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Introduction – Measurement Methods 
and Limitations

Markus Weiler, David L. Spittlehouse and 
Robin G. Pike

This chapter provides an overview of commonly 
used forest hydrology measurements, focussing on 
the limitations of both the variables measured and 
the measurement methods. The various section au-
thors provide an overview of different measurement 
methods and common limitations and cautions for 
the application/interpretation of collected data (e.g., 
statistical, common mistakes). For each variable, a 
short introduction is provided but related physical 
processes and hydrological linkages are detailed in 
other chapters. The objective is to increase the read-
er’s knowledge of the different measures available 
and potential issues with each measure that might 
lead to application errors. Each section also high-
lights several key publications for further informa-
tion. 
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MEASUREMENT METHODS AND LIMITATIONS

Knowledge of watershed measurement methods and 
the respective data limitations are an important part 
of accurately determining changes in watersheds 
(Chapter 6, “Detecting and Predicting Changes in 
Watersheds”). Measurements provide a means to 
investigate important management questions and 
often are the only way to develop information at 
a local level. A common objective in the use of all 
watershed measurement methods is to minimize 
the level of error by selecting and using the most ap-
propriate measure. Hence, a review of the required 
accuracy, available resources (costs), and the spatial 
and temporal scales of interest before embarking 
on sampling program is necessary. Supporting the 
knowledgeable use of all watershed measures is a 
well-planned data management system that ensures 
the collected data are reliable, traceable, accessible, 
and secure.
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MEASUREMENT SCALE AND ACCURACY

Measurement Scale

Common to all measurements is an acknowledge-
ment of scale and issues related to the accuracy and 
error of measurement. A well-established literature 
exists on sampling theory (e.g., Thompson 2002), 
particularly in regard to statistically sound sam-
pling schemes. In forest hydrology, however, an even 
greater concern is to match the temporal and spatial 
scales of measurements with those of the phenom-
enon of interest. Mismatches are often unavoid-
able. For example, precipitation input into a several 
square-kilometre watershed is often measured with a 
single precipitation gauge covering an area of square 
centimetres. In general, the spatial variability of 
certain phenomenon is either integrated (streamflow 
measurements of a watershed) or not adequately 
resolved since only some point data are available. 
Blöschl and Sivapalan (995) provided some basic 
considerations on the spatial and temporal dimen-
sions of measurements using three scales—the spac-
ing (distance between measurements), extent (total 
area or volume sampled), and support (spatial repre-
sentativeness of individual measurements)—termed 
the “scale triplet.” Ideally, the scale of measurement 
should resolve all the variability that influences the 
features in which we are interested; however, logisti-
cal constraints generally impede measurements so 
that the full natural variability is rarely captured. For 
example, if the spacing of the data is too large, the 
small-scale variability is not captured. If the extent 
of the data is too small, the large-scale variability is 
not captured and will translate into a trend in the 
data. If the support is too large, most of the variabil-
ity is smoothed out (Blöschl and Sivapalan 995).

Data Recording and Accuracy of Measurements

In addition to introducing error and uncertainty 
through poor sampling design, measurement ac-
curacy itself can introduce measurement error. The 
most common way of recording data is to deploy a 
data logger that electronically stores output from 
one or several sensors. Data loggers can collect large 
quantities of data with high resolution; however, 
the accuracy of these data may be much less than 
the resolution at which measurement took place. 
This section briefly reviews sources of error, assesses 

sensors typically used in monitoring programs, and 
recommends reporting increments for the measure-
ments (for more details, see Spittlehouse 986). It is 
based on material in Gill and Hexter (972) and  
Fritschen and Gay (979), as well as various data-
logger manuals and sensor specification sheets. 
Measurements can be described in terms of four 
conditions: () error, (2) resolution, (3) repeatability, 
and (4) accuracy. These conditions affect the report-
ing increment, or significant digits, for the measure-
ment. Within the current publication, the term 
“precision” is equated with repeatability. 

. Error of an instrument is the difference between 
the indicated value and the true value of the 
signal. It is composed of systematic and random 
components. A systematic error (or bias) does 
not change between repeated measurements. It is 
equal to the difference between the true value and 
the mean of many measurements. An example 
would be a constant voltage offset. Random errors 
vary between measurements. These errors result 
from electrical noise, fluctuations in temperature, 
and operator error. 

2. Resolution of an instrument is the smallest 
change in the environment that causes a detect-
able change in the instrument. For example, if the 
data logger has a resolution of  microvolt (μV), 
the resolution for a thermocouple with a resolu-
tion of 40 μV/° C is /40 = 0.025° C. 

3. Repeatability is the closeness of agreement among 
a number of consecutive measurements for the 
same value of the input under the same operating 
conditions. High repeatability does not necessar-
ily imply high accuracy. 

4. Accuracy of an instrument is the degree to which 
it will measure a variable at an accepted standard 
or true value. (The term “accuracy” is usually 
measured in terms of inaccuracy but expressed as 
accuracy.) In the above example, the data logger 
may resolve  μV, but the stability of its reference 
voltage may be accurate to only ±2 μV. Thus, 
the thermocouple measurement is only good to 
±0.05° C. The accuracy of the thermocouple cali-
bration is considered below. 

Reporting increment or significant figures are the 
smallest unit of measurement that should be used in 
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reporting the data. It is a summation of the accu-
racy of all parts of the sampling and measurement 
process. 

Many factors can result in measurement error. 
The following factors must be considered when de-
termining the reporting increment.

• Data logger measurement circuitry: quality of 
components, stability of reference voltage. 

• Programming of the data logger: using the correct 
program and measurement range. 

• Sampling interval: averaging over an hour, rather 
than spot-reading at the end of the hour (depends 
on the variability and integration of a variable). 

• Sensor and cables: accuracy of calibration and 
maintenance of the calibration, condition, and 
quality of the wiring between the sensor and the 
logger. 

• Exposure of sensor: avoiding shade on a py-
ranometer, shielding temperature and humidity 
sensors, and placing the sensors at the appropriate 
location. 

• Replication: accounting for variation within the 
monitored area. 

Some of the above sources of error are larger 
than others and their importance will depend on 
the measurement. For example, sensor accuracy is 
usually less than that of the data logger. The ther-
mocouple noted above can be used as a hypothetical 
example to illustrate the various errors. The analysis 
is somewhat simplified. The error depends on the 
electronic, mechanical, and mathematical transfor-
mations in the measurement system. Differences, 
ratios, and non-linear transformations are all treated 
differently. Refer to Fritschen and Gay (979) for 
more detail. 

A measurement accuracy of ±2 μV (±2.5 V range) 
will be assumed for the logger, equivalent to ±0.05° C 

for the thermocouple. If the ±2.5 V range had been 
programmed, then accuracy would have been ±2 μV 
and ±0.05° C for the data logger and thermocouple, 
respectively. The thermocouple resolution has an 
uncertainty of ±5% (i.e., an accuracy of ±0.05° C), 
and it is connected to a reference temperature that is 
also accurate to ±0.° C. Consequently, the reading 
on the panel of the data logger or on the computer 
screen has an absolute error that is the sum of the 
three errors: 0.05 + 0.05 + 0. = ±0.2° C. (In this case 
a linear model can be assumed.) This is a worst-case 
situation. The probable error assumes that errors in 
the different parts of the measurement system will 
tend to compensate for each other. It is approximate-
ly two-thirds the size of the absolute error. We will 
continue to be conservative and use the absolute er-
ror of ±0.2° C. Thus, the reporting increment for the 
thermocouple based on instrument errors is 0ths of 
a degree, and temperature should be rounded to the 
nearest 0.2° C. Non-instrument errors are more dif-
ficult to determine. Past experience is the best guide, 
such as knowing the variability in space and in time. 
For example, a shorter scanning interval is required 
to obtain a reliable half-hourly average of surface 
temperature as opposed to that required for the 
0 cm soil temperature ( s and  min, respectively). 
Similarly, more spatial replication is required for the 
surface temperature. 

Table 7. presents data on sensors typically used 
in climate stations and hydrological studies. Sensor 
accuracy will vary with age and amount of use the 
sensor has had since the last time it was serviced and 
calibrated. Accuracy is often expressed as a percent-
age of the reading rather than as an absolute value, 
and this may vary with the measurement range. 
The accuracies quoted in the table assume that the 
measurement system is well maintained and sensors 
correctly calibrated. If this is not the case, accuracy 
can degrade by a factor of two or more. 
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TABLE 7.  Accuracy and reporting increment (significant figures) of typical environmental sensors monitored with data loggers 
(e.g., Campbell Scientific Inc.). Values are for well-maintained sensors and adequate power for the data logger.

