the limit to production in 2009.  For this F-value, the lowest level in 2015 

would be 39.96 m. 
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(b) 

Figure 2.4 (a) water level input for solution of equation (4), (b) solution for net inflow IN. 

For F=1.45, refilling the lake would be potentially problematic only in the fall-winter of 2008-2009 when 

levels reach the weir crest on about March 15th, and fall below the crest on April 30th.  Thus, although 

the licensed draw down limit governs the yield in this case, refilling is nearly as important. 

The level series also illustrate another important point: the time when water levels fall below the weir 

crest, and when the level reaches its lowest point, varies from year to year, in response to inter-annual 

variations in precipitation.  Although these two times indicate when lake storage plays a role in the water 

balance, they are not particularly useful as end-points to evaluate the yield.  The time period that is 

usually considered critical is June to October (see e.g., Barnett et al., 1993).  Often levels fall below the 

weir crest in mid- to late May, and lowest levels typically occur in mid-October to early November.  
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Accordingly, renewable yield is calculated as the sum of FW from equation (4) from June 1 – October 

31 each calendar year with a drought extreme (Table 2.2). 
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Figure 2.5 Water level response to the generalize demand curve for F=1.25 (red line).  The limiting 

constraint of h=40.00 m occurs in 2015. 

Table 2.2  Estimated yields for limiting conditions for 2007-2015. 

 Yield Yield 

Year June-October January-December 

 dam3 dam3 

2015 415 726 

2009 481 844 

 

Check Calculation for 2009 and 2015 

There were two fairly severe droughty years in the 2007-2015 period: 2009 and 2015, for which 

reasonably good data exist for both withdrawals from the lake, and water level.  A simple back-of-the-

envelope estimate of potential yield can be made as follows: for each year the amount of water left in St. 

Mary Lake was about 9.0 and 8.8 cm respectively: this corresponds to storage of 164 and 160 dam3 that 

could potentially have been withdrawn up to the limiting condition.  Adding this storage to the 

withdrawal estimates provides a potential yield equivalent to the hindcast amounts described in this 

section; see Table 2.3.  The predicted yields, for the generalized demand curve, agree to within about 6% 

of the potential yields based on what was taken out of the lake in those two years and the water 
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remaining.  This is well within the overall accuracy of the predicted values and shows that the methods 

and results are reliable. 

 

Table 2.3  Comparison of check values for yield with the hindcast values. 

 Minimum   Storage Potential Predicted 

Year water level Date Withdrawn Available Yield Yield 

 (m ASL)  (dam3) (dam3) (dam3) (dam3) 

2009 40.090 17-Oct 345 164 509 481 

2015 40.088 28-Oct 270 160 430 415 

 

2.2.3 Yield Estimates for the Period 1981-2015 

The data from 2007-2015 provide two estimates of yield for drought years; however, the record is too 

short to infer either the likelihood or magnitude of extreme droughts (even though 2015 was thought to 

be pretty severe).  The importance of this period lies in the high quality of the water level measurements 

and the fact that the fixed weir provided a constant control on the discharge to Duck Creek.  This, in turn, 

allowed a reasonably accurate diagnostic analysis of inflow, and subsequent prediction of limiting yields, 

as described above. 

However, water level measurements were also available from 1981 until the end of 2006 when the weir 

became operational.  The problem is that the control on flows and levels was governed by beaver dams, 

whose crest heights varied with time.  The approach described here makes use of this longer water level 

record to analyze additional drought years and incorporate the results into a qualitative assessment of a 

safe yield for planning purposes.  The central idea is to remove the effect of the varying crest heights and 

then use the same type of analysis described previously for 2007-2015. 

It is recognized that the extremes from the earlier period are likely to be less accurate than for the two 

droughty years 2009 and 2015 (because of the ‘error’ introduced by the filtering process), and the 

uncertainty in the Q-h relation for beaver dams.  However, the alternative is to estimate inflows using a 

hydrological model, which is more difficult to implement and unlikely to provide better accuracy. 

