








100% 

90% 
.. Pleasant Model: .. 
• Vadnais Ba = k P 

80% • 
'" --Model .. .." Bg = Ba / exp ( S" /2) E - - • - - - TP Goal Ol 70% . .. .. Z* = In ( B* / Bg ) / S 
E .. 
0 60% .. Freq ( B :> B*) = 1 - NORMSDIST ( Z*) 

• • .. • 
1\ 50% •• • .. Calibrated Coefficients: 
a:l •• .. k = 0.4 ...!.. • s= 40% 0 • S = 0.6 
0- 30% :. • Variables: l!:! 

u... 
20% • P = april-sept. epilimnetic mean total p (mg/m3

) 

Ba = arithmetic mean chl-a �(�m�g�/�m�~�)� 
10% Bg = geometric mean chl-a �(�m�g�/�m�~�)� 

0% B* = bloom criterion (mg/m3) 
0 20 40 60 S = standard deviation of In(Chl-a) 

Epil. Total P (mg/m3
) Z' = standard normal deviate 

NORMSDIST = cumulative normal distrib. (Excel) 

80% 40% .. Pleasant: .. Pleasant 
70% • Vadnais 35% • Vadnais 

'" 
--Model 

'" 
--Model 

E 60% • - - - - -TPGoal .E 30% •••• - - TP Goal 
Ol OJ .. 
�~� 50% E 25% 0 
N .. ("<) .. 
940% 

1\ 20% .. .. 
IJI 

t5 30% 
• 1: .. .. .. 0 15% 

0- II • 0-
l!:! 20% l!:! 10% •• u... .. u... 

10% • .. 5% • .. 
0% 0% 

0 20 40 60 0 20 40 60 

Epil. Total P (mg/m3) Epil. Total P (mg/m3
) 

Fig. 1. Bloom frequency versus total P-Vadnais Chain of Lakes, Minn, Plots-{)bserved and predicted percent of samples with chlorophyll a 
values exceeding each of three bloom criteria; symbols-observed yearly values from two lakes; solid lines-predicted frequencies using listed 
equlati()Ds; dashed Iines-25 for Vadnais Lake to control taste and odor (Walker 

Total Maximum Daily Load Equation-8ide Two 

The other side of the TMDL equation typically partitions the 
long-term-average external load as follows (U.S. EPA 1999): 

TMDL= !- LAs + !- WLAs + Background + MOS (2) 

where !-LAs=sum of load allocations (nonpoint sources, above 
background) (kg/year); !-WLAs=sum of waste load allocations 
(point sources) (kg/year); Background = background load �(�~�n�a�t�u�­

ral sources) (kg/year); and MOS=margin of safety (kg/year). 
Separate consideration of "internal load" is usually inappro­

priate because releases from bottom sediments represent recycling 
of phosphorus that originally entered from the watershed and 
would therefore be reflected in the calibrated net retention term of 
Eq. (1). Explicit modeling of a sediment compartment (i.e., a 
two-box model) may be appropriate if internal recycling is an 
important factor. 

The LAs are assumed to reflect nonpoint sources in excess of 
the background load, i.e., the anthropogenic portion of the total 
nonpoint load. For example. a 100 kg/year total P load from an 
urban watershed would be reflected in two terms of the equation 
(say. 10 kg/year in the background term representing the expected 

load with an undeveloped watershed and 90 kg/year in the LA 
term representing the increase in load above background resulting 
from development of the watershed). 

The background load would equal the total load to the lake if 
the entire watershed were undeveloped. Consideration of the 
background load as a separate term in the equation is useful for 
characterizing anthropogenic impacts and settling realistic goals. 
For example, it is generally not practical to implement a TMDL 
that is below the background load. Reaching this conclusion may 
indicate that the assumed lake goal is unrealistic. 