Variable
Significant 
figures Units Accuracy (±) Comments

Solar radiation 
       hourly
       daily

 xxx

 xx.x

W/m2

MJ/m2 per day

5% or 10 W/m2 ; whichever is 
greater
5% or 0.5 MJ/m2 per day; which-
ever is greater

Sensitivity of silicon cell can drift

Photosynthetically  
active radiation (PAR)
       hourly

 xxxx μmol/m2 per 
second

5% or 20 μmol/m2 per second; 
whichever is greater

Opacity of filter over silicon cell 
changes over time

       daily  xx.x mol/m2 per day 5% or 1 mol/m2 per day; which-
ever is greater

 

Air temperature  xx.x °C 0.2°C Stable
Relative humidity  xx % 3% Polymer-based elements give 

increased RH over time
Vapour pressure  x.xx kPa 0.05 kPa  
Wind speed  xx.x m/s < 2 m/s = 0.5 m/s

> 2 m/s = 0.2 m/s
Stall speed increases with wear 
and age of bearings

Wind direction  xxx ° 5°  
Rainfall  xx mm Tipping volume (1 mm,  

0.25 mm, or 0.1 mm)
Pollen, debris, and insects block 
inlet

Soil temperature  xx.x °C 0.2°C  
Soil moisture block  x.xx MPa > –0.2 MPa = 0.05

< –0.2 MPa = 0.2
Contact poor in coarse soil,  
dissolve in acid soil

Soil water content  xx.x % 2.5% Very good contact required
Water level  x.xxx m 0.001–0.01 m Sediment can cover instrument
Water temperature  xx.x °C 0.2°C
Specific conductivity  xx.x μS/cm 1 % or 1 μS/cm; whichever is 

greater
Non-linear dependence on water 
temperature

Turbidity  xxx NTU 2–4% NTU Very sensitive to fouling of sensor
Snow depth  xxx cm 0.4% or 1 cm; whichever is 

greater
Sonic ranging sensor,  
temperature dependent
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Weather – Temperature, Humidity, 
Wind, Radiation, and Precipitation 
Measurement

David L. Spittlehouse

Watershed hydrology is driven by the interaction of 
weather conditions, surface cover, and geomorpholo-
gy. The weather provides the energy and water inputs 
to the watershed. In turn, these control the delivery 
of water to the surface, loss of water by evaporation, 
and soil heating or cooling, and influence the type 
of vegetation cover through plant survival, growth, 
and disturbance. The water input of precipitation is a 
well-recognized variable; however, the energy input 
is often not as well understood. It is a result of the 
solar and longwave radiation balances and convec-
tive transport of sensible and latent heat (Male and 

Gray 98; Monteith and Unsworth 990). These 
terms, along with snowmelt and evaporative loss, 
can be quantified through measurements of incident 
and reflected solar radiation, longwave radiation 
emitted by the sky and the surface cover, air tem-
perature, humidity, and wind speed. The following 
subsection describes methods (instruments and their 
application) for accurately measuring these variables. 
Subsequent subsections describe how to measure 
the effects of the weather on snow accumulation and 
melt, precipitation interception, evaporation, and 
soil thermal conditions.

AIR TEMPERATURE

Air temperature is the temperature indicated by a 
thermometer exposed to the air in a place sheltered 
from direct radiation (Glickman [editor] 2000). It 
is useful for indicating whether precipitation fell as 
rain, snow, or a mixture; it also influences snowmelt 
rate, stream temperature, and plant phenology and 
growth. Typical reported values are daily maximum, 
minimum, and mean air temperature. Temperature 
is often integrated over time as degree-days. There 
is one degree-day for each degree the mean daily 
temperature is above or below a base temperature. 
For example, growing degree-days are accumulated 
above a 5° C base, and heating degree-days are accu-
mulated for temperatures below an 8° C base.

Air temperature is measured with mercury or 
alcohol in glass thermometers, thermocouples, 
thermistors, platinum resistance thermometers, 
and sound-based instruments. For all instruments, 
it is important to ensure that the sensor (thermom-
eter, thermocouple, etc.) is at air temperature (see 
also subsection on Soil Thermal Regime in “Soils” 
section). This means that for most instruments, the 
sensing element must be shaded from heating by 
solar radiation and from precipitation while allowing 
ventilation. Shading is required because the temper-
ature measurement of an exposed thermometer will 

depend on the colour, size, and heat capacity of the 
thermometer and intensity of solar radiation. Typical 
radiation shields include the standard Stevenson’s 
Screen and the Gill multi-plate radiation shield. A 
single layer of shielding is not usually sufficient to 
minimize heating and many shields are double-
hulled. High-accuracy monitoring systems often use 
artificial ventilation to keep the thermometer at air 
temperature. Fine wire thermocouples (< 0.2 mm 
diameter) and sonic anemometers do not require 
shielding, although these are not sensors used in 
routine measurements.

The standard thermometers used in the Mete-
orological Service of Canada network are mercury 
or alcohol in glass. These instruments are located 
in a Stevenson’s Screen .5 m above the ground and 
record the maximum and minimum temperature 
since last read and the current temperature (Mete-
orological Office 982; World Meteorological Or-
ganization 2008). A well-watered grass surface is the 
reference surface for weather networks around the 
world (World Meteorological Organization 2008). 
Electronic monitoring systems use thermocouple, 
thermistor, or platinum resistance thermometers 
and are often mounted in Gill multi-plate or home-
made shield. These thermometers are of a differ-
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ing of the temperature sensor and location are very 
important for a representative temperature measure-
ment. The shield should be well ventilated and in an 
area that does not have a microclimate substantially 
different from the conditions of interest. For ex-
ample, it should not be located close to buildings 
because convective and radiative heat from these 
structures may bias the reading. A shielded ther-
mometer over a bare area will be warmer than one 
over an adjacent well-watered grass surface. Even 
with shields, the potential exists for the thermometer 
to be warmer than air temperature. The specification 
sheet for the widely used Gill multi-plate radiation 
shield indicates that a wind speed of 2 m/s is re-
quired to reduce overheating to less than 0.5ºC under 
high solar intensity (Young 994; Erell et al. 2006). 
Homemade shields, such as tubes and inverted 
Styrofoam cups, can significantly overheat under low 
wind speeds (Erell et al. 2006). In addition, the sur-
face albedo (e.g., snow cover) can lead to increased 
overheating from reflected radiation, particularly 
when the shields are not designed for shielding from 
the bottom.

Temperature Data Availability

Daily Canadian temperature data from the Me-
teorological Service of Canada (MSC) network are 
available for free through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd). Some stations are up-to-date; others 
are about 2 years behind. Historical monthly data 
for Canada that have been checked for homogene-
ity are also available; however, these data are not 
the official MSC in situ station record and therefore 
should not be used for legal purposes. Hourly and 
daily temperatures are available from the B.C. Forest 
Service Fire Weather Network (http://bcwildfire.
ca/Weather/stations.htm), though not all stations are 
maintained during the winter. Interpolated 30-year 
normals of monthly maximum, minimum, and 
average temperature adjusted for elevation are avail-
able for British Columbia and adjacent areas. These 
data, variables such as degree-days and frost-free 
period, and climate change scenarios are available 
through stand-alone MS Windows and Web-based 
applications (ClimateBC; www.genetics.forestry.ubc.
ca/cfcg/climate-models.html) (Spittlehouse 2006; 
Wang et al. 2006). Interpolations of monthly data for 
individual years back to 900 are available at 0-km 
resolution (McKenney et al. 2006) and at 400-m 
resolution with ClimateBC (Mbogga et al. 2009).

ent size and heat capacity than the standard glass 
thermometer and will give slightly different values of 
temperature under the same conditions. The typical 
measurement resolution is 0.0–0.2ºC depending on 
thermometer and monitoring system (e.g., human 
eye, data logger); however, accuracy is at best 0.ºC 
and more likely 0.2ºC with most electronic devices. 
Polynomial formulae are used to convert the signal 
from thermocouples and thermistors to tempera-
ture. It is assumed that different sensors of the same 
composition have the same calibration (Campbell 
Scientific Inc. 2002).

Manual measurements at standard weather sta-
tions are usually made at 8:00 a.m. The 8:00 a.m. 
reading on the maximum thermometer is assigned 
to the previous day and the minimum of the current 
day is assumed to occur just after sunrise. The daily 
average is calculated as the mean of the minimum 
and maximum temperatures for the day, and is a 
good approximation of the true mean obtained by 
integrating temperature through the day. Automatic 
systems usually have a daily output at midnight. 
Under certain weather patterns, the values for the 
maximum and minimum may disagree with the 
data from the standard weather station. Automatic 
systems can give a true daily average temperature by 
integrating the temperature over a 24-hour period. 

Environmental lapse rates calculated from a 
network of stations are often used to interpolate or 
extrapolate to other elevations. These lapse rates will 
vary during the day, from day to day, and by season 
and are different for the maximum, minimum, and 
average temperatures. A typical value for the month-
ly average temperature is 0.6ºC/00 m of elevation. 
Over a few hundred metres, vertically minimum 
temperature lapse rates may be negative (i.e., an 
inversion). Plots of daily and monthly temperature 
for one station versus another or group of stations in 
the same area can be used to check for consistency 
among point measurements. The relationship should 
be a straight line with an offset usually caused by 
elevation or site-specific effects. Changes in the offset 
usually indicate some change in the station measure-
ment. The change should persist for 5 or more years 
to be considered significant because anomalous 
periods can occur at one station (Thom 966).