Adjusting the Water Level Record 

The raw water level time-series consisted of either daily measurements, or approximately weekly 

observations, throughout the period.  The approach to removing the varying dam elevations was to, first, 

interpolate the observations to a uniform daily time step, and then apply a moving average (ma) filter to 

the series to estimate the mean elevation signal.  The adjusted signal was calculated by subtracting the 

time-varying mean, and then shifting the values so that the crest was at 40.7 m.  Two filters were applied: 

a 3-year and a 5-year ma.  The choice of averaging periods was based on a visual inspection of the raw 

data.  The interpolated and adjusted time-series are shown in Fig. 2.6.  There is little difference between 

the filtered results; however, the 3-yr ma yields slightly greater maximum draw down values and has 

been used in the water balance analysis. 
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Figure 2.6 Observed water level (after interpolation) and the adjusted filtered time-series. 

Two anomalies stand out – the winter of 2003-04 when it appears that the lake barely filled back to the 

40.70-m level.  The adjusted levels reached 40.70 on December 3rd, peaked at 40.78 m and then fell 

below the crest level on February 16, 2004.  Consequently, the draw down over the following summer (of 

2004) was large with a minimum level of 40.099 m in early October.  

Rainfall over the period September 2003-February 2004 was well above average, leaving no obvious 

meteorological explanation for the low winter water levels.  Another possibility is that the beaver dam 

was physically damaged allowing water levels to drop below ‘normal’ – this would show up in the 

adjusted record as abnormally low winter levels.  In view of the rather difficult-to-explain winter water 

levels, the 2004 draw down extreme is considered an outlier and omitted from the subsequent analysis. 

The second point to note is the draw down for 2002, which appears particularly large for the precipitation 

conditions before and during that summer.  However, unlike 2004, 2002 was a droughty year and has 

been retained in the subsequent analyses. 

Solution of Equation (4) for Net Inflow IN 

Equation (4) was solved by calculating the change in storage from the levels shown in Fig. 2.6.  Given 

the approximation associated with the filtering and adjustment of the water level time-series the estimates 

of changes in storage will not be as accurate as they are for the 2007-2015 period.  Moreover, the level 

data prior to 1986 contain large gaps.  This does not affect the present analysis since that period was 

fairly wet and did not contain droughty years. 

The other two parameters – discharge and withdrawals – are also subject to greater uncertainty than for 

the 2007-2015 period.  These are discussed in the next two sections. 

The Stage-discharge Equation: It is expected that the Q-h relation for a beaver dam would differ from 

that for the weir, but how is not known.  For the present analysis, a conventional broad-crested weir 

formula has been adopted: 

 Q(h) = W C (h – 40.7)1.5 (7) 
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where B = nominal width (3 m) and C = 1.4.  When h < 40.7, Q = 0.  This relation provides winter 

discharge similar to the fixed weir, but no discharge during summer consistent with the limited data 

available for Duck Creek, which show that it essentially dried up each summer prior to 2007. 

Historical Demand 1981-2006:  The following assumptions were made: 

1. Withdrawals by NSSWD varied in proportion to population – this follows from the fact that the 

District delivered most of its potable water outside of the St. Mary Lake watershed, and a 

significant amount to the town of Ganges, where the population growth would occur. 

2. Withdrawals to service Highlands and Fernwood would be unchanged from current conditions 

because these two developments were largely complete by 1981 or within a few years thereafter. 

3. Withdrawals by the other license holders would also be similar to current conditions.  As before 

this is largely a guess since no monitoring of consumption was undertaken.  However, residential 

development around the lake was also largely complete by 1981, and agricultural land use has 

not changed significantly.  Certainly, the potential for irrigation may have changed over the 

years; however, the estimates for irrigation use, as a fraction of the licensed total, is reasonably 

high (60%). 