The load allocation terms (LAs and WLAs) represent expected 
average loads that would occur under the TMDL. Discharge per­
mit limits (typically expressed as daily or monthly maximum val­
ues) would be set to be consistent with discharging average loads 
represented by the WLAs while taking typical variability in efflu­
ent quantity and quality into account. In order to operate in com­
pliance with its discharge permit, the average load from a given 
facility would generally be below the permit level. If discharge 
permit levels were equated directly to the WLAs (without consid­
ering effluent variability), it would be appropriate to consider the 
difference between the expected average and permitted maximum 
loads as part of the MOS. 
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Fig. 2. pH violation frequency versus total P-Upper Klamath Lake. 
Oregon. Y axis-percent of samples (all stations and depths) exceed­
ing pH standard of 9.0; X axis-average lake-mean TP concentration, 
April-October; symbols--observed average excursion frequencies at 
multiple stations in each lake or embayment; line-regression ± 1 
standard error (Walker 2001 a). 

Margin of Safety 

Management measures would be designed so that the expected 
long-term-average external load (sum of allocated point and non­
point loads) would equal the lake assimilative capacity (TMDL) 
less the margin of safety (MOS). In order to draw the distinction 
between variability and uncertainty, it is useful to divide the MOS 
into two components 

MOS= MOV+ MOU (3) 

where MOV=margin of variability (kg/year); and MOU=margin 
of uncertainty (kg/year). 

For a given TMDL, as determined by the lake assimilative 
capacity, increasing the MOV will reduce the expected load to the 
lake (sum of allocated point and nonpoint loads) and increase the 
"compliance rate," or frequency of meeting a given numeric goal. 
Increasing the MOU will increase the "confidence level," or 
probability of meeting the goal at the desired frequency. The com­
pliance rate and confidence level assumed in formulating the 
TMDL may be a lake-specific policy decision and/or determined 
by regulations. As demonstrated below, these factors are at least 
as important as the selection of a numeric goal (P*) in determin­
ing the load allocation that is consistent with a given TMDL. 

The MOS, MOV, and MOU consistent with a given compli­
ance rate (13) and confidence level (ex) can be estimated by attach­
ing stochastic terms to the TMDL mass balance. Random year-to­
year variations in Lake P concentrations are drawn from a 
lognormal distribution with a coefficient of variation S v. If suf­
ficient time series data are available, an alternative approach 
would be to model year-to-year variations deterministically. Un­
certainty in the predicted Lake P concentration under a given 
loading regime is modeled by attaching another lognormal devi­
ate to the lake phosphorus balance with a coefficient of variation 
Su, 

As estimated from Eq. (I), the TMDL represents the long­
term-average load consistent with a compliance rate of 50% and 
confidence level of 50%. To meet the specified lake target (P*) at 
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Fig. 3. Uncertainty in predicted Lake P concentrations versus load 
reduction and parameter set. Hypothetical case; top curves: initial 
model calibrations based upon limited site-specific data (S M = 0.2, 
Sr,=O.4); bottom curve: refined calibrations after extensive monitor­
ing of lake and BMP performance (SM=O.I, Sr, =0.2). 

the specified compliance rate (13) with a confidence level (ex), the 
allocated long-term-average load (LA) would have to be reduced 
as follows: 

LA (Q+KA)P*FvFu=TMDLFvF u (4) 

Fv=exp( -Z"Sv) 

exp(-ZaSu) 

(5) 

(6) 

where =allocated long-term-average load=TMDL-MOS (kg! 
year); F v=factor accounting year-to-year variability in Lake P 
concentration; Sv=year-to-year coefficient of variation (CV) of 
Lake P concentration; Fu=factor accounting for uncertainty in 
the predicted average Lake P concentration; Su=model error CV 
for predicted average Lake P concentration; Z" = standard normal 
variate with upper tail probability 13; Z" = standard normal variate 
with upper tail probability ex; 13 = assumed compliance rate 
=fraction of years with Lake P<P*; and ex=assumed confi­
dence level = probability Lake P<P* at specified 13. 