Air Temperature Measurement Errors

The accuracy of the sensor will depend on the resol-
ution of the measuring device, mode of operation, 
location errors, and observer errors. Proper shield-

http://www.climate.weatheroffice.gc.ca/prods_servs/index_e.html#cdcd
http://www.climate.weatheroffice.gc.ca/prods_servs/index_e.html#cdcd
http://www.climate.weatheroffice.gc.ca/prods_servs/index_e.html#cdcd
http://bcwildfire.ca/Weather/stations.htm
http://bcwildfire.ca/Weather/stations.htm
http://www.genetics.forestry.ubc.ca/cfcg/climate-models.html
http://www.genetics.forestry.ubc.ca/cfcg/climate-models.html
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HUMIDITY

Humidity refers to the water content of the air in 
absolute terms or relative to the saturated water con-
tent. The humidity of the air is an important weather 
variable controlling the rate of evaporation from 
vegetation, soil, and water bodies. Typical recorded 
values are daily maximum, minimum, and average 
humidity. Humidity is commonly reported as: () 
vapour pressure, (2) relative humidity, (3) dew point 
temperature, (4) absolute humidity, (5) mixing ratio, 
and (6) vapour pressure deficit. Vapour pressure (Pa, 
mb) is the partial pressure of water vapour in the air. 
The relative humidity (%) of the air is the ratio of the 
vapour pressure to the saturated vapour pressure at 
that temperature multiplied by 00; thus, the same 
vapour pressure produces a different relative humid-
ity as the temperature changes. Dew point tempera-
ture (ºC) is the temperature to which the air must be 
cooled for condensation to occur. The absolute hu-
midity is the ratio of the mass of water vapour to the 
volume of air (g/m3). The mixing ratio is the weight 
of water vapour in a volume of air to the weight of 
the air (g/g). The vapour pressure deficit (Pa, mb) is 
the difference between the saturated vapour pressure 
and the vapour pressure of the air. Saturated vapour 
pressure increases exponentially with temperature 
(List 985; Glickman [editor] 2000). 

The saturated vapour pressure is frequently 
described as the maximum amount of water the air 
can hold at the air temperature. Although conven-
ient, this analogy is incorrect. The saturated vapour 
pressure at a temperature is that for which the water 
vapour is in equilibrium with a plane surface of 
water in a pure liquid or solid phase (Glickman 
[editor] 2000). It is a function of the kinetic energy 
(temperature) of the molecules of water and their 
evaporation from the plane surface. The saturated 
vapour pressure is therefore the same in air as in a 
vacuum, where you might expect more space for the 
water molecules and thus a large saturated vapour 
pressure. It is lower over a salt solution because of 
the attraction of the water molecules to the salt, and 
consequently increases the energy required for the 
molecules to evaporate (Bohren 987). It is also lower 
over ice than water because the latent heat of subli-
mation is greater than the latent heat of evaporation. 

Instruments to measure humidity include hair 
hygrometers, wet bulbs, polymer-based (resistive 

and capacitive) sensors, chilled mirror dew point 
hygrometers, and infrared hygrometers (Campbell 
Scientific Inc. 2002; World Meteorological Organiza-
tion 2008). Wet-bulb and polymer-based sensors are 
the most common sensors used in weather station 
networks. The former require regular maintenance 
and artificial ventilation. Wet-bulb and polymer-
based sensors are usually combined in the same 
housing as the temperature sensor and require the 
same shielding, ventilation, and proper location as 
described above for air temperature. These sen-
sors are found in instruments for manual humid-
ity measurement and electronic monitoring with 
the polymer-based sensors most commonly used 
in automated monitoring systems. Assmann and 
sling psychrometers are typical examples of instru-
ments based on wet bulbs that have air and wet-bulb 
temperatures measured using glass thermometers 
and are read manually. These instruments are venti-
lated with a wind-up motor or by manually rotating 
them. Cotton wicks on the wet bulbs are wetted with 
distilled water; and after waiting a minute to reach 
equilibrium, the temperature of each thermometer 
is read. A table or an equation is used to convert the 
readings to humidity. 

Humidity Measurement Errors 

Polymer-based sensors drift over time. This is notice-
able in the maximum humidity, which will indicate 
values above 00% and this increases over time; the 
minimum humidity will have drifted by a similar 
amount. Recalibration is therefore recommended 
every 2–3 years (Campbell Scientific Inc. 2002). 
Although measurement resolution on these sensors 
is frequently 0.%, their accuracy as specified by the 
manufacturer is at best ±2%. The accuracy measures 
of humidity that depend on air temperature are sub-
ject to the errors of the temperature measurement.

Wet-bulb sensors are prone to errors if not regu- 
larly maintained. The water reservoir can dry out, 
the ventilating fan can fail, and in dusty environ-
ments the wicks become contaminated. These prob-
lems can lead to an overestimation of the wet-bulb 
temperature. Assmann and sling psychrometers 
should be kept out of direct sun when not in use.
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Humidity Data Availability 

Only a subset of the Meteorological Service of 
Canada (MSC) stations measure humidity. These data 
can be obtained through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd).  Relative humidity data are available 
for British Columbia from the B.C. Forest Service 
Fire Weather Network (http://bcwildfire.ca/ 

Weather/stations.htm). Humidity data can be ex-
trapolated with elevation assuming that the vapour 
pressure is relatively constant with height. Local 
temperature data can then be used to convert to rela-
tive humidity. Another approach is to use the satu-
rated vapour pressure at the dew point temperature. 
In many situations, the minimum air temperature 
reasonably approximates the dew point temperature 
(Allen et al. 998).

WIND

Wind is the horizontal speed and direction of air 
movement over the ground surface. Wind measure-
ments are required in hydrology for calculating 
evaporation and sublimation, evaluating the poten-
tial for blowdown of trees, and determining insect 
and seed dispersal. Wind speed and direction are 
usually reported for the mean flow in the horizontal 
plane (Glickman [editor] 2000; World Meteoro-
logical Organization 2008); however, the vertical 
component to the wind is usually only measured for 
specific research studies and is not considered here.

The wind speed is measured with an anemometer 
(m/s or knots) and is reported as the average for 
a period as well as the gustiness or the peak wind 
speed during a specific time interval. The wind 
moves a spinning cup or propeller that activates a 
mechanical or optical switch, or generates an electri-
cal current. The angular velocity of the cup or pro-
peller is proportional to the wind speed, although a 
threshold wind speed usually exists below which the 
rotor will not turn. This varies from 0. to  m/s, with 
0.5 m/s being typical of commercially available cup 
anemometers. Other devices for wind speed include 
pitot tubes and sonic anemometers. Wind speed can 
be estimated manually based on the effect of the 
wind on moveable objects. Remote sensing of wind 
speed uses SODAR (i.e., sonic detection and ranging), 
lidar (light + radar), and radar. 

Wind direction is measured with a wind vane or 
aerovane in degrees of the compass and specifies the 
azimuth from where the wind is coming (Glickman 
[editor] 2000; World Meteorological Organization 
2008). The signal generator is usually a potentio-
meter that is calibrated to read from 0 to 360°. Hour-

ly and daily wind direction must be determined with 
algorithms that generate a histogram and a wind 
rose (i.e., frequency of time in usually eight segments 
of the compass and the wind power for the time in 
each section). Measuring mean wind direction can 
result in misleading measurements; for example, the 
average of north–northwest and north–northeast is 
south. Counters, chart recorders, or electronic data 
loggers record the output from anemometers and 
wind vanes.

Exposure is the most important aspect of reli-
able wind measurement. Wind should be measured 
in open terrain where the distance to the nearest 
obstruction is at least 0 times the height of the 
obstruction. The ground cover will affect wind speed 
because of the way it absorbs momentum, thus 
reducing the wind speed (Monteith and Unsworth 
990). Wind may also be channelled or diverted 
by topography. Wind speed increases rapidly with 
height (logarithmic wind profile) and it is important 
to measure at the standard reference height (0 m), 
or at a known height so that wind can be converted 
to the reference height if the surface roughness is 
known (World Meteorological Organization 2008). 
The exposure requirements may be difficult to meet 
in forested watersheds. What was once a good site for 
wind measurement, such as a large clearcut, changes 
over time as the forest regrows around the anemo-
meter and wind vane. 

Sensor response of propeller and cup anemo-
meters is faster for acceleration than deceleration, so 
these anemometers tend to overestimate wind speed 
by up to 0% (World Meteorological Organization 
2008). The bearings of anemometers deteriorate over 
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time, increasing friction and stall speed. High wind 
speeds may damage anemometers and wind vanes. 
An increase in the measured frequency of lower 
wind speeds over time could indicate such problems 
and (or) the regrowth of vegetation around the mon-
itoring area. Anemometers and vanes are sensitive to 
levelling errors and to icing in winter, with problems 
indicated by periods when the anemometer is stalled 
for a long time or there is a severe distortion of the 
wind rose.