Figure 2.7 shows the island population in 5-year increments based on census data, together with the 

corresponding annual total production for NSSWD.  The production data in this graph were scaled 

linearly in proportion to population, using monthly averages for the period 2007-2014 as the reference for 

2011.  The monthly data were then distributed uniformly over each month to provide daily values for 

each year. 
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Figure 2.7 Population of Salt Spring Island based on census data (left panel) and derived water 

withdrawal volumes for the NSSWD (right panel). 
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The NSSWD estimates were then combined with the previously derived withdrawal rates for CRD and 

‘others’ to yield a total withdrawal time-series for 1981-2006 (Fig. 2.8).  The actual production values 

were used for the 2007-2015 period – these are shown on the right-hand end of the graph. 
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Figure 2.8 Total water withdrawal time-series used in the diagnostic calculation for inflow. 

The Diagnostic Calculation: The solution to (4) is shown in Fig. 2.9.  In order to compare variations in 

net inflow between droughty years, the annual sum I- has been calculated for the condition I < E, or IN<0.  

This simply corresponds to the period when evaporation exceeds inflow, and storage is reduced through 

evaporation.  The results for I- are plotted in Fig. 2.10, and the values for the droughty years in the 

meteorological record are plotted as green dots next to the precipitation anomalies in Fig. 2.3b. 

It is noted that the mean value for I- for 1981-2006 is -553 (97) dam3, compared with -550 (109) dam3 

after 2007.  Thus in an average sense, the watershed inflows have the same statistical properties for the 

long-term analysis and the 2007-2015 analysis.  This is a necessary condition since neither the beaver 

dams, or withdrawals, would affect the behaviour of the watershed to precipitation. 

Visual comparison of the droughty I- values with the precipitation anomalies in Fig. 2.3b shows a 

reasonable correspondence, except perhaps for 2002 when the net inflow appears to be more severe than 

would be suggested by the low rainfall conditions.  This may result from low lake levels over the winter 

preceding the dry 2002 summer, resulting from changes to the dam that winter.  Or it could simply reflect 

an inaccurate estimate of the dam crest that particular year (from numerical filtering) and an under-

estimate of the actual inflow.  This issue cannot be resolved with the available data. 

The results do suggest that net inflows during an extreme drought could range as low as -750 dam3.  In 

2015 I- was approximately -706 dam3 based on reliable input data, with a summer precipitation anomaly 

of -101 mm.  The anomaly for 1987 was -138 mm, with a calculated value I- of -762 dam3.  Given these 

differences, the yield for 1987 is expected to be considerably lower than for 2015. 
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Yield Calculation for Droughty Years 

The prognostic simulations were carried out using the net inflow data (Fig. 2.9) and the starting value for 

water level h(0)=41.020 m on January 1, 1981.  The Q-h relation for the weir (Appendix A) was applied 

to all years.  The general demand curve (Fig. 2.2) was used for each year of the simulation, and the scale 

factor F was increased until the water level curve touched 40.00 m for each droughty year. 

The predicted yields are listed in Table 2.4 for the ten years shown in Fig. 2.3b, and for which the draw 

down each summer was obviously greater than in other years (excluding 2004).  The result (299 dam3) 

for 2002 is not consistent with the other values in terms of the extremely low yield for precipitation 

conditions that were not as severe as 2015, and certainly much less severe than 1987.  As noted earlier, 

the low net inflow and the corresponding low yield likely result from error in the adjustment of the water 

level record.  Accordingly, the 2002 yield estimate is rejected and excluded from the extreme value 

analysis. 

The extreme value analysis for the nine remaining years (Appendix E) provides the return period curve 

shown in Fig. 2.11.  Yields with return periods between 50 and 100 years range from about 350 to 375 

dam3.  The annual equivalents are approximately 600 to 640 dam3 for the generalized demand curve 

described in this report, and for the environmental flows during summer that are considered to represent 

the current situation (flow through the fish ladder).  Current withdrawals by all license holders are 

estimated to be about 580 dam3 in the absence of water restrictions. 

