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Types of Stormwater Sampling for 
Different Objectives

• Source area sampling to identify and 
quantify sources of stormwater pollutants

• Performance testing of stormwater controls
• Outfall sampling to quantify land use 

discharges and benefits of distributed 
controls

• Receiving water sampling to supplement 
study on beneficial use impairments
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Source Area Sampling
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Many types of runoff monitoring have been used to 
understand transport and fate, from small source areas to 
outfalls.
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Lawn Sheet Flow 
Sampler: Tipping 
Bucket for Flow and 
Cone Splitter for 
Water Sample

WinSLAMM Model Strength – Based 
on Extensive Field Monitoring Data
Source Areas – Roofs, Streets, etc.
End of Pipe – Many Land uses
Stormwater Control Practices

Controlled tests in small areas were 
used in conjunction with long-term 
rainfall/runoff monitoring at larger 
parking lot areas to develop actual 
hydrological relationships for paved 
areas, the most significant source of 
runoff for most urban areas during 
small to intermediate-sized rains.

This is an example of a rainfall-runoff 
plot from one of many controlled 
street washoff and runoff tests. About 
1/3 of the rainfall is infiltrated 
through the street pavement for 
many of these events (up to 20 mm 
rains in this plot). No further 
infiltration was observed for larger 
events, resulting in classical pavement 
Rv values of 0.8 to 0.95 for large rains 
of interest for drainage design.

Pitt 1987
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Source Area Sampling in 
Drainage Area with 
Stormwater Control Testing Other Source Area Sampling Methods
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Paved areas become less important flow sources when landscaped 
areas start to contribute flows during later periods of the event (in this 
case, after about 0.5 in or 10 mm of rain)

Flow source changes are less dramatic for areas that are mostly 
paved and have large roof areas. Travel time to the outfall is the 
predominant factor affecting source contributions for this case. 
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Manual Sampling Procedures 
Dipper Samplers
• The simplest manual sampler is a dipper sampler 
• These samplers can only obtain samples from the surface of the water. If 

subsurface samples are needed, then samplers having closure mechanisms 
need to be used.

• A dipper allows sampling of surface waters away from the immediate 
shoreline and from outfalls or sewerage pipes more conveniently than by 
using other types of samplers.

• Dippers are commonly used to sample small discharges from outfalls, 
where the flow is allowed to directly pour into the sampler. 

• The sample is poured directly into sample bottles, or into a larger container 
(preferably a churn sampler splitter) for compositing several dipped 
samples.
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Manual Sampling Procedures 
Submerged Water Samplers with Remotely 
Operated Closures
• This design allows unhindered flow through the sample container 

before closure, enabling faster equilibrium with surrounding waters. 
• Several of the vertical units can be used on a single line to obtain 

water samples from various depths simultaneously. 
• A weighted messenger slides down the line that the samplers are 

attached to, striking a trigger mechanism that closes the end seals, 
releasing the next messenger for the next sampler on the line.
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Manual Sampling Procedures 
Depth-Integrated Samplers for Suspended 
Sediment
• Suspended sediment is usually poorly distributed in both flowing and 

quiescent water bodies. The sediment is usually in greater concentrations 
near the bottom. Larger and denser particles are also predominantly 
located in lower depths.

• Depth-integrating sampling is commonly done in small upland streams. 
Sampling in smaller and more turbulent flows (such as in some sewerage 
or at outfalls during moderate to large storms) is not as severely affected 
by sediment stratification.

When collecting a depth-integrated sample, the 
sampler needs to stand to the side and downstream 
of the sampling area to minimize disturbance. The 
rod is lowered vertically through the water column 
at a constant rate at about 0.4 times the stream 
velocity. The sampler is lowered at this constant 
rate from the surface of the stream to the stream 
bottom, and then reversed and brought back to the 
surface at the same rate. 14

Manual Sampling Procedures 
Manual Pump Samplers
Pump water sampling systems commonly used for well sampling can be used 
to deliver a water sample to a convenient location, especially useful when 
sampling wide and swift streams from a bridge, if weighted. 
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Manual Sampling Procedures 
Source Area Sheetflow Samplers
• Manual sheetflow samplers are usually used when collecting grab samples 

from many different sampling locations.
• A small team can visit many sampling sites during a single rain to obtain 

multiple grab samples for statistical comparisons.
• The main drawback is that the samples are not composited during the rain 

and only represent the conditions during the short sampling period. 

