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Load Estimation from 
Monitoring Data
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Introduction
Why measure pollutant load?
 Load drives impacts in receiving waters
 Best metric of source significance

Which is the more significant source:
• A WWTP discharging 10 mgd at 0.08 mg/L TP?
• An agricultural watershed draining an average 

of 150 ft3/sec at 0.8 mg/L TP?

 Integrates changes in response to both flow 
and concentration
 TMDL
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Introduction
Monitoring for accurate load estimation is demanding and is not a 
trivial task that can be done as an afterthought:

 Continuous flow measurement
 High and carefully-designed sampling frequency to capture variability 

and important times of year
 The sampling regime needed for load estimation must be established in 

the initial monitoring design, based on quantitative statements of the 
precision required for the load estimate to meet project goals

 Load estimation is a statistical process and different monitoring and 
analysis procedures can yield very different load estimates 

 Quarterly grab sampling will not give acceptable results
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The Basics

Flow = the instantaneous rate at which water is 
passing the reference point 

Discharge = the volume of water that passes a cross-section 
of the river in a specific amount of time

Flux = the instantaneous rate at which the load is passing a 
point of reference on a river, e.g., a sampling station

Load = the mass or weight of pollutant that passes a
cross-section of the river in a specific amount of time
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The Basics
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The Basics

However, cannot measure flux directly, so calculate load as 
product of concentration and flow:

Because we must almost always measure concentration in a 
series of discrete samples, estimation of load becomes sum 
of a set of products of flow and concentration:
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Sources of Information
Flow data

Measure it yourself
 Surface Water Flow Measurement for Water Quality 

Monitoring Projects 
http://www.bae.ncsu.edu/programs/extension/wqg/31
9monitoring/TechNotes/technote3_surface_flow.pdf

 USGS Techniques of Water Resource Investigation  
http://pubs.usgs.gov/twri

 USDI Bureau of Land Reclamation. 2001. Water 
Measurement Manual.
http://www.usbr.gov/pmts/hydraulics_lab/pubs/wmm/
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Sources of Information
Flow data

USGS National Streamflow Information Program (NSIP)
http://water.usgs.gov/nsip/

Real time data

Historical data
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Sources of Information
► Concentration data
 Project monitoring
 Ongoing agency monitoring
 Compliance/permit
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Basic computations
At the most basic:   load = concentration x flow
e.g., 
daily TP load = mean daily [TP]  x  mean daily Q

= mg/L x ft3/s x 28.32 L/ft3 x 8640 s/day x 1 kg/106 mg
= 0.345 mg/L x 198 ft3/sec
= 16.7 kg/day

Can do the same procedure for daily, weekly, monthly data
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Basic computations

► Total load is the load over the main period of 
interest, e.g., one year
is represented as the sum of 

► Unit loads, i.e., individual calculations of load as 
product of concentration and flow over a smaller, 
more homogeneous time span.  

The central problem is to accurately characterize all 
the unit loads; 

adding them up to the total load is simple.  
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daily

weekly

monthly

The central problem 
becomes how best 
to set up the 
discrete samples to 
capture complete 
information about 
pollutant 
concentration and  
give the most 
accurate estimate of 
load.
how many samples

and 
when to take them

Basic computations
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Basic computations

weekly

monthly

QuarterlyX
MonthlyX
Weekly ?

Because in NPS, 
most flux occurs 
during periods of 
high discharge 
(~80 – 90% of 
annual load in 

~10 – 20% of time), 
when to sample is 

especially important.
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Practical load estimation

Ideally, most accurate approach to load estimation is to 
measure flow continuously, sample frequently, and 
capture all the variability.

Flow is relatively straightforward to measure, but must 
be measured continuously and with acceptable 
accuracy  occasional instantaneous measurements 
or measurements at the time of grab sampling are not 
sufficient
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Practical load estimation

Concentration is expensive to measure and in most 
cases impossible to measure continuously. 

Must choose a sampling interval to give an appropriate 
characterization of concentration component.
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In general, the accuracy and precision of a load estimate 
increases as sampling frequency increases.  

Sample frequency determines the number of unit load 
estimates that go into our total load estimate and more 
unit loads mean we are more likely to capture variability 
across the year and not miss an important event 

Because of autocorrelation, at some point, greater sample 
frequency will not improve load estimate

Practical load estimation
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Minimum Detectable Change analysis
The minimum change in a pollutant concentration or load 

over a given period of time required to be considered 
statistically significant.