It cannot be emphasized strongly enough, that if environmental flow requirements are 

maintained at 9 L/s, or at other values that exceed those modelling here, then the above 

values will be reduced.  It is also stressed that these values pertain to the general demand 

curve considered to best represent withdrawals from St. Mary Lake at this time.  If the 

demand characteristics change, then so will the safe yield values. 

Table 2.4  Predicted yield for ten droughty years 1981-2015. 

calendar scale Jun-Oct Annual 

year factor total prod total prod 

 F dam3 dam3 

1987 1.100 360 630 

1989 1.440 491 860 

1994 1.494 521 912 

1995 1.330 435 761 

1998 1.480 461 807 

1999 1.570 499 874 

2002 0.898 299 523 

2009 1.440 483 845 

2014 1.750 581 1016 

2015 1.255 417 731 
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Figure 2.9 Net inflow solution from equation (6) for the extended period 1981-2015. 
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Figure 2.10 Estimates for I- (annual sum of I<E) for the period 1981-2015. 
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Figure 2.11 June to October yield by return period in years. 

2.3 Sensitivity to the Demand Curve 

The demand curve shown in Fig. 2.2 is an average over 8 years of data; however, there is certainly 

variation in both timing and magnitude from year to year.  The sensitivity of the yield estimates to this 

variability has been examined as follows.  The daily production data from NSSWD for each year (n=8, 

from 2007 to 2014; 2015 was omitted because of the water restrictions that year) were tabulated, and 

averaged.  The annual time-series graphs are shown in Fig. 2.12a.  These NSSWD data were then scaled 

up to account for the CRD and “others” withdrawals, using the ratio of the total withdrawn from the lake 

to NSSWD production, based on the averaged data from both sources.  The final step was to normalize 

the individual curves to yield the same total production in each year, in this case, 574 dam3.  The 

normalizing was done so that the analysis compared yields for the influence of the timing of withdrawal, 

and not both timing and amount. 

The scaled-up curves are plotted in Fig. 2.12b.  The curve for 2015 (red line) is also shown for interest; it 

was not used in the analysis.  One consequence of scaling up the data in this manner is that it assumes 

that all withdrawals changed in the same way each year.  This is a reasonable assumption but does tend 

to give a worst case for the variability about the mean. 

The prognostic solution of equation (4) was repeated nine separate times, for the eight individual demand 

curves and the average curve and the scale factor, F, was found for the two droughty years, 2009 and 

2015.  The results, in terms of the June-October and annual yields, are listed in Table 2.5.  The results are 

unambiguous:  the differences between the highest and lowest values are about 6% of the mean value for 

the annualized yield.  Thus, the variation in yield associated with inter-annual variations in demand is 

approximately  3%. 

A second aspect to consider is the choice of a fixed period, like June to October, for calculating the yield.  

It is clear that during droughty years with dry springs, lake levels fall earlier in the summer than during 

wetter years.  This tends to extend the period for which levels fall below the weir crest and when they 

reach their lowest level of the season, with the consequence that the yield during the ‘critical’ period may 

be slightly greater than calculated from June to October.  A brief sensitivity analysis was carried out to 
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determine the start and end dates, and corresponding yields, for the 2015 drought year with three variants 

in the demand curve (Table 2.6). 

Table 2.5  Yield results for the sensitivity analysis to variations in the demand curve. 

 demand curve variant 

 1 2 3 4 5 6 7 8 mean 

 total withdrawal 2015 drought year  (dam^3)   

Jun-Oct 416 416 418 402 422 412 414 417 413 

annual 725 725 697 719 747 740 725 720 725 

scale factor F 1.264 1.265 1.216 1.253 1.302 1.290 1.265 1.255 1.265 

          

 total withdrawal 2009 drought year  (dam^3) 

Jun-Oct 481 481 485 466 486 475 481 487 480 

annual 839 838 809 832 860 853 843 840 843 

scale factor F 1.463 1.462 1.410 1.450 1.498 1.487 1.470 1.465 1.470 

          

 

As shown in this table, the dates spanning the draw down period do not change.  The yield over the draw 

down period averages about 7% greater than shown in Table 2.8 as a result of the longer period in May 

for which levels were below the weir crest. 