S v estimates derived from variance component analyses of 
large lake and reservoir datasets typically range from 0.1 to 0.2 
(Knowlton et al. 1984; Smeltzer et aL 1989), A lake-specific es­
timate can be derived if long-term monitoring data are available. 

By combining the above equations, the MOS, MOU, and 
MOV can be explicitly quantified as follows: 

LA=TMDL-MOS=TMDLFvFu (7) 

MOS=TMDL(l-FvFu) (8) 

MOU=MOS(1 F u)/(2- Fv) (9) 

MOV=MOS-MOU (10) 

Uncertainty in Lake P Forecast 

The uncertainty in forecasting the long-term-average Lake P con­
centration resulting from a given load allocation is represented in 
the parameter S u. This uncertainty reflects potential errors in 
forecasting the performance of load control measures imple­
mented to achieve the required load allocation. as well as poten-
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Table 1. Total Maximum Daily Load Calculation Spreadsheet 

Variable Units Value 

Input values: 
Existing load mg/m2 year 1,000 

Net settling rate m/year 10 
Water load m/year 10 
Target Lake P ppb 25 
Det. pond P removal rate I day -l/mg/m3 0.0003 
Confidence level % 90% 

Compliance rate % 80% 
Year-to-year coefficient of variation 0.1 
Lake model coefficient of variation 0.2 

Pond removal rate coefficient of variation 0.4 
Output values: 
Nonnal deviate (tail probability=a) 1.282 

Future load coefficient of variation 0.282 

Future Lake P coefficient of variation 0.346 

Uncertainty factor 0.642 

Normal deviate (tail probability = f3) 0.842 
Variability factor 0.919 

Total maximum daily load mg/m1year 
Allocated load mg/m2 year 
Margin of safety mg/m1year 
Margin of uncertainty mg/m1year 
Margin of variability mg/m2 year 
Margin of safety/total maximum % 
daily load 
Load reduction % 
Pond residence time days 
Load reduc (MOS=O) % 
Pond residence time (MOS=O) days 
Pond 

tial errors in forecasting Lake P concentration resulting from a 
given load. Uncertainty in load forecasts can be particularly im­
portant when the TMDL calls for large reductions in nonpoint 
loads requiring extensive implementation of control measures 
with uncertain performance. 

Since lake concentrations are assumed to be proportional to 
load, the variance terms are additive when expressed as coeffi­
cients of variation and the forecast uncertainty can be partitioned 
as follows: 

(11) 

where 5 u=error CV of forecasted Lake P concentration; 
5M =lake model error CV; and 5L = error CV of forecasted load. 

The magnitude of 5 M would depend upon the amount of in­
formation available to support the TMDL assessment. Error 
analyses that account for various sources of uncertainty in formu­
lating the lake phosphorus budget (Walker 1982; Wilson and 
Walker 1989; Walker 1999) can be applied to estimate appropriate 
values of 5 M on a case-by-case basis. Approximate estimates of 
5 M can be derived from residual variance associated with various 
lake modeling efforts, adjusted for the variance associated with 
random measurement errors in load and lake concentration esti­
mates. 5 M would typically range from ~O.l when data are plen­
tiful (model is calibrated to loads and lake concentrations mea­
sured over three or more years) to ~O.3 when the data are limited 
(loads estimated from land use, regionally calibrated export coef­
ficients, and regionally calibrated P retention models). 
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167 

38 
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Notes 

Lo Long-tenn-average load/surface area 
U Calibrated to historical lake data 
Q Outflow/surface area 

P* For compliance with water quality standards 
K Second- order sedimentation rate 
a Probability of achieving target 

at specified frequency 

f3 Expected percent of years with Lake P<P* 

Sy Year-to-year coefficient of variation in Lake P 

SM Lake modeling uncertainty 
SK Detention pond perfonnance uncertainty 

NORMSINV(a) 
SL= RSK 

Su= (S~+SZ)112 
Fu= exp( -ZuSu) 
Zy= NORMSINV(f3) 
F y= exp( ZySy) 