A function of 
• Variability in concentration, flow, etc.
• Sampling frequency and duration

Practical load estimation
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Practical load estimation

http://www.bae.ncsu.edu/programs/extension/wqg/319monitoring/Te
chNotes/technote7_MDC.pdf
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Grab samples – represent concentration at a single point 
in time

Fixed-interval (time-proportional) samples – poorly suited 
for load estimation because they ignore changes in flow 
that occur between samples and are usually biased 
toward low flows

Flow-proportional samples - ideally suited for load 
estimation, can provide a precise and accurate 
load estimate if the entire time interval is properly 
sampled. 

Practical load estimation
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• Timing of samples more complex than frequency
• Selecting when to collect samples for concentration 

determination = selecting when the unit loads that go 
into an annual load estimation are determined

• Consider sources of variability, e.g., season, flow, 
agricultural activities

Practical load estimation
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1. Find a way to estimate "missing" concentrations to go 
with the flows observed at times when chemical 
samples were not taken.

2. Abandon most of the flow data and calculate the load 
using the concentration data and just those flows 
observed at the same time the samples were taken.

3. Do something in between - find some way to use the 
more detailed knowledge of flow to adjust the 
load estimated from matched pairs of         
concentration and flow. 

X

Practical load estimation
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When decision to calculate loads is made after monitoring 
program is in place or data collected, little can be done 
to compensate for a data set that contains too few 
observations collected using an inappropriate sampling 
design 

The sampling needed for load estimation must be 
established in the initial monitoring design, based 
on quantitative statements of the precision required 
for the load estimate to meet project goals. 

Practical load estimation
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• Is load estimation necessary or can project goals be met using 
concentration data – can you evaluate project effects using 
concentration data?

• Determine precision needed in load estimates – don’t try to 
document a 25% load reduction from a BMP program with a 
monitoring program that may give load estimates +50% of the true 
load.

• Decide what approach will be used to calculate the loads, based on 
known or expected attributes of the data. 

• Use the precision goals to calculate the sampling frequency and 
timing requirements for the monitoring program. 

• Compare ongoing load estimates with program goals and 
adjust the sampling program if necessary.

Practical load estimation
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Someone may say that it’s too expensive or 
complex to conduct a monitoring program 
sufficient to obtain good load estimates.

Practical load estimation

Is a biased, highly uncertain load estimate 
preferable to no load estimate at all? 
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Numeric integration

ci = concentration of ith sample
qi = corresponding flow
ti = time interval represented by ith
sample

Approaches to  Load Estimation
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Question becomes how fine to slice the pie – few slices will miss much 
variability, many slices will capture variability but at a higher cost/effort.

Numeric integration is only satisfactory if the sampling frequency is 
high - often on the order of 100 samples per year or more, and 
sufficiently frequent that all major runoff events are well sampled.

Selection of sample frequency and distribution over the year is critical 
– must focus on times when highest fluxes occur, i.e., periods of high 
discharge

Approaches to  Load Estimation

Numeric integration
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Flow-proportional sampling
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Very efficient and cost-
effective method of obtaining 
total load. 

Requires reliable equipment and 
careful attention

No information available at 
resolution less than chosen 
period 

Not compatible with other goals, 
such as monitoring for ambient 
concentrations that are highest at 
low flow

Daily load

Approaches to  Load Estimation

Numeric integration
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Regression relationship developed between concentration and mean daily 
flow, based on the days on which samples are obtained. 

Regression relationship used to estimate concentrations for each day on which 
a sample was not taken, based on mean daily flow. 

The total load is calculated as the sum of the daily loads, obtained by 
multiplying the measured or estimated concentration by the flow 

Goal of chemical sampling becomes one to thoroughly characterize the 
relationship between flow and concentration.  May be able to do this with ~20 
samples a year, focusing on high-flow or critical season events  

Approaches to  Load Estimation

Regression

This approach is based on the past and may not necessarily be 
an accurate or appropriate approach to predicting the future or 

filling gaps 
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• Possible bias in back-transforming 
results if using log-log regression

• Must obtain statistically significant 
flow-conc. relationship, with 
residuals randomly distributed

• Must pay attention to potential 
changes or trends in flow-conc. 
relationships – especially where 
BMPs or other changing land 
management may influence

• Must manage sampling program to 
effectively capture range of 
flows/conditions – using data from 
fixed-interval time-based sampling 
is not appropriate

Cautions:

Approaches to  Load Estimation

Regression
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Ratio Estimators

On days on which samples are taken, the daily load is calculated as 
the product of concentration and flow, and the mean of these loads is 
also calculated. 