The lack of sensitivity of yield to variation in the demand curve for the St. Mary Lake watershed simply 

reflects the relative magnitude of the terms in the water balance.  During summer evaporation is the 

largest term by far:  July evaporation is ~13 cm while total withdrawals are about 3 to 4 cm.  As a result a 

small change in withdrawal does not affect the overall balance of inflows and outflows sufficiently to 

make a large difference in yield.  Similarly in winter, when withdrawals are low, outflows to Duck Creek 

and changes in storage related to storm water inflows outweigh the influence of small changes in 

withdrawal. 

The explanation is similar for the starting and end dates in a droughty year, with the added factor that the 

weekly time step of the water level (and inflow) data limits the time resolution of small changes in the 

timing of draw down past the weir crest.  The same is also true for the date when the level reaches its 

lowest point.  Thus, changes of a few days do not show up in the prognostic calculation.  The conclusion 

is that variations in the starting date are likely only a few days, and less than one week. 

The controlling factor for both yield and the period of draw down is inflow, both its timing and 

magnitude.  These are, in turn, directly related to precipitation. 
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(b) 

Figure 2.12 Demand curves for 2007 to 2014 for the NSSWD production (a), and demand curves scaled 

up to account for all users (b).  The red curves are for 2015. 

Table 2.6  Sensitivity of draw down start and end dates, and yields, to demand curve variations for the 

2015 drought year. 

  demand curve from 

  2013 2010 2009 

     

start date  11-May-15 11-May-15 11-May-15 

end date  24-Oct-15 24-Oct-15 24-Oct-15 

yield dam3 447 439 450 

annual yield dam3 725 717 697 
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2.4 Additional Yield from an Increase in Storage 

The time-series in Fig. 2.6 shows that there are at least two years when refilling the lake may govern the 

limiting draw down:  the winters of 1989-1990 and 2008-2009, the latter being more severe.  The 

hindcast equation using actual demand data, and the prediction equation using the general demand curve, 

were solved by scaling up demand until the lake just refilled in the winter of 2009.  Both solutions 

provided similar estimates: 543 dam3 and 530 dam3 for Jun-Oct of 2009 respectively, which are, on 

average, about 50 dam3 greater than the draw down limit of 481 dam3. 

For the year 2009, total yield would be about 930 dam3 compared with the 40-m constraint of 844 in 

2009, or an increase of, roughly, 86 dam3.  Thus, as noted earlier, the increase in yield is modest and 

most likely about 10%.  Caution is warranted, however, because this is only one event and there is no 

reliable method for estimating the associated risk other than to use a surrogate like precipitation (see 

further discussion in Appendix C, which indicates that 2008-09 has a return period of approximately 60 

years). 

Thus, it appears that the safe yield is approximately 930 dam3, if the withdrawals were sufficiently large 

that the lake just refilled, without overflow.  The implicit assumption here is that environmentally 

required flows to Duck Creek ranged from, say 1 to 9 L/s, throughout the year (as prescribed in the stage-

discharge curve for the weir and fish ladder).  At the time of writing this report, it is not clear that such 

low flows would satisfy regulatory agencies.  If higher instream flows were required, then the yield 

would be less than the 930 dam3 noted above and the benefit from raising the weir would be less. 

These results suggest that, roughly, the refilling requirement yields a maximum benefit of ~290 dam3 

more than the draw down limit with the weir at 40.7 m (930 minus, say, 640 for a 50 year return period, 

Fig. 2.11).  This increase translates into a storage requirement of 16 cm. 
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3.0 CONCLUSIONS 

3.1 Safe Yield Model 

The yield model is formulated in terms of water level h(t) as the dependent variable.  It is a time-varying 

lumped-parameter model based on a water balance for a given reservoir or lake, resulting in a first-order 

ordinary differential equation.  This equation is solved using a first-order forward finite difference 

scheme with a time step of one day. 