Monitoring to Evaluate Performance of 
Stormwater Controls
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Basic Monitoring Strategy to Verify Stormwater 
Controls

• Scale-up of monitoring from field, to pilot, to full-scale 
stormwater control devices

• Need flexibility of small units with flow control and 
convenient sampling ports to test many variables 
under large variety of conditions

• Need to verify with full-scale units to check 
performance under real-world conditions

Different Pilot-Scale Stormwater Treatment Setups

Milwaukee, WI, Ruby Garage Public Works 
Maintenance Yard MCTT Tests (0.25 acre site)

Minocqua, WI, MCTT Tests (2.5 acre site)
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Sample triplicates 
made using a churn 
splitter; analytical 
duplicates made using 
cone splitter

Field Pilot Scale Tests 
– Controlled 
Sediment Tests

May have small biases with automatic vs. manual sampling, but automatic sampling allows unattended 
operation under a variety of conditions and captures complete event. Manual sampling can better 
represent complete range of particulate matter in sample.

NSQD data comparing results obtained 
in same areas using manual and 
automatic samplers.

Monitored Full-Scale Up-Flow Filter in 
Tuscaloosa, AL
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Outfall Monitoring to Characterize Land 
Use Discharges and to Measure Benefits 

of Distributed Stormwater Controls
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TYPE ADVANTAGES DISADVANTAGES

Manual Low capital cost Probability of increased variability
due to sample handling

Point-in-time characterization Not a composite unless long duration  visit

Compensate for various situations Inconsistency in collection

Note unusual conditions High cost of labor

No maintenance Repetitious and monotonous
task for personnel

Can collect extra samples in
short time when necessary

Automatic Consistent samples Considerable maintenance for batteries
and cleaning; susceptible to plugging

Probability of decreased variability by solids
caused by sample handling

Restricted in size to the general
Minimal labor requirement specifications

for sampling
Inflexibility

Has capability to collect multiple
bottle samples for visual Sample contamination potential
estimate of variability and
analysis of individual bottles Subject to damage by vandals

Advantages and Disadvantages of Manual and 
Automatic Sampling Monitoring Equipment Descriptions

• Automated Precipitation Measurement (Recording rain 
gauge)
• Manual Precipitation Measurement (Non-recording rain 
gauge) as a standard
• Automated Flow Measurement (primary devices including 
pipes, gutter, flumes and weirs, and secondary devices 
including bubbler level sensor and area-velocity sensors).
• Manual Flow Measurement (direct velocity reading using 
velocity meter or similar device combined with level 
measurement using field rulers) to calibrate automatic flow 
measurement equipment.
• Automated Water Quality Sample Collection (composite 
sampling equipment).
• Field Water Quality Measurement (pH, temperature, ORP, 
dissolved oxygen, turbidity, and conductivity meters).
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Automatic ISCO 
sampler used to 
monitor snowmelt in 
Toronto, Ontario, 
manhole

ISCO sampler used in 
instrument shelter with 
flow monitoring and 
telemetry equipment in 
Madison, WI

Intermittent stream 
monitoring in Austin, 
TX
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Refrigerated 
automatic sampler 
located at detention 
pond outfall in 
Madison, WI

Discrete sample bottle 
base for ISCO 
automatic sampler.

Composite sample 
bottle from Toronto 
snowmelt sampler.
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100 cm/sec flow rate30 cm/sec flow rate

Size range 
(m, for  = 
1.5 to 2.65 
g/cm3)

Critical 
settling rate 
(cm/sec)

Size range 
(m, for  = 
1.5 to 2.65 
g/cm3)

Critical 
settling rate 
(cm/sec)

8,000 - 25,0001002,000 - 5,00030100% loss

3,000 - 10,00050800 - 1,5001550% loss

1,500 - 3,00025300 - 8007.525% loss

350 - 90010200 - 3003.710% loss

100 - 200150 - 1500.371% loss

Losses of Particles in Automatic Sampler Intake Lines

Typical 3/8 inch sample line is about 9,500 μm in diameter 
(about the same for holes in inlet strainer) which restricts the 
absolute maximum size particle. Goal of 10% maximum loss 
associated with about 350 μm particles, or less, for super-speed 
sampler.

Non-Recording Rain Gauge and Tipping Bucket Rain Gauge
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Principle of operation of the peristaltic pump automatic sampler 
and inlet strainer and tubing

Many stormwater monitoring configurations used 
over the years

It is difficult to program an automatic sampler to collect 
flow-weighed samples over a wide range of flow 
conditions.

use a large sample 
base in order to 
accommodate a wide 
range of runoff events 

use time-
compositing instead 
of flow-weighted 
sampling and then 
manually composite 
the sample using 
the available flow 
data 

use two samplers located at the same location, one 
optimized for small events, the other optimized for 
larger events 

(ISCO)

USGS and WI DNR Monitoring Facility for 
Hydrodynamic Separator Tests, Madison, WI
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Simple methods to obtain 
representative sample: create 
cascading and well-mixed flow 
at sampling location (well-
mixed flow with bedload and 
no stratification). Examples 
shown for gutter and pipe 
flow installations.