Wind Data Availability

Daily Canadian wind speed and direction data from 
the Meteorological Service of Canada network are 
available for free through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd); however, the network is sparse. Wind 
data are also available from the B.C. Forest Service 
Fire Weather Network (http://bcwildfire.ca/ 
Weather/stations.htm).

RADIATION

Radiation is electromagnetic energy emitted as a 
function of the temperature and emissivity of the 
emitting surface. The flux of radiation to and from 
the Earth’s surface provides energy to warm and 
cool the surface, to evaporate water, to melt snow, 
and for photosynthesis (Monteith and Unsworth 
990). Radiation in certain frequencies can have 
negative impacts through destructive effects on 
cells (L’Hirondelle and Binder 2002; Kelly et al. 
2003). Two forms of radiation at the Earth’s surface 
are of interest to hydrologists: shortwave or solar 
radiation (290–4000 nm) and longwave radiation 
(> 4000 nm). Because the Sun’s surface temperature 
is about 6000 K, over 99.9% of the energy it emits is 
at wavelengths of less than 4000 nm. Solar radiation 
reaching the Earth’s surface is composed of direct 
and diffuse (scattered direct) radiation. The energy 
emitted from surfaces on the Earth or gases and 
particles in the atmosphere at –40 to +60° C (long-
wave or terrestrial radiation) is from wavelengths 
longer than 4000 nm (Glickman [editor] 2000; Stof-
fel and Wilcox 2004). Reflected energy is the short 
or longwave radiation reflected by a surface and is a 
function of the radiative properties of that surface 
(Monteith and Unsworth 990; Glickman [editor] 
2000). The solar reflectivity (albedo) varies from 
0.92 for fresh snow to 0.06 for a burnt (blackened) 
surface. The longwave reflectivity of vegetation, soil, 
and water is less than 0.05. 

The shortwave component is measured as two 
separate streams: ultraviolet (UV) (280–400 nm) 
and global radiation (400–3000 nm). Photosyntheti-
cally active radiation (PAR) or visible radiation is a 
component of the latter spectrum (400–800 nm). 
Shortwave radiation is measured with pyranometers 
that are sensitive to the different frequency bands 
and that have different measurement units. Long-

wave radiation is measured with a pyrgeometer. A 
net pyrradiometer measures the difference between 
upward and downward fluxes of short- and long-
wave radiation (World Meteorological Organization 
2008). Methods to measure or estimate direct and 
diffuse radiation are also available (Monteith and 
Unsworth 990; Black et al. 99; Wood et al. 2003; 
World Meteorological Organization 2008). 

Typical recorded values of radiation are hourly 
and daily averages, totals, and peak intensity. Solar, 
longwave, and net radiation measurement units are 
W/m2 (a Watt is a Joule per second) and MJ/m2 per 
day. PAR, also called quantum radiation, is measured 
as micromoles per square metre per second (μmol/
m2 per second and mol/m2 per day). Conversion of 
W/m2 to PAR depends on the spectral distribution 
in the light. For daily totals above forest canopies, 
mol/m2 per day = 2.04 ± 0.06 MJ/m2 per day (Meek 
et al. 984). Measurement of radiation specific to the 
sensitivity of the human eye is in lumens (World 
Meteorological Organization 2008). Instruments 
to measure UV radiation measure only the UV-B 
part of the spectrum (280–320 nm) or UV-B and 
UV-A (320–400 nm). Many of these instruments are 
constructed so that the output is weighted by the 
erythermal function—the sensitivity of human skin 
to the different UV wavelengths (World Meteorologi-
cal Organization 2008).

Relatively inexpensive pyranometers use silicon 
diodes and filters tuned for the spectral distribu-
tion of sunlight. The spectral distribution changes 
when it is reflected from a surface (Monteith and 
Unsworth 990) and as it passes through a vegeta-
tion canopy (Vézina and Boulter 966; Yang et al. 
993). Consequently, the calibration of silicon-based 
pyranometers must be adjusted when used in these 
applications. Thermopile-based pyranometers can 
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be used in all situations. Silicon sensor base PAR 
instruments can be used below canopies but, because 
of the change in spectral distribution, the conversion 
to solar energy is not the same as for above-canopy 
energy. Instruments for reliable measurement of 
longwave radiation and net radiation are thermo-
pile-based. 

Solar radiation can be estimated from the number 
of sunshine hours in a day (Hay 979; Allen et al. 
998). It is also estimated from the daily tempera-
ture range and calculated global radiation above 
the Earth’s atmospheres (extra-terrestrial radiation) 
(Bristow and Campbell 984; Allen et al. 998). These 
methods work best for summer conditions and 
improve with averaging over time. Calibration coef-
ficients are usually location specific. 

Measurements of solar radiation reflected from 
the ground surface or emitted longwave from the 
surface below an instrument are specific for that 
surface. Knowledge of the solar reflectivity (albedo) 
of other surfaces in the watershed allows calculation 
of reflected solar from the incident value. Emitted 
longwave radiation from other surfaces can be deter-
mined from surface temperature and emissivity. The 
longwave emissivity of vegetation, soil, and water 
is greater than 0.95 (Monteith and Unsworth 990). 
Formulae are available for calculating atmospheric 
(downward) longwave radiation. These are based on 
the temperature and (or) the humidity of the air and 
the amount of cloud cover (Monteith and Unsworth 
990; Allen et al. 998). Trigonometric equations are 
used to adjust measured or calculated solar radiation 
for slope and aspect (Iqbal 983).

Radiation below forest canopies has a high spatial 
variability. Therefore, an array of instruments or 
roving instruments (Black et al. 99; Fassnacht et al. 
994; Chen et al. 2006) is required to reliably deter-
mine the below-canopy regime. In relatively uniform 
canopies, daily totals at a single, carefully chosen 
point may give a reasonable estimate of the average 
below-canopy radiation environment. Hemispheri-
cal photographs and computer programs to calculate 
radiation penetration through canopies reliably esti-
mate below-canopy incident solar and PAR (Frazer et 
al. 2000; Hardy et al. 2004). The forest and sky view 
factors determined from these photographs are used 
to calculate the longwave radiation below the canopy 
(Essery et al. 2008).

Radiation Measurement Errors

Instruments for reference measurements of incident 
radiation (downward from the sky) should be in-
stalled so that these have an unobscured view from 
the zenith to the horizon, although this can be 
difficult to achieve in mountainous terrain. It is 
important to at least ensure that the Sun’s path is not 
blocked. An unobscured reading allows for correc-
tion of terrain-shading effects that will vary within  
a watershed (Nunez 980; Flint and Childs 987). 
Radiation instruments are usually mounted horizon-
tally unless some specific need exists to directly 
determine radiation incident and emitted from 
angled surfaces (Szeicz 975; Stoffel and Wilcox 2004; 
World Meteorological Organization 2008). 

Dew, rain, frost, snow, and dirt accumulate on the 
surface of instruments, especially those that are up-
ward looking. It can be difficult to determine when 
such contamination affects the signal from these 
instruments. Snow and dirt are the main problem 
contaminants for solar radiation instruments. Com-
parison of solar radiation with an instrument meas-
uring reflected solar radiation in the open would 
indicate when the incident measuring instrument is 
obscured by snow. A curve of daily clear sky radia-
tion for the site should be created and compared 
with daily total radiation. Also, the measured solar 
radiation cannot be higher than the extraterrestrial 
value of solar radiation when averaged over half an 
hour or more (Stoffel and Wilcox 2004). If dew, rain, 
snow, dirt, or frost collect on the domes protecting 
the sensing element, then longwave measurements 
will be affected because the sensors will respond to 
radiation at the temperature of the contaminants. It 
can be difficult to determine when the signal from 
these instruments is affected by contamination of 
the domes. 

Sensitivity of radiation instruments is usually 
quite stable over many years, though some manu-
facturers recommend recalibration every few years. 
This is done by mounting a new sensor close to the 
old one and comparing - to 5-minute average values 
a few times during a day, preferably for a mixture 
of clear sky and cloudy conditions, or returning the 
instrument to the manufacturer.
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Radiation Data Availability

Few radiation measurement sites exist in Canada 
and the data are not readily obtained online. More 
sites measure the number of sunshine hours in a 

day and these data can be converted to solar radia-
tion (Hay 979; Allen et al. 998); however, these sites 
are part of a sparse network usually based in valley 
bottoms and the data are not up to date or readily 
available.

PRECIPITATION

Precipitation puts water in the watershed. Precipita-
tion measurements help determine water availability 
for evaporation and streamflow, and the risk of forest 
fires, landslides, and soil erosion. Precipitation is liq-
uid (rain) or frozen (sleet, hail, graupel, snow) water 
or a combination of both falling from the sky (Glick-
man [editor] 2000). Measurement of the accumula-
tion and disappearance of frozen precipitation on the 
ground is discussed in the following subsection. Pre-
cipitation is measured as depth of water that would 
accumulate on a horizontal surface. Typical recorded 
values for precipitation are the daily, monthly, and 
annual totals (depth of water in millimetres), as well 
as storm total, maximum intensity (millimetres per 
minute or per hour), and duration (hours). 