The demand for water is characterized by a 12-month curve based on known and estimated daily 

withdrawal amounts.  This curve is unique for each lake or reservoir and depends on the composition of 

water uses to be satisfied by the demand.  The yield values are unique to the demand curve. 

The safe yield has a specific definition; that is, the amount of water that can be withdrawn during the 

period that total outflow of water from the reservoir exceeds the total inflow.  During this period, storage 

is used to provide the balance between inflow and outflow.  For the worked example of the St. Mary 

Lake watershed, to a good approximation this is the period from June 1st to October 31st.  For a given 

demand curve, the ratio of the June-October yield to the total annual yield is fixed. 

Some observations and conclusions at this point are: 

1. The water level formulation provides a useful model, with output that is directly related to 

limiting conditions of draw down and/or failure to refill. 

2. Accuracy of the yield values is determined to a large degree by the accuracy of the inflow 

estimates to the lake.  Hindcasting inflows using the water balance equation with measured water 

level data for St. Mary Lake provided apparently reasonable input data.  How accurate inflows 

would be if calculated with a hydrological model is undetermined. 

3. Accuracy of water level predictions appears to be about 1 cm for St. Mary Lake; this 

corresponds to  20 dam3 in yield.  For this reason yield should be reported to three significant 

figures, making units of dam3 useful. 

4. Yield estimates are sensitive to the timing of the onset of dry conditions in spring, in relation to 

the increase in the demand curve.  Daily to weekly integration time steps are required to resolve 

this sensitivity.  Monthly time steps would not provide reliable estimates. 

3.2 Worked Example for St. Mary Lake 

The yield model was applied to the St. Mary Lake watershed for two periods: 2007-2015 when outflows 

were controlled by a fixed weir, and 1981-2015 when, prior to 2007, outflows were controlled by beaver 

dams with varying crest levels.  This latter period was adjusted back to an equivalent “weir” time-series 

by filtering out the low frequency variations caused by the beavers.  Inflows were then hindcasted using 

the water balance equation, and seven yield estimates for droughty years in this earlier period were 

predicted for the general demand curve, and environmental flows to Duck Creek matching current 

conditions.  An extreme value analysis of drought year yields provided estimates of safe yield for return 

periods exceeding 50 years. 

Some key findings are: 

1. June-October yield values of ~ 415 dam3 in 2015 have a return period of about 25 years.  The 

equivalent annual yield would be approximately 705 dam3.  1987, by far the worst drought year 

on record, has a return period of 80 years, with a yield of ~ 360 dam3. 
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2.  For return periods of 50 to 100 years, the dry-season yield would be about 380 to 350 dam3 

respectively.  The annual equivalent is 650 to 595 dam3.  Current withdrawals (2014) are about 

580 dam3, leaving little additional capacity in St. Mary Lake. 

3. Estimates in points 1 and 2 are based on summer-time environmental flows to Duck Creek that 

are currently being released (from about 1 to 9 L/s depending on the lake level).  Additional 

flows would reduce the safe yield numbers. 

4. Increasing the storage until refilling limits withdrawals would provide about 930 dam3 annually, 

assuming that winter outflows equivalent to what currently is discharged through the fish ladder 

would be acceptable to the BC Ministry of Environment.  If higher environmental flows are 

required, the benefit of raising the weir is reduced. 