End of pipe monitoring to 
check mass balance using 
source area flow and 
pollutant contribution 
calculations/modeling

Effluent cascading onto water 
quality sonde

The use of continuous water quality sondes can 
supplement other sampling programs by providing high 
resolution data for a variety of constituents (turbidity, 
temperature, DO, ORP, and conductivity). 

Sonde data analysis screen 
showing ten days of high-
resolution (every 15 minute) 
water quality measurements

Issues Concerning Stormwater that May 
Need to be Addressed 

• Rainfall patterns must be considered for area being studied, and 
accurate flow measurements are necessary as performance is 
commonly related to hydraulic conditions. Most flow instruments 
must be calibrated at the site.

• The variability of stormwater quality must be considered when 
designing a sampling program.

• Incorrectly reported data can have a very large effect on many 
statistical analyses

• Variability of stormwater quality does not always vary as 
anticipated (“first-flush” relatively rare, unless mostly paved areas 
and small drainage areas; little relationship with rain depth of 
event, but stronger relationship with peak rain intensity energy)

• Sources of flows and pollutants vary with land use and 
development characteristics
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Probability distribution 
of rains (by count) and 
runoff (by depth).
Central Alabama Rain 
Condition:

<0.5” (<10 mm): 65% of rains 
(10% of runoff). Need to focus on 
these rains!

0.5 to 3” (10 to 75 mm): 30% of 
rains (75% of runoff). We 
therefore need to focus on these 
rains!

3 to 8” (75 to 400 mm): 4% of 
rains (13% of runoff). Channel 
stability issues. Need to focus on 
these rains!

>8” (>400 mm): <0.1% of rains 
(2% of runoff). Safety issues; 
need to focus on these rains!

0.5” 3” 8”

Need to 
represent wide 
range of rains in 
monitoring 
program!
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Continuous Simulation 
can be used to 
Determine Needed 
Treatment Flow Rates:
- 90% of the annual flow for 
SE US conditions is about 170 
gpm/acre pavement (max 
about 450). 

- treatment of 90% of annual 
runoff volume would require 
treatment rate of about 100 
gpm/acre of pavement. More 
than three times the 
treatment flow rate needed 
for NW US.

Flow distribution for 
typical Atlanta rain year

Treatment Flow Rate Changes during 10 Month 
Monitoring Period of Prototype UpFloTM Filter

Relation between actual discharges determined using a 
rhodamine dye tracer and measured discharges, computed by 
water-level and velocity data, during free-flow conditions and 
actual runoff events (Selbig and Bannerman 2008)

Must calibrate flow 
monitoring equipment 
at the site. The errors 
shown on this plot are 
not unusual, according 
to the USGS.
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Typical Stormwater Constituent Probability Distribution
Many stormwater constituent concentrations are log-normally 
distributed between about the 5th and 95th percentiles of the 
observations (this example is for several thousand residential stormwater 
copper observations from the National Stormwater Quality Database, 
NSQD)

95%

5%

In a log-normal distribution, 
if 0.5% of the samples are 
wrong by a factor of a 
thousand, the COV will be 
incorrect by more than 10 
times. This can occur when 
metal observations are 
recorded as mg/L when they 
actually are µg/L, an 
unfortunately common, but 
easily detected error (it’s 
pretty obvious that Cu is not 
50 mg/L!)

Plots of concentrations vs. rain depth typically show random 
patterns (several thousand residential stormwater quality 
data observations from the NSQD).

Many US NPDES stormwater monitoring  programs only monitor 
the first three hours of the runoff event, possibly missing much of 
the event and possibly missing the peak flows where the highest 
concentrations are most likely to occur.

After initial first flush, 
the bacteria increases 
dramatically at later times 
during this rain event

Impressive “first 
flush” for turbidity for 
this small paved area

Largest 
particles during 
first sample 
and during 
later peak rain
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Stormwater Quality Variability Can be High, Even 
for One Location During a Single Storm Event –
Can Reflect Different Sources Contributing Flows 
at Different Times of Runoff

Evidence of relatively large stormwater particulates seen in 
areas of sediment accumulation. This is an inlet to a wet pond 
in Colorado where large amounts of sand were used for traction 
control. This accumulation is from several winters time.