TMDL= (Q+U)P* 

LA TMDLFUFy 
MOS= TMDL-LA 

MOU= MOS (1- F u)/(2 FU-Fy) 

MOV= MOS-MOU 
MOSfTMDL 

R I-LA /Lo 
T= QR/[(l-R)KLoJ 

Ro= I-TMDULo 
To= QRo/[(l-Ro)KLoJ 
T- Pond volume allocated to MOS 

The magnitude of 5 L would be expected to increase with the 
percent load reduction required under the TMDL, as the forecast 
loads become increasingly dependent on assumptions regarding 
BMP performance. For illustration purposes, it is useful to con­
sider a simplified case in which the entire load reduction will be 
accomplished in a sequence of detention ponds (approximating 
plug flow) with second-order phosphorus removal kinetics 
(Walker 1987). The outflow load (Lo) is predicted from the in­
flow load (L/) by the following equation: 

(12) 

where R=load reduction, as fraction of inflow load; P/=inflow 
concentration (mg/m3

); K=second-order phosphorus removal rate 
(llday/mg/m3

); and T=hydraulic residence time (days). 
For a given inflow load (in this case, reflecting existing con­

ditions), variance in the outflow load is reIated to uncertainty in 
the assumed removal rate (K). From a first-order error analysis, 
the relative standard error of the predicted outflow load is 

5 l. =R5K 

5t=5~+R25i 

(13) 

(14) 

where 5 K=error CV of P removal rate. Approximate parameter 
estimates (K=O.00031/day/mg/m3 and 5K~0.4) are based upon 
performance data from 24 runoff detention ponds (Walker 1987). 

Fig. 3 shows the CV of forecasted Lake P concentration as a 
function of percent load reduction for two sets of error coeffi-
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Fig. 4. TMDL sensitivity to compliance rate and confidence level. Baseline=existing conditions; A-D=load allocations for alternative assump-
tions: other model as listed in Table 1. 

cients. The top curve uses error coefficients (S M = 0.2, 0.4) 
that might be appropriate when the TMDL analysis is based upon 
limited site-specific data for calibrating the lake model and pre­
dicting BMP performance. It is reasonable to expect that lower 
coefficients would be applicable in situations when more exten­
sive site-specific data are available, as reflected in the bottom 
curve. While not intended to be quantitatively accurate, 3 
demonstrates in a qualitative sense that forecast errors (and result­
ing margins of safety) would tend to be lower in TMDLs requir­
ing smaller load reductions and/or based upon larger data sets and 
more accurate models. 

The detention pond model is used here as an example. We 
would expect qualitatively similar patterns for other control mea­
sures (e.g., onsite BMPs), as well. For example, the potential 
error in forecasting small incremental reductions resulting from 
targeting obvious sources in the watershed (Hhot spots") would 
tend to be lower than the potential error in forecasting reductions 
resulting from implementation of BMPs on a watershed scale 
after obvious sources have already been controlled. 

Example 

As formulated above, the pond detention time (1) represents the 
decision variable in the TMDL. The objective is to find the value 
of T that satisfies the TMDL objective (i.e., meets Lake P target 
with the specified compliance rate and confidence leven. Since T 
is proportional to volume for a given flow, it can be considered a 
rough surrogate for size and cost. The equations are nonlinear and 

a numerical solution can be derived in a spreadsheet with circular 
references, as detailed in Table 1. 

4 shows load allocation sensitivity to the assumed com­
pliance rate and confidence level for the sample case defined in 
Table 1. The error CVs are set to represent a situation where the 
TMDL is being developed with relatively limited site-specific 
data for calibrating the lake model and evaluating BMP perfor­
mance, The TMDL is independent of these assumptions because it 
is based exclusively on the lake assimilative capacity [Eq. (1)]. 