The mean daily load is then adjusted by multiplying it by a flow ratio, 
which is derived by dividing the average flow for the year as a whole 
by the average flow for the days on which chemical samples were 
taken. 

A bias correction factor is included in the calculation, to compensate 
for the effects of correlation between discharge and load. 

The adjusted mean daily load is multiplied by 365 to obtain 
the annual load. 

Approaches to  Load Estimation
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Stratification - division of the sampling effort or the sample set into two 
or more parts which are different from each other but relatively 
homogeneous within, e.g., growing season vs. winter vs. spring

May improve precision and accuracy of load estimate by allocating 
more of the sampling effort to the aspects which are of greatest 
interest or which are most difficult to characterize because of great 
variability such as high flow seasons 

Beale Ratio Estimator is one common technique; computer programs 
available to implement.

Approaches to  Load Estimation

Ratio Estimators
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Load Duration Curves
► Flow duration curve
 Cumulative frequency 

curve of historical flow
► Load duration curve
 Multiply flows by target 

concentration to 
represent load target
 Plot observed loads to 

compare to target

Source: USEPA (2007)
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Load Duration Curves
► Point source
► Nonpoint source

Source: USEPA (2007)
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Examples of load calculations
► Spreadsheet calculations

 Simple loading calculations 
• Composite sampling
• Numerical integration

 Beale Ratio (see below)
► LOADEST—USGS 

 http://water.usgs.gov/software/loadest/
 Regression
 Program can run in Windows 

► Purdue University LDC (Load Duration Curve)
 https://engineering.purdue.edu/~ldc/pldc/
 Includes LOADEST

► Beale Ratio
 http://www.heidelberg.edu/academiclife/distinctive/ncwqr
 National Center for Water Quality Research (NCWQR)
 Currently working on a replacement using R
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Data Sets
► Vermont NMP (~52 observations)
 1 year
 Continuous stage/flow
 Weekly flow-proportional composite samples for TP

► Sandusky River (~5700 observations)
 13 years (2000-12)
 Matched flow data
 Grab samples for SRP 

► Little Calumet East Branch (~150 observations)
 13 years (2000-12)
 Daily flow 
 Monthly TP grab sampling
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Vermont NMP
1. Stage measured continuously
 Flow calculated from site-specific 

rating equation
 Total weekly discharge tracked by 

summing flow at 5-min intervals
2. Concentration determined from 

weekly flow-proportional composite 
sample
 Equivalent to EMC

3. Weekly load = K x Q x TP EMC
Annual Load  3,600 kg/yr
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Sandusky River
► Soluble reactive phosphorus 
 2000-12: ~5,700 observations
 June 2004: 57 observations
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Sandusky River
► Numerical Integration
 Discrete Time Intervals

► Load
 loadi = K qi ci dti

June 2004 Load  25,000 kg

qi qi+1

ci

ci+1

dti
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Beale Ratio—Richards (1998)
► Ratio of load to flow for the entire 

year should equal ratio on dates 
where concentration was measured

► Days with flow and concentration
 Mean observed load, lo
 Mean observed flow, qo

► Days with no concentrations
 Mean flow, qa

► Bias correction factor
 Account for correlation between load 

and flow
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Beale Ratio—Richards (1998)
► Stratification – Season, Flow, Season and Flow 

► Example Calculations
 Little Calumet East Branch
 Year: 2000, 12 samples
 For demonstration

• 4 seasons

Source: Richards (1998)
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► Sample Data
► Identify strata

1. Jan 1-Mar 7
2. Mar 8-Jun 15
3. Jun 16-Sep 27
4. Sep 28-Dec 31

► Compute flux
► Sample Statistics

► Number of Days
► Mean flow and flux
► Flux and flow covariance

=covariance.s(flux,flow)
► Flow variance

=var.s(flow)

1

2

2

1

3

3

Sample Data
Beale Ratio

Sample Statistics
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► Sample Statistics
► Stratum Loading

► Number of days
► Mean flow
► Loading

Biased

Unbiased

► Strata Loading
► Annual Load  4,400 kg/yr

1

2

2

3 4

Beale Ratio 1

Stratum Loading

Sample Statistics

34
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LOADEST (USGS)

► http://water.usgs.gov/software/loadest/
► Runkel, R.L., Crawford, C.G., and Cohn, T.A., 

2004, Load Estimator (LOADEST): A FORTRAN 
Program for Estimating Constituent Loads in 
Streams and Rivers: U.S. Geological Survey 
Techniques and Methods Book 4, Chapter A5, 69 p.