Measured Particle Sizes, Including Bed Load Component, 
at Monroe St. Detention Pond, Madison, WI

Long term outfall monitoring (with bedload samplers) show bedload 
about 10% of annual mass

Particle Size Distribution of Street Dirt
Has much larger material than runoff 

Pitt 1979
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Pitt 1987

Washoff Plots for Heavy Rain Intensities, Dirty Streets, 
and Rough Pavement Textures

Only about 10 to 25% of street dirt washes off streets during rains
TDSSSCTS

Washoff of Street Dirt, Bellevue, WA
Monitored results during actual rains over 2 year period

Pitt 1985

Rains preferentially wash 
off the smaller particles 
from streets and may 
wash on large particles 
from nearby eroding areas 

Receiving Water Monitoring

55

Fate of stormwater 
pollutants and actual 
receiving water 
effects need to be 
directly monitored
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Programming Stormwater 
Samplers

• Need to program automatic samplers to 
collect samples under a wide-range of flow 
conditions.
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back-flush line: 1850 mL
fill tube: 1850 mL
collect sample: 350 mL
back-flush line: 1850 mL 

Programming an Automatic Sampler
Automatic samplers go through three phases to collect a sample. First, the 
sample line is back-flushed to minimize sample cross-over and to clear debris 
from the sample intake. Next, the sample is collected. Finally, the sample is back-
flushed again before going into a sleep mode to await the next sampling 
instruction. It can require several minutes to cycle through this process. A volume 
of 1850 mL of water fills a 10 mm (3/8 inch) diameter sample line that is 7.5 
meters (25 feet) long. If a sample volume of 350 mL is to be collected for each 
sample interval, the following total volume of water is pumped by the sampler for 
each sample instruction:

This totals about 6 L of water to be pumped. Typical automatic samplers have 
a pumping rate of about 3.5 L per minute for low head conditions (about 1 
meter). It would therefore require about 1.7 minutes to pump this quantity 
of water. With pump reversing and slower pumping speeds at typical 
pumping heads, this could easily extend to 2 minutes, or more. If the sampler 
collects 3 liters of sample instead of 350 mL, then another minute can be 
added to this sampling time for one cycle.
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Automatic samplers can generally operate in two sampling modes, based on 
either time or flow increments. The sample bases can generally hold up to 24 
bottles, each 1 L in volume. A single sample bottle of up to about 20 L is 
generally available for compositing the sample into one container. These bottle 
choices and the cycle time requirements of automatic samplers restrict the 
range of rain conditions that can be represented in a single sampler program for 
flow-weighted sampling. 

It is important to include samples from small rains (from about 0.01 to 0.2 inch) 
in a stormwater sampling program because they are very frequent and 
commonly exceed numeric water quality criteria. Moderate sized rains (from 
about 0.2 to 3 inches) are very important because they represent the majority of 
flow (and pollutant mass) discharges. The largest rains (greater than about 3 
inches) are important from a drainage design perspective to minimize flooding 
and safety problems.

It is very difficult to collect a wide range of rain depths in an automatic sampler 
using flow-weighted sampling. Conflicts occur between needing to have enough 
sub-samples during the smallest event desired (including obtaining enough 
sample volume for the chemical analyses) and the resulting sampling frequency 
during peak flows for the largest sampling event desired. 60

Problem: desired minimum rain to be sampled: 0.15 inch in depth, 4 hour runoff duration, 
having a 0.20 Rv (volumetric runoff coefficient); largest rain desired to be sampled: 2.5 inch 
in depth, 12 hour runoff duration, having a 0.50 Rv; the watershed is 250 acres in size and 3 
samples, at least, are needed during the smallest rain.

The calculated total runoff for these conditions is therefore:

minimum rain: 0.10 (0.15 in) (250 ac) (ft/12 in) (43,560 ft2/ac) =  13,600 ft3.

maximum rain: 0.50 (2.5 in) (250 ac) (ft/12 in) (43,560 ft2/ac) = 1,130,000 ft3.

The average runoff flow rates expected are roughly estimated to be:

minimum rain: (13,600 ft3/4 hr) (hr/3600 sec) = 0.95 ft3/sec.

maximum rain: (1,130,000 ft3/12 hr) (hr/3600 sec) = 26 ft3/sec.

Based on monitoring of many runoff events, the peak flows are estimated to be about 3.8 
times these average flow rates:

minimum rain: 3.6 ft3/sec.

maximum rain: 100 ft3/sec.
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As the smallest storm is to be sampled three times during the runoff period, the 
volume of flow per sub-sample is simply:

13,600 ft3/3 @ 4,500 ft3.