The allocated load accounts for a smaller portion of the TMDL 
when uncertainty and variability are considered. In the extreme 
case (D) when both factors are considered, the MOS accounts for 
41 % of the TMDL. The required load reduction is 70%, as com­
pared with 50% when uncertainty and variability are ignored 
(Case A). Corresponding pond detention times are 80 and 33 
days, respectively. The cost of overdesigning the pond by 46 days 
(or 139%) to provide the MOS might be considerable. The deten­
tion times in this simplified example exceed typical designs 
(7-30 days, Walker 1987) because the entire lake inflow is being 
treated in a single pond, This reduces the inflow concentration 
and load reduction at a given detention time below those expected 
in typical control programs with ponds located in critical source 
areas with higher inflow concentrations, as opposed to treating the 
entire inflow. 

Phased Approach 

Fig. 5 demonstrates that implementing the TMDL in an iterative 
fashion with incremental load reductions and ongoing data collec-
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Pond Resid Time (days) 33 80 33 50 
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Fig. 5. Phased approach to TMDL implementation. Phase I-initial allocation ignoring margin of safety; alternative-allocation including 
margin of safety based upon limited data; Phase 2-final allocation considering margin of safety after implementation of Phase I controls and 
after model refinements based additional lake and BMP evaluation. 

tion is one way of reducing the margin of safety and its associated 
cost while still satisfying TMDL objectives (P*,a,[3). As dem­
onstrated in 4, implementing the TMDL in one step would 
require an MOS of 41 % and a detention pond 139% larger than 
required without an MOS. Using a phased approach, the MOS is 
initially ignored. The first phase of controls is designed without a 
margin of safety, implemented, and monitored for a period of 
5-10 years. Additional watershed and lake monitoring during this 
period provides a basis for refining models and reducing the un­
certainty associated with forecasting lake responses to additional 
controls, as reflected in S M and S L' respectively. The second 
phase of controls is designed with the benefit of new information 
to provide a margin of safety than is consistent with the original 
TMDL objectives. Compared with a one-phased approach, the 
two-phased approach allocates a smaller portion of the TMDL to 
the MOS (20 versus 41%) and a smaller detention pond (50 ver­
sus 80 days). The latter would translate into considerable cost 
savings while still achieving TMDL objectives. This approach is 
practical when a degree of flexibility (allowance for expansion) 
can be built into the designs of the control measures. These ben­
efits would have to be balanced against the possibility that the 
two-phased approach would require a longer time frame. 

Conclusions 

A simplified model for formal consideration of variability and 
uncertainty in developing a lake phosphorus TMDL is demon-

strated above. Using empirical frequency response models (e.g., 
Figs. I and 2) to set lake goals provides a means of considering 
spatial and temporal variability while using a relatively simple, 
steady-state mass balance model. 

There are many site-specific factors to consider in developing 
a TMDL (e.g., urgency of water quality problem, cost, land avail­
ability, public opinion, limitations in control technology, etc.). 
Large safety factors associated with the MOS may not be unusual 
in the context of other public works projects (e.g., bridges, build­
ings, etc.). On the other hand, overdesign may not be possible or 
practical in many situations. 

Caution is advised in setting an unrealistically high-confidence 
level andlor compliance rdtes as TMDL goals. When evaluated 
relative to water use impairment, public health, or risk to aquatic 
life, there may already be a substantial margin of safety in the 
water quality standard or criterion that drives the TMDL. Requir­
ing high margins of safety may hinder the progress of lake resto­
ration by increasing costs, reducing credibility, and stimulating 
controversy. 

An incremental or "adaptive" approach to achieving the de­
sired compliance rate and confidence level through successive 
TMDLs may be appropriate, as recommended in a recent study by 
the National Research Council (2001). Accomplishing incremen­
tal load reductions while acquiring and analyzing new data over 
time can increase the probability of meeting the lake objective 
with each iteration of the process, as illustrated by the simple 
example presented above. As demonstrated in the long-term effort 
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to achieve water quality standards in the Everglades (Walker 
1995; SFWMD 2002), a phased approach is applicable in situa­
tions where the load allocation is not immediately achievable 
(with or without an MOS) because of limitations in control tech­
nology. 
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