5. The yield calculations for 2009, 2014 and 2015 are considered reliable because of the weir 

control of outflows and relatively good information on withdrawals.  The long-term yield 

estimates for 1981-2006 are less certain because of possible errors in the discharge estimates to 

Duck Creek, in withdrawals, and the difficulties is calculating changes in storage from the 

adjusted water level series.  Application of a hydrological model, including a rigorous 

uncertainty analysis for the yield estimates, should be considered to further support the safe yield 

assessment. 
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APPENDIX A: Stage-discharge curve for the Duck Creek Weir 

The new stage-discharge equation is based on five measurements of flow (Table A.1), three scaled off the graph 

in KWL (2015), and two new measurements by the author with assistance from Dr. Maggie Squires.  Figure A.1 

shows these data plot on log-log axes.  The linear regression equation is: 

 ln Q = 1.51 ln(h-40.70) + 1.518 

or Q = exp{ 1.51 ln(h-40.70) + 1.518 },  h>40.70 (A1) 

Anecdotal information suggests that when the water level falls below 40.7 m, the discharge does not quite meet 

the environmental flow specification of 9 L/s, and may fall off as levels decrease further.  For the calculations in 

this report, a linear relation was applied: 

 Q = 0.001 + 0.011 (h-40.70),  h  40.70 (A2) 

This yields flow ranging from 1 to 8 L/s. 

Table A.1  Flow observations 

h Q h-40.7 ln Q ln h 

m GSC m^3/s    

     

40.750 0.038 0.045 -3.270 -3.101 

40.775 0.095 0.070 -2.354 -2.659 

40.810 0.158 0.105 -1.845 -2.254 

40.825 0.178 0.120 -1.726 -2.120 

40.938 0.488 0.233 -0.717 -1.459 
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Figure A.1 Flow observations and linear regression line. 
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APPENDIX B:  Verification of the prognostic calculation 

To ensure that the prognostic calculation is correctly formulated in the Excel spreadsheet, equation (4) was 

solved with the back-calculated values for I and the identical series for withdrawals, Duck Creek outflow and 

evaporation used for the solution of I.  The calculation was initialized with h(0) = 40.84 m, the observed value on 

1 January 2007, and run forward to predict the end value of 40.85 m on 31 December 2014.  To be correct, the 

solution must reproduce the observed water levels and correctly predict the ending value for h.  The forward 

calculation model passed this test (Fig. B.1). 
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Figure B.1 Comparison of the forward calculation solution for h(t) with the measured lake level time-series. 
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APPENDIX C  Extreme value analysis for fall-winter precipitation 

The blended precipitation anomaly for the period September to the following March was calculated using 

the procedure outlined in Hodgins (2015a).  This series is the same as the Sep-Feb time-series referred to 

in that publication, with the addition of March.  March was added here because the water level records 

show that, infrequently, the lake overflows the weir for the first time in March and that March rainfall 

amounts can influence refilling.  The anomaly is calculated as the total rainfall (Sep-Mar) in each year 

minus the long-term running mean.  A negative anomaly represents a drier than “normal” fall and winter. 

The extreme value “dry” anomaly series for the 101-year record is shown in Fig. C.1.  Extreme values 

were selected based on a threshold of the average minus one standard deviation. 
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Figure C.1 Peak-under-threshold precipitation anomalies for the Sep-Mar period.  The data set spans 

1914 to 2015 (101 years). 

The analysis yields 11 extreme values, with 2008-09 being the second most severe in the 101-yr record.  

Eight years had anomalies of less than –200 mm, and there is clustering twice and only for two 

consecutive years.  Fitting the extremes with an FT-I distribution function (Fig. C.2), after negatively 

transforming the data, provides a good model.  The anomaly for 2008-09 has a return period of 60 years, 

(Fig. C.3) based on this distribution function. 

While 2008-09 stands out as a severe event, it is by no means unprecedented.  Dry fall-winters recur 

regularly and do occasionally occur in pairs. 
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Figure C.3 Extreme value distribution for September to March rainfall anomaly. 
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APPENDIX D Discussion of safe yield estimation 

The standard method of estimating safe, or dependable yield is based on solving the water balance 

equation for a reservoir for the critical draw down period when storage is utilized to provide the 

maximum amount that can be withdrawn.  This estimate is associated with a drought extreme.  For 

example, in the reference cited above (NJ Dept. Environ. Prot., 2011) the requirement is for the most 

extreme drought in the period of record.  Their guidance manual recognizes that it may be difficult to 

determine just what that event is, and provides some latitude in how it is quantified while stressing the 

need for incorporating a margin of safety. 