Therefore, the total number of samples collected during the maximum rain would 
be:

1,130,000 ft3/4,500 ft3 @ 250 samples.

If the minimum sample volume required was 1 L, then each sub-sample could be 
as small as 350 mL. This would result in about 1 L of sample during the minimum 
storm, but would result in about 90 L during the maximum storm (obviously much 
larger than the typical 10 to 20 L container). During the estimated high flow 
conditions of the largest storm, a sub-sample would be collected every:

4,500 ft3 per sample/100 ft3/sec @ 45 seconds
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If the sampler required 2 minutes to collect 350 mL, the sampler would not 
complete its cycle before it was signaled to collect another subsample. This would 
result in the sampler pump running continuously during this peak time. Since the 
peak flow period is not expected to have a long duration, this continuous pumping 
may not be a serious problem, especially considering that about 250 samples are 
being collected. The biggest problem with this setup is the large volume of sample 
collected during the large event.

Automatic sampler 
with large base for 
monitoring wide range 
of flows, with large 
chest freezer USGS 
discrete sampler in 
background, at 
Bellevue, WA

Alternatives to using a large sample base in order to accommodate a 
wide range of flows include:

• use time-compositing instead of flow-weighted sampling (if 
discrete sampling, the individual time-initiated samples can be 
manually composited after the event, but this requires substantial 
labor time),

• use two samplers located at the same location, one optimized for 
small flows, the other optimized for larger, or

• visit the sampling station during the storm and re-program the 
sampler, switch out the bottles, or manual sample.
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Double monitor 
setups for sampling 
over a wide range of 
flow conditions

Monitoring Actions
Example 
preparation and 
sampling 
activities
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Programming of Automatic Samplers

 System counters (e.g., precipitation, runoff volume, sample count, etc.) are 
reset to zero.

 The mode is switched from non-storm monitoring mode to storm monitoring 
mode, which typically will increase data collection frequency (to 1-minute 
logging intervals) and allow the system to begin sample collection once 
thresholds are met.

 Thresholds are set for sampling locations to allow stations to enter sample 
collection mode. Thresholds can include the minimum precipitation amount, 
flow depth, or flow volume required to initiate the sample collection routine.

 For flow-paced sampling, the flow volume per sample (i.e., the flow volume 
that passes between each composite aliquot collected) is set based on the 
expected amount of runoff generated from the rainfall event.

 The system must have “start sampling” and “stop sampling” options that can 
be selected when appropriate (e.g., at the beginning of a storm, during bottle 
changes, at the end of a storm).

 When samples have been collected, the sampling event is terminated and 
software is switched back to the non-storm monitoring mode.

 Data are downloaded from the datalogger to a personal computer 
immediately following the storm event.

Sample Number Requirements

Example Stormwater Monitoring 
(San Diego evaluation of 

biofilter)
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Sampling Information Needs

• Model sites for expected runoff conditions (runoff 
volume vs. rain depth; concentrations expected; 
expected performance)

• Bottles and preservatives
• Sampler programming (volume per sample pulse as 

a function of sample volume needs)
• Maintenance issues (clogging, bypassing, chemical 

capacity)
• Design suggestions (sizes of treatment units, etc.)
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43rd and Logan Bioretention and Filtration Performance Study Site Map

Drainage Map – Bioretention Basin “Triangle Lot”
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Comparison of Watershed Areas and Land Uses

Drainage Map – Filtration Unit Stormwater Controls – 43rd Street 
and Logan Avenue

73 74

75 76



Basin Land Use and Composite Runoff Coefficient for Filtration Units
and Bioretention Basin
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Site Inspections
• Photo documentation of site conditions and accumulation of gross 
solids.
• Recording visual estimates of the total volume of gross solids and 
percent composition by volume of trash, sediment, and organic 
debris (i.e., leaf litter and other vegetative material) in the 
stormwater control, curb and gutter both upstream and downstream 
of the stormwater controls, and in the catch basin immediately 
downstream of the stormwater control.
• Visual assessment of stormwater control for clogging.
• Visual inspection for proper drainage of the stormwater control (no 
standing water) in the monitoring wells.
• Inspection for presence of vectors.
• Noting condition of treatment media.
• Documenting observations related to stormwater control 
integrity/structural deterioration.
• Notifying Division Project Manager of any maintenance issues that 
require immediate attention.

Chain-of-Custody Form
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Recommended Quality Control Sample Frequency
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Conclusions
• Many options for collecting stormwater 

samples for analyses
• Automatic flow-weighted composite 

sampling considered the “gold standard”
• However, manual sampling may be best for 

some conditions
• Many steps are necessary to ensure 

problem-free sampling
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