► Runkel, R.L., 2013, Revisions to LOADEST, April 2013
(MOD48)
 Bias diagnostics and residual analysis

ln(l) = 
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LOADEST (USGS)

3 Primary Computation Methods
►MLE: Maximum likelihood estimation
►AMLE: Adjusted maximum likelihood estimation
 Preferred option for data with censored observations

►LAD: Least absolute deviation 
 Preferred option when residual are not normally 

distributed
 Cannot be used for data with censored observations
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LOADEST (USGS)—Input/Output Files

Input file 
names

Model 
specifications

Matched 
data

Discharge 
data

Model specs. 
and matched 
data

Model results, 
diagnostics, 
and loads

Residuals

Daily 
Load

Source: Runkel et al (2004)

Input    Program    Output
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LOADEST (USGS)—Input Files

1

2

3

Can include 
additional 

columns for 
additional 

constituents

Windows Explorer:

4
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LOADEST (USGS)—Input/Output Files

1
2

3

4

Windows Explorer:
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LOADEST (USGS)—Input/Output Files

1

2

Would 
include LAD 
estimates if 
no censored 

data

Windows Explorer:
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LOADEST (USGS)—Residuals
► Estimated TP load vs. 

observed TP load
► Residuals vs. Flow
► Residual vs. Z-score

1

2 3

1

2

3
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LOADEST (USGS)—Input/Output Files
TP.out
 Selected model and coefficients
 Regression diagnostics, R2, probability plot 

correlation coefficient (PPCC) 
 Bias diagnostics and      Load Estimates

1

2 3

3

2

Windows Explorer:
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LOADEST (USGS)

Bias Diagnostics
►Partial Load Ratio (PLR) 
 ∑ Estimated Loads / ∑ Observed Loads
 Load Bias in Percent (Bp) =  (100xPLR) – 100
 USGS Recommendation: Ok for Bp ≤  ±25%

►Nash-Sutcliffe Efficiency Index, E
 Ranges from -infinity to 1.0
 E = 1—a perfect fit to observed data.
 E = 0—model estimates are as accurate as the mean of observed 

data.
 E < 0—the observed mean is a better estimate than the model 

estimates. 
 USGS Recommendation: Don’t use when E<0
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LOADEST (USGS)—Results: Annual TP Loads
► Compile 2000-2012 

annual TP loads
► Graphic (lbs/day)

1
1

2

2



53

Comparison of LOADEST and Beale Ratio
(w/ 95% confidence interval)

Beale RatioLOADEST
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Purdue Web Site
https://engineering.purdue.edu/~ldc

► Data sources
 Direct import from 

STORET or USGS
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2

Purdue Web Site
► Time Series Plot
► Annual Load Plot

1

2

1



60

Purdue Web Site
File Download
► Flow/Load Duration Curve

► Exports to CSV or 
directly in to Excel

► LOADEST
► Exports to CSV or 

directly in to Excel
► Zipped File

► Input Files
► Output Files

1

2

2
1

1

1

2
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Some Citations
► National Nonpoint Source Monitoring Program TechNote
 http://www.bae.ncsu.edu/programs/extension/wqg/319moni

toring/TechNotes/technote8_load_estimation.pdf
► LOADEST—USGS 

 http://water.usgs.gov/software/loadest/
► Purdue University LDC (Load Duration Curve)

 https://engineering.purdue.edu/~ldc/pldc/
 https://engineering.purdue.edu/~ldc/pldc/help.html

► P. Richards’ nomograph—1998
 http://www.heidelberg.edu/sites/default/files/jfuller/images/Load_Est1.pdf
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Also out there
► USGS R packages
 https://github.com/USGS-R
 rloadest—R version of LOADEST
 dataRetrieval—Download data from NWIS and STORET
 EGRET—Exploration and Graphics for RivEr Trends
 WRTDS—Weighted Regressions on Time, Discharge, and 

Season