Indeed determining drought severity is rather complicated, because it depends on how the precipitation 

data are analyzed for a particular purpose.  As Hodgins (2015a) has shown, the ranking of different 

drought years depends upon which months are summed for total precipitation; thus, the definition of 

which year is most severe is closely related to the inter-annual patterns of spring-summer rainfall (in our 

case on Salt Spring Island). 

Given this sensitivity of the precipitation record, an extreme value analysis of draw down period yield 

has been used in the present study with actual precipitation as input.  This provides “safe” yield estimates 

at different probabilities of occurrence, rather than a single value.  It is the preferred approach because it 

does not involve precipitation directly in the specification of the extremal event (and the problems 

outlined in the previous paragraph), but deals with the response of the watershed as a system in terms of 

its yield to 35 years of actual rainfall. 

On the other hand, it does require the user to decide what level of risk is appropriate for a particular 

application.  Judging by the NJ guidance manual, this could be a return period of 100 years for estimating 

the yield used for withdrawals for drinking water supply. 

In terms of the solution method for obtaining yield estimates, it is noted that equation (3) in this report, 

multiplied through by the lake area A, is the same as equation (4) in the NJ guidance manual p. 18, as is 

the method of solution by stepping forward in time with an interval of one day to give the yield that just 

satisfies all the requirements of the reservoir.  Thus, the estimation method used here conforms to 

standard procedures used in other jurisdictions. 
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APPENDIX E Extreme Value Analysis for the Long-term Yield 

The rank ordered data for Jun-Oct yield (Table 2.4 with 2002 omitted for the reasons discussed 

previously) were fitted with the Gumbel (or FT-I) distribution function: 

 (1-F(x)) = exp[-exp{- (x - )/}] (6) 

where (1-F(x)) = probability of x > xp,  and  are the location and scale parameters.  These data are 

shown in Table F.1 and plotted in Fig. F.1.  In this case, the plotting position formula of Landwehr has 

been used (Yahaya et al., 2012) since it provided the best linear regression fit to the sample points. 

Table F.1  Extreme value analysis input. 

extreme      

low yield rank (1-F)    

dam3 i (i-0.35)/n ln(1-F) ln(-ln(1-F)) -ln(-ln(1-F)) 

581 1 0.072 -2.628 0.966 -0.966 

521 2 0.183 -1.696 0.529 -0.529 

499 3 0.294 -1.223 0.201 -0.201 

491 4 0.406 -0.902 -0.103 0.103 

483 5 0.517 -0.660 -0.415 0.415 

461 6 0.628 -0.466 -0.764 0.764 

435 7 0.739 -0.303 -1.195 1.195 

417 8 0.850 -0.163 -1.817 1.817 

360 9 0.961 -0.040 -3.227 3.227 
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Figure F.1 Jun-Oct yield fitted with the FT-I extreme value distribution using the Landwehr plotting 

position formula (i-0.35)/n. 
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The yield by return period is shown in Table F.2 using the regression coefficients for xi () and alpha 

().  These data are plotted in Fig. F.2, which is the same graph shown in Fig. 2.11. 

 

xi = 503.13   

alpha = -48.09   

tau = 3.889   

Jun-Oct   return period 

yield 1-F(x) F(x) T 

dam3   (years) 

250 0.995 0.005 753 

275 0.991 0.009 449 

300 0.985 0.015 268 

325 0.976 0.024 160 

350 0.959 0.041 96 

375 0.933 0.067 58 

400 0.889 0.111 35 

425 0.821 0.179 22 

450 0.718 0.282 14 

475 0.573 0.427 9 

500 0.392 0.608 6 

525 0.207 0.793 5 

550 0.071 0.929 4 

575 0.012 0.988 4 

600 0.001 0.999 4 
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Figure F.2 Expected yield vs return period (data in Table F.2). 
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