Precipitation is measured at a point using a 
manual or automatic recording gauge and over an 
area using meteorological radar (e.g., Doppler) or 
satellite images. Measurement of rainfall with a 
gauge is less prone to error than the measurement of 
solid precipitation because it is less susceptible to the 
influence of wind on “catch” by gauges. Some gauges 
are suitable only for measuring rainfall, and others 
are used only for solid precipitation. Very few can 
measure both forms reliably. Precipitation is usu-
ally not uniform in spatial distribution, intensity, or 
duration within a storm. Wind flow interacting with 
watershed topography also affects the distribution of 
precipitation (Arazi et al. 997).

The standard technique for measuring rainfall is a 
plastic or metal cylinder with a sharp edge and fun-
nel-like cover to minimize evaporation. The stand-
ard Meteorological Service of Canada (MSC) gauge 
is 9 mm in diameter with the orifice 305 mm above 
ground and no shield. These gauges either contain 
a cylinder graduated in millimetres of water or 
require pouring the water into a measuring cylinder. 
Rainfall is measured to the nearest 0.2 mm; an accu-
mulation of less than this is called a “trace.” If these 
gauges are not measured daily, then a small amount 
of mineral oil or kerosene is added after each meas-

urement to cover the surface of the water and reduce 
evaporative loss. 

The MSC measures frozen precipitation using 
Nipher gauges. This gauge consists of a holding 
cylinder (27 mm in diameter and 560 mm deep) 
surrounded by an inverted bell-shaped shield to 
reduce the effects of wind around the cylinder 
(Goodison et al. 98). Snow caught in the holding 
cylinder is melted manually and the water equivalent 
determined at least daily. The water equivalent of the 
snowfall is also calculated from the depth of snow 
that has fallen on a snowboard since the last meas-
urement multiplied by the density. A density of 00 
kg/m3 is often assumed although it can vary by up 
to 30% depending on the air temperature during the 
storm and the amount of settling that occurs before 
measurement (Goodison et al. 98). Large-capacity 
storage gauges for snow (e.g., the Sacramento gauge) 
are used in remote areas. These gauges contain 
antifreeze to melt the snow and light oil to minimize 
evaporative loss. The depth of fluid is measured with 
a ruler.

Precipitation intensity or amount can be meas-
ured automatically using weighing gauges or tipping 
buckets. The latter method is usually restricted to 
rainfall measurement. The tipping bucket gauge has 
a pair of buckets that pivot under a funnel such that 
when one bucket fills with 0., 0.25, or  mm of rain, 
it tips, discharging its contents and bringing the 
other bucket under the funnel. Tipping activates a 
switch that sends a pulse to the recording device. The 
weighing gauges can have a clock-driven chart to 
record weight or send an electronic signal to a data 
logger from a pressure transducer. Weighing gauges 
used to measure snow, contain antifreeze to melt the 
snow. A commonly used gauge in British Columbia 
consists of a large standpipe with a pump to mix 
the antifreeze and precipitation. This reduces the 
chance that an ice cap or snow bridge will develop 
at the surface of the liquid or at the top of the gauge. 
Heated gauges to melt solid precipitation are avail-
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able, but these are not reliable for long-term, unat-
tended monitoring.

Manual and automatic gauges sometimes have a 
shield or baffles around the orifice of the gauge to 
reduce wind flow and improve catch (Sevruk 985a, 
985b; Goodison et al. 998; World Meteorologi-
cal Organization 2008). Wind shielding and wind 
correction are particularly important for measuring 
solid precipitation. The best gauge location is within 
a clearing surrounded by trees or other objects to re-
duce wind, with a 45º (angle from the vertical) coni-
cal space above the gauge and no objects closer than 
twice (preferably four times) their height above the 
gauge. Gauges to measure solid precipitation should 
be mounted so that these are at least –.5 m above 
the maximum snow surface (Goodison et al. 98).

Surface condensation (e.g., dew, fog, rime, and 
hoar frost) requires specially designed instruments 
to properly record the water deposited (Monteith 
957; Goodman 985; Schemenauer and Cereceda 
994; Glickman [editor] 2000); World Meteorologi-
cal Organization 2008).

Integration over a Watershed

Integration of precipitation over a watershed is nec-
essary for hydrological work. Areal measurement of 
rainfall rate with radar is based on the backscattered 
power of the echo returns. Typical radar has a 4-km2 
grid resolution. These data are not available over 
most of British Columbia. 

Precipitation over a watershed is frequently 
estimated from a network of point measurements 
(National Oceanic and Atmospheric Administra-
tion 2006). One method used when a few stations are 
located mainly in valley bottoms is to calculate an 
environmental lapse rate for precipitation. However, 
variability in the areal range of storms, distribu-
tion of rainfall within the storm, and topographic 
influences mean that the lapse rates will vary by 
storm, season, and year. The error in this approach 
decreases with an increase in averaging time. In 
steep terrain, precipitation at lower elevations is 
often controlled by the adjacent upper levels of the 
topography, minimizing lapse rates over hundreds  
of metres in elevation (Daly et al. 2002). 

Another simple method is to calculate the arith-
metic mean of all the points in the area. The use of 
isohyetal analysis involves drawing estimated lines 

of equal precipitation amount over an area based on 
point measurements in a network. The magnitude 
and extent of the resultant areas of precipitation 
versus the total area in question are considered to 
estimate the areal precipitation value. The Thiessen 
polygon graphical technique weights the value for 
each station in the network on the basis of the rela-
tive areas represented by each station. The individual 
weights are multiplied by the station observation and 
the values are summed to obtain the areal average 
precipitation. The distance weighted/gridded method 
weights each observed point value on the basis of the 
distance from the grid point in question. The areal 
average precipitation is calculated from the sum of 
the individual observed station value multiplied by 
the station weighting and divided by the number of 
grid points. Index stations use predetermined sta-
tion weights based on climatology to compute basin 
average precipitation (National Oceanic and Atmos-
pheric Administration 2006). 

Precipitation Measurement Errors

The accuracy of gauge catch has been evaluated 
under a wide range of climate regimes (Goodison 
et al. 98, 998; Meteorological Office 982; Sevruk 
985a, 985b). All point measurements are subject to 
error and usually underestimate precipitation. Ac-
curacy will depend on the resolution of the measur-
ing device, mode of operation, and location and 
observer errors. Assuming a correctly calibrated 
instrument, typical measurement resolution is 0.25 
or  mm depending on the device. Wetting errors 
caused by water adhering to the funnels and walls 
of the gauges may also occur. Wind flow around a 
gauge affects the catch and can result in a significant 
underestimate of precipitation. This is particularly 
the case for snow, with over 50% underestimation 
in some conditions (Coulson [editor] 99; Goodi-
son et al. 998). A snow cap or ice lens can develop 
on gauges for measuring solid precipitation if these 
gauges have a small orifice and (or) if the antifreeze 
and water mixture in the collection vessel is not well 
mixed. Obstructions that shield the gauge from pre-
cipitation above, or result in precipitation splashing 
or dripping onto the orifice, must also be avoided. 
Dew, fog, rime, and hoar frost can contaminate the 
precipitation measurement and are unlikely to be 
equal to the full amount deposited by these pro-
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cesses (Glickman [editor] 2000). Evaporation losses 
from manual gauges can be reduced with a small 
amount of mineral oil or kerosene to cover the water 
surface. Because tipping bucket gauges tip only when 
full, a small amount is usually left in an untipped 
bucket at the end of a storm; this water evaporates 
or is included in the next storm total. Many manual 
gauges are rarely observed at midnight; thus, the 
precipitation may not be assigned to the actual day 
it fell, or the wrong amount is assigned to a day. This 
is important to consider when comparing auto-
mated measurements with manually measured data 
because automated systems usually have a daily total 
determined at midnight. Automatic systems also re-
quire occasional calibration, as instrument response 
can change over time.

Plots of cumulative monthly or annual pre-
cipitation for one station versus another or group 
of stations in the same area can be used to check 
for consistency among point measurements. The 
relationship should be a straight line. Changes in 
slope can reflect errors in a gauge, though usually 
the break in slope must persist for 5 or more years to 
be considered significant, since one station may have 
anomalous years. Data from before the change in 
slope can be adjusted by multiplying it by the ratio of 
the new slope to the old slope (Thom 966).

Precipitation Data Availability

Daily Canadian precipitation data from the Me-
teorological Service of Canada (MSC) network 
are available free through the MSC website (www.
climate.weatheroffice.gc.ca/prods_servs/index_
e.htmlcdcd). Some stations are up-to-date; others 
are about 2 years behind. Historical monthly data for 
Canada that have been checked for homogeneity are 
also available. However, they are not the official MSC 
in situ station record and therefore should not be used 
for legal purposes. Hourly and daily precipitation for 
spring through fall is available from the B.C. Forest 
Service Fire Weather Network (http://bcwildfire.
ca/Weather/stations.htm). Precipitation intensity 
data (Intensity-Duration-Frequency curves) are also 
available (Hogg and Carr 985). Interpolated 30-year 
normals of monthly maximum, minimum, and 
average precipitation adjusted for elevation are avail-
able for British Columbia and adjacent areas. These 
data and climate change scenarios are available 
through stand-alone MS Windows and web-based 
applications (ClimateBC; www.genetics.forestry.ubc.
ca/cfcg/climate-models.html) (Spittlehouse 2006; 
Wang et al. 2006). Interpolations of monthly data for 
individual years back to 900 are available at 0-km 
resolution (McKenney et al. 2006) and at 400-m 
resolution with ClimateBC (Mbogga et al. 2009).
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Weather – Snow Measurement

Rita D. Winkler

SNOW ACCUMULATION AND MELT

This subsection describes techniques for measuring 
snow on the ground, including its depth, water con-
tent, and density, and the rate at which the snowpack 
disappears (ablation). Typically, snow surveys are 
undertaken to quantify the amount of water stored 
in snow on the ground, melt rates, and snow cover 
distribution in a watershed. This information is used 
to predict spring runoff and flood potential, as well 
as to forecast water supplies. Snow information is 
also useful for scheduling winter logging operations, 
maintaining access, and predicting avalanches, as 
well as in silviculture, wildlife management, and 
recreation. Techniques for measuring solid precipi-
tation are described in the previous subsection and 
snow interception by forest vegetation is discussed 
in the next subsection. Methods for describing snow 
structure, grain forms, and stability can be found in 
the avalanche literature (Canadian Avalanche As-
sociation 2002; McClung and Schaerer 2006).

Snow Depth 

Snow depth is the height of the snowpack above a 
reference point (in millimetres), usually the ground 
surface. Although snow often appears to be uniform 
at its surface, the actual depth is highly variable and 
is affected by features on or near the ground surface 
such as logs, stumps, shrubs, and other roughness 
elements. Snow depth changes between snowfall 
events and over the winter, becoming more or less 
dense depending on the weather. Consequently, 
snow depth alone does not indicate the volume of 
water stored in the snowpack.

Individual snow depth measurements can be 
relatively simple to obtain. Snow depth can be meas-
ured by reading a ruler fixed at a specific point or by 
taking a series of ruler measurements at a site and 
averaging them. In deep, hard-packed, or icy snow, 
a hollow, extendable steel rod with a rounded solid, 
steel tip is used (Woo 997). The surveyor must be 
certain that the ruler or rod has reached the ground 
but not penetrated the surface. A snowboard (a sheet 
of plywood, often painted white or covered with 

white flannel, placed level on the ground surface) is 
commonly used as “ground” or a consistent refer-
ence (zero) point for ruler depth measurements to 
ensure consistency (Goodison et al. 98). Sampling 
may be difficult in very deep snow or where com-
pacted layers and ice are encountered.

The quality of snow depth measurements de-
pends largely on the judgement of the observer. The 
location of the individual sample points will influ-
ence how well the samples represent the actual snow 
depth. During the accumulation period, snow may 
build up around the ruler, resulting in overesti-
mates of depth. Alternatively, it may be blown away, 
resulting in an underestimate (Goodison et al. 98). 
During the melt period, depressions (wells) develop 
around the ruler, which may also result in the under-
estimation of snow depth. The most serious prob-
lems associated with manual measurements, other 
than observer error, involve sampling frequency and 
difficulty in accessing remote sites in the winter.

Obtaining continuous measurements of snow 
depth at remote sites requires instruments that can 
withstand environmental extremes with infrequent 
maintenance. Continuous automated snow depth 
measurements are usually obtained with an acoustic 
sensor. The distance between the sensor and snow-
pack is calculated by measuring the time required 
for the acoustic pulse to reach the snow surface 
and return to the sensor, multiplied by the speed of 
sound (Chow 992). A correction for air tempera-
ture must be applied in the calculation of distance 
(Goodison et al. 988). The reliability, accuracy, and 
relative low cost of this instrument make it an attrac-
tive tool. Various authors report that these instru-
ments underestimate snow depth as a result of signal 
attenuation during moderate to heavy or drifting 
snowfall, depending on the frequency of sound used 
in the instrument (Goodison et al. 984; Tanner and 
Gaza 990). Newer instruments have an accuracy of 
± cm or 0.4% of the distance to the snow surface, 
whichever is greater (Campbell Scientific [Canada] 
Corp. 2007).
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Snow Water Equivalent

The water content of the snowpack is termed snow 
water equivalent (SWE). The SWE is “the weight of 
snow expressed as the depth of liquid water over a 
unit of area” (millimetres) (Brooks et al. 99). It is 
the amount of water that would be obtained by melt-
ing a unit area of snow. In the open, SWE varies with 
the weather, location, and site. Under forest cover, 
SWE is influenced by canopy structure and distribu-
tion as well as by snowfall amount and pattern or 
frequency. In the south-central interior of British 
Columbia, within-stand variability in SWE has been 
shown to decrease with increasing snow accumula-
tion (Winkler and Moore 2006).

The SWE can be measured gravimetrically by 
manually extracting at least two samples of snow 
collected from each layer of the snowpack as iden-
tified on the wall of a snow pit, and weighing or 
melting the samples to determine the volumetric 
water content (Pomeroy and Goodison 997). Snow 
pit measurements most accurately estimate SWE and 
are often used to evaluate the results obtained using 
other techniques. This sampling method enables 
surveyors to identify ice layers, calculate densities for 
each layer, and make additional observations, such 
as temperature, within the snowpack (Woo 997). 
The snow pit method is very time consuming and 
disturbs the snowpack over a relatively large area.

Most commonly, SWE is measured using a snow 
tube (B.C. Ministry of Environment 98). Hollow 
snow tubes are made of steel, aluminium, or fibre-
glass, and have a sharp cutting edge at one end. As 
the snow tube is driven down through the snowpack 
to the ground, it cuts and collects a core of snow. The 
entire depth of snow must be sampled, including ice 
layers at the ground surface. This is done by pushing 
the tube into the ground to collect a small plug of 
soil or organic material. Snow depth is measured by 
reading the graduations on the tube. The snow tube 
is then lifted from the snowpack thereby extract-
ing a core of snow. The soil plug is removed and the 
snow depth measurement is corrected by subtracting 
the depth of the plug. The tube and snow core are 
weighed. The combined weight, less the weight of 
the empty tube, gives the SWE (centimetres) of the 
core since the scale values account for the cross-sec-
tion of the tube. The SWE equals the volume of water 
in the snow core (cubic centimetres) divided by the 
cross-sectional area of the tube (square centimetres). 
The volume of water (cubic centimetres) equals the 
weight of the snow (grams) divided by the density 

of water (assumed to be 000 kg/m3, or  g/cm3). The 
snow tube most commonly used in British Columbia 
is the Standard Federal sampler, which has an inside 
orifice diameter of 3.77 cm (Coulson [editor] 99) 
and an ice cutter at the leading edge.

The Standard Federal sampler is best suited to 
deeper snow and works well in snowpacks with com-
pact or ice layers. It is not accurate at snow depths 
less than 0.25 m (Goodison et al. 98; Woo 997). 
Work et al. (965) reported that the Standard Federal 
snow tube overestimates SWE by 7% in shallow, low- 
density snow and by 0–2% in deep, higher-density 
snow when compared with gravimetric samples. 
They did not observe any significant error associated 
with the weighing scales. Peterson and Brown (975) 
reported that the standard snow tube overestimates 
SWE at densities greater than 25%. The overestimates 
increase with increasing density to a maximum of 
2% at snow densities greater than 50%. In shallow 
snow (< 0.25 m), larger-diameter samplers provide 
more accurate measurements (Goodison et al. 98). 
Additional problems may be encountered during 
snowmelt when liquid water in the snow sample 
drains through the slots in the Standard Federal 
snow tube, resulting in an underestimate of SWE.

The SWE can also be determined by removing and 
weighing all snow from a known area and dividing 
this weight by the volume (area sampled times the 
average snow depth) (Woo 997).

Continuous SWE data can be obtained using a 
snow pillow, which consists of a rubber pillow filled 
with an antifreeze solution and placed on a levelled 
ground surface. As snow accumulates on the pil-
low, pressure resulting from the weight of the snow 
pushes antifreeze from the pillow up a standpipe, 
where a pressure transducer records the level of the 
solution. These pressure measurements are then 
converted to SWE based on relationships developed 
between the snow pillow readings and manual SWE 
measurements at the site.

Data from early snow pillows indicated that the 
smaller the pillow, the greater the overestimation of 
SWE in comparison with gravimetric measurements. 
This overestimate increases with increasing snow 
depth (Martinelli 966). In British Columbia, the 
Ministry of Environment uses 3 m diameter pillows 
at automated snow stations in the provincial network 
(www.env.gov.bc.ca/rfc/about/snow-pillow.htm). 
Smaller snow pillows may underestimate accumula-
tion rates during snowfall and may show increases in 
snowpack for several hours after the end of snowfall 
(Martinelli 966). The major advantage of the snow 

http://www.env.gov.bc.ca/rfc/about/snow-pillow.htm
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pillow over a precipitation gauge is that it is not as 
strongly influenced by wind and is therefore more 
likely to approximate ground snow cover. Neverthe-
less, snow pillows are subject to unexplained diurnal 
variations, “bridging” by ice and snow over the pil-
low, instability of the pressure transducer, and dam-
age to the pillow by animals and vandalism (Linsley 
et al. 975; Storr and Golding 976; McGurk 986).

Palmer (986) found that different relationships 
between snow pillow data and manual SWE meas-
urements are required for the accumulation period 
and the melt period. Using manual measurements 
as the standard, an average absolute error of 5.6% 
was found during the accumulation period and an 
average error of .8% during the melt period. Based 
on these results, Palmer recommended that, when 
smaller errors are required, manual measurements 
should be made throughout the melt period.

Snow Density

Snow density is defined as the weight of snow per 
unit volume (Brooks et al. 99). It is calculated by 
dividing the SWE by the depth of the snowpack. 
Density can also be measured for individual layers of 
snow within the pack by weighing a small sample of 
snow from each layer identified in a snow pit (Pome-
roy and Goodison 997). Fresh snow is commonly 
assumed to have a density of 00 kg/m3 (0%), in 
which case fresh snow  m deep would yield 0. m, or 
00 mm, of water. The actual density of newly fallen 
snow varies from storm to storm, during a storm, 
and with location, but is generally 50–20 kg/m3 
(5–2%) through the range of cold, dry to warm, and 
wet conditions (Goodison et al. 98; Pomeroy et al. 
998). By the time snowmelt begins, the density of 
the snowpack will generally have increased to 300 up 
to 500 kg/m3 (30–50%), with maximum density oc-
curring while meltwater is flowing through the pack 
(Goodison et al. 98; Pomeroy et al. 998; Winkler 
200; Anderton et al. 2004). Pure ice has a density  
of 920 kg/m3 (92%) (Brooks et al. 99). Of the com-
monly measured snow parameters, density shows the 
least areal variability (Goodison et al. 98), particu-
larly during the continuous melt period (Anderton  
et al. 2004).

Snowmelt and Ablation

Snowmelt is the volume of liquid water in, and flow-
ing out of, a unit area of the snowpack per unit time 
(millimetres per day). Meltwater outflow from the 

snowpack is generally measured only for research 
purposes. The rate of snowpack depletion or abla-
tion is measured as the difference in SWE between 
melt season sampling dates divided by the number 
of days between surveys (millimetres per day). The 
ablation rate includes losses through sublimation, 
evaporation, and meltwater outflow, along with gains 
through precipitation. In cases when the snowpack 
disappears between sampling dates, the disappear-
ance date can be estimated using ablation rates 
calculated for the preceding period. A continuous 
record of snow ablation can be obtained from snow 
pillow data, whereas the date on which snow has dis-
appeared from a specific point can be obtained from 
snow depth sensor data.

Snow ablation can also be calculated from me-
teorological data using either a degree-day or an 
energy balance approach. Temperature-index models 
provide a simple method of estimating snowmelt 
from a single variable, air temperature; all other fac-
tors driving melt are parameterized in a single melt 
rate factor. Air temperature data are widely available, 
easy to measure, and provide a good indication of 
the energy available to melt snow. Temperature-in-
dex models for predicting snowmelt generally follow 
the form:

 M = Mf (Ta – Tb)  ()

where: M = snowmelt (millimetres over a selected 
time interval, often daily); Mf = melt-rate factor (mil-
limetres per ° C per day); Ta = index air temperature 
(° C; usually average or maximum daily); and Tb = 
base temperature at which no snowmelt is observed 
(° C, generally 0° C) (Gray and Prowse 993).

The melt-rate factor and constant are derived by 
regressing observed daily melt against air tempera-
ture. These values are a function of atmospheric 
conditions, location, vegetation cover, and snowpack 
properties. Melt-rate factors reported for open areas 
range from 3.5 to 6 mm/° C per day), and for forested 
areas from 0.9 to .8 mm/° C per day). The tempera-
ture-index model can also be modified to include the 
depth of water added through rain (Gray and Prowse 
993).

The temperature-index method has been used 
to predict snowmelt at both a point and for entire 
basins with varying success. This method was reli-
able for predicting snowmelt over periods of a week 
to the entire season when applied in the same area 
for which it was calibrated (McGurk 985; Gray and 
Prowse 993; Rango and Martinec 995); however, 
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the accuracy of these models decreases over shorter 
time periods (Hock 2003). For example, daily melt 
estimates based on this method may be inaccurate 
early in the season, since nighttime refreezing of 
meltwater in the pack is not considered. Though 
simple, this method is not readily transferable 
because the constants are based on a specific set of 
spatial and temporal conditions. Temperature-index 
models are not generally useful for predicting spatial 
variability in snowmelt, as they do not account for 
the effects of shading, slope, and aspect. Models that 
incorporate solar radiation improve melt prediction 
both spatially and over time steps of a day or less 
(Hock 2003).

The energy balance, which represents the physi-
cal processes controlling melt, can also be used to 
estimate snow ablation:

 QM = QR + QE + QH + QG + QP – QS (2)

where: QM is the energy available to melt the snow 
(MJ/m2 per day). The other subscripts indicate the 
source of energy used for snowmelt: energy from net 
radiation (R), latent heat (E), sensible heat (H), soil 
heat (G), and rain (P), and change in heat storage 
in the pack (S). The term QG is small (Adams et al. 
998), QS is negligible because the snowpack is close 
to 0° C during melt (Male and Gray 98), and QP 
depends on the temperature difference between the 
rain and the snow. The daily energy in QR, QH, QE, 
and QP are converted to millimetres of water by mul-
tiplying by (000/[ρw λfB]), where ρw is the density 
of water (000 kg/m3), λf is the latent heat of fusion 
(0.334 MJ/kg), and B is the thermal quality of the 
snow (assumed as 0.96) (Male and Gray 98).

Although energy balance models of snowmelt 
are essential for comparing diurnal processes under 
varying environmental and forest cover conditions, 
direct measurement of the contribution of each 
individual variable is complicated and requires spe-
cialized equipment. Variables in the energy budget 
are often approximated using meteorological data 
such as air temperature, snow surface temperature, 
solar radiation, wind speed, and relative humidity 
(Walter et al. 2005). Energy balance calculations of 
ablation become even more complex under forest 
cover where the relationships between meteorologi-
cal variables, forest cover, and snowmelt must be 
correctly represented. For example, in the estimation 
of QR from measurements of total irradiance, the 
amount of shortwave radiation reflected by a surface 
throughout the melt season must be known. The 

reflectance, or albedo, of fresh snow on the ground 
is high, in the range of 0.8–0.9 (Pomeroy et al. 998; 
Spittlehouse and Winkler 2004). As the snow surface 
darkens from litter plus dust accumulation on the 
snow surface and changes in snowpack structure or 
the presence of water, the albedo may drop to 0.3–0.5 
(Pomeroy and Goodison 997; Pomeroy et al. 998). 
Understanding this site-specific albedo decay is im-
portant to correctly estimate melt using the energy 
balance approach, and to model snowmelt. Conse-
quently, the use of energy balance calculations of 
snow ablation is limited mainly to research studies.

Meltwater outflow from a snowpack can be 
measured directly using lysimeters. These devices 
capture meltwater as it drains out of the snow-
pack and measure either its weight or volume. The 
meltwater measured in a lysimeter is considered to 
be that which is available to run off or infiltrate into 
the soil. Lysimeters are classified as either enclosed 
or unenclosed. The collector in an enclosed lysimeter 
is surrounded by a barrier that completely isolates 
a column of snow. The collector in an unenclosed 
lysimeter is surrounded only by a raised rim (Kattel-
mann 984). The lysimeter represents a discontinuity 
in the snowpack, resulting in a pressure gradient 
and a 2–3 cm saturated layer above the collector. 
Since the water pressure is greater in this saturated 
zone than beyond the perimeter of the discontinuity, 
water can flow laterally out of the collection zone, re-
sulting in an underestimate of melt using unenclosed 
lysimeters. A low rim, 2–5 cm in height, is thought 
to contain the entire pressure gradient zone under 
most conditions (Kattelmann 984). Before water can 
flow out of a lysimeter, storage in the capillary zone 
above the collector/snow interface and within the 
lysimeter itself must be filled (Kattelmann 984). In 
areas with shallow snowpacks of less than  m deep, 
and in areas where snow in spring melts on tree 
canopies, drips to the ground, and freezes overnight, 
snow in a lysimeter box may become ice and block 
the lysimeter drain (Winkler et al. 2005).

Snow Distribution

For some applications, such as water supply model-
ling and flood forecasting, the areal distribution 
of snow cover over a watershed is of interest. Areal 
estimates of snow cover can be obtained through re-
mote sensing or ground surveys. Methods for map-
ping snow distribution through remote sensing are 
described later in this chapter (see the “Hydrological 
Applications of Remote Sensing Data” subsection of 
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the “Spatial Measures” section). Maps of snow cover 
distribution based on ground surveys are generally 
developed using data from surveys along transects 
covering the area of interest. The number and loca-
tion of transects and sampling sites required increas-
es with increasing variability in terrain, vegetation, 
and snow cover (Woo 997). The area of interest 
should be stratified into zones of similar terrain, 
aspect, and vegetation. Within each zone, transect 
locations can be planned from maps or low-level 
aerial photographs without snow cover. However, 
these locations should be verified in winter to ensure 
that all snow conditions are represented and that the 
sampling design is feasible. Survey transects should 
be replicated within each zone.

Snow is measured at regular intervals along each 
transect. Since snow density is less spatially variable 
than snow depth, fewer snow density measurements 
are necessary along each transect than snow depth 
measurements. Woo (997) suggested that for a 00-
m transect in the Arctic, 20–40 depth measurements 
should be made and at least –2 density measure-
ments should be taken. Woo further recommends 
that sample points are spaced 2–5 m apart in gullies 
and as far as 0–20 m apart on long uniform slopes. 
Pomeroy and Goodison (997) suggested that in hilly 
terrain in the boreal forest, snow courses should be 
20–270 m in length and sampled every 30 m. In 
open areas, however, snow course lengths could be 
longer and density measured every 00–500 m with 
five intervening snow depth measurements.

The number of sampling sites will vary with 
transect length and snowpack variability. If in-
formation regarding the variability in snow depth 
and density is available for similar environments 
and forest cover types, this information should be 
used to calculate the number of samples required 
to achieve a specified accuracy (Spittlehouse and 
Winkler 996; Pomeroy and Goodison 997). The 
average SWE for each transect can then be calculated 
from either the series of point SWE measurements, or 
by determining the relationship between snow depth 
and density, estimating density for points with only 
depth measurements based on this relationship, and 
calculating SWE (Steppuhn 2000). A reduction in the 
time spent on the less spatially variable snow density 
measurements allows for more time to be spent on 
additional snow depth samples to better capture the 
large variability in depth.

The average SWE for a watershed can be roughly 
estimated as the sum of the areally weighted snow 
survey results for each zone identified in the water-

shed. Snow disappearance can be approximated by 
depleting the snow measured in each zone late in the 
season using energy balance computations of snow-
melt (Woo 997) or using remote sensing techniques 
(see last section in this chapter). The spatial distribu-
tion of SWE is more accurately described through 
a combination of statistical techniques, distributed 
snowmelt modelling, and well-designed snow sur-
veys, particularly in mountainous terrain (Anderton 
et al. 2004). In southeastern British Columbia, Jost 
et al. (2007) found that the spatial variability in SWE 
at Cotton Creek was best represented through a 
nested sampling design that accounted for variables 
controlling snow accumulation at both the small 
and large scales, including elevation, forest cover, 
and aspect. These authors also found that the relative 
influence of the variables changed from year to year 
and consequently recommended using an approach 
that combines field measurements and spatially dis-
tributed models to determine the variability in SWE 
across a watershed.

Snow Survey Design

When designing a snow sampling program, both  
the objectives of the survey and the required accu-
racy of the results should be carefully considered 
before establishing survey sites in the field. When 
snow survey data are used as an index to spring 
runoff, the survey equipment, procedures, and snow 
course should remain consistent over time. If the 
exact SWE value is important, then the representa-
tiveness of the survey sites relative to the landscape 
under study must be carefully considered (Goodison 
et al. 98).

For forest management applications, comparisons 
of snow accumulation and ablation between forest 
cover types, between various cutting patterns and 
clearcuts, or between stands affected by fire, insects, 
or disease and healthy forest are often subjects of 
interest. It is useful to begin a new snow survey or 
research project by conducting a pilot study. In a pi-
lot study, sufficient samples should be collected over 
a season to learn more about the number of samples 
necessary to detect differences considered of hydro-
logic significance as well as the sampling frequency 
most suitable to describe the variables of interest. For 
example, at Upper Penticton Creek, researchers were 
interested in determining differences in snow accu-
mulation and ablation between forest dominated by 
mature lodgepole pine, forest dominated by mature 
Engelmann spruce–subalpine fir, and a clearcut. 
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Snow surveys at 50 sampling points in each stand 
were completed every 2 weeks in an initial sampling 
year. These data showed that to detect a 6-cm differ-
ence in April  SWE between a lodgepole pine stand 
and a clearcut, a minimum of 0 samples is required 
95% of the time. If differences of 2 cm are of interest, 
50 samples are necessary. Sample sizes of 0 and 50 
were adequate to detect differences of 7 and 3 cm, re-
spectively, between an Engelmann spruce–subalpine 
fir stand and a clearcut (Winkler and Spittlehouse 
995; Spittlehouse and Winkler 996). The data also 
showed that sampling once every 2 weeks was not 
sufficient to determine differences in snow disap-
pearance date between stands, since the snowpack 

typically disappeared within 2 weeks throughout the 
entire area.

Based on the first year of data, sampling intensity 
and frequency can be modified so that data analysis 
methods most appropriate to the questions asked 
can be used. Surveys should continue for a number 
of years to include the range of weather patterns and 
snowfall conditions typical of the study area. Snow 
survey design, site selection, and snow course layout 
considerations are described in B.C. Ministry of 
Environment (98), Goodison et al. (98), and Woo 
(997). Properly designed snow sampling programs 
are key to successfully describing forest cover effects 
on snow accumulation and melt.
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Weather – Throughfall and 
Interception of Rain and Snow

Darryl Carlyle-Moses

THROUGHFALL AND INTERCEPTION OF RAIN AND SNOW

Interception and subsequent evaporation of incident 
precipitation represents an important and some-
times dominant component of growing season and 
annual forest water balances. Given the quantita-
tive importance of canopy interception loss (Ic), the 
acquisition of accurate estimates of this water output 
by hydrologists and watershed managers is impera-
tive when calculating the water balance of an area of 
interest. With the exception of certain snow methods 
(see below), Ic is not measured directly, but rather 
estimated as the difference between incident precipi-
tation (P) above, and understorey precipitation (Pu) 
below, the canopy:

 Ic = P – Pu  (3)

A review of the literature suggests that the ap-
proaches to obtain P and Pu estimates are varied 
and as such this section focusses on those meth-
ods most frequently used (Table 7.2). Rainfall Ic is 
discussed separately from that of snow and examples 
are drawn from studies conducted within British 
Columbia where possible.

Rainfall Interception Loss

Incident rainfall
Rainfall incident upon a canopy is estimated using 
gauges situated above the canopy of interest or in 
a forest clearing close to the study stand. Much of 
the error associated with the measurement of rain 
is caused by wind-induced turbulence around the 
gauge opening (Legates and DeLiberty 993). Since 
gauges located above a forest canopy are subjected to 
greater wind speeds than those in nearby clearings 
(see Oke 987), the former approach may systemati-
cally underestimate incident rainfall. The placement 

Table 7.2 References for throughfall/interception methods

Measure References for methods

Incident rainfall Brakensiek et al. (editors) 1979
Throughfall Kimmins 1973; Spittlehouse 1998
Stemflow Hanchi and Rapp 1998;  
 Spittlehouse 1998
Incident snowfall Golding and Swanson 1986
Snow interception loss Lundberg et al. 1998; Winkler et al. 
 2005; Magnusson 2006

http://watleo.uwaterloo.ca/snow/atlas/Woo.pdf 
http://watleo.uwaterloo.ca/snow/atlas/Woo.pdf 
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Similar gauge requirements have been found in 
other deciduous stands (e.g., Kostelnik et al. 989; 
Price and Carlyle-Moses 2003). In coniferous forests, 
throughfall often exhibits greater spatial variability 
than in deciduous stands (e.g., Price et al. 997) and 
thus adequately sampling this input will typically re-
quire more point gauges than in deciduous environ-
ments (see Kimmins 973).

Point throughfall gauges may be kept in either 
fixed locations (e.g., Carlyle-Moses and Price 999) 
or moved after each rainfall or certain time period 
has passed (e.g., Gash and Morton 978). Some inves-
tigators (e.g., Lloyd and Marques 988) suggest that 
for a given number of gauges, roving gauges provide 
more accurate estimates of cumulative throughfall 
than the fixed-gauge method since the standard 
error of the estimate may be summed quadratically 
in the roving but not in the fixed-gauge method. 
However, Carlyle-Moses (2002) found that season-
long throughfall within a pine (Pinus pseudostrobus 
Lindl.) – oak (Quercus spp.) stand in northeastern 
Mexico could be estimated adequately using only a 
few fixed gauges. Thus, the increased accuracy given 
by the roving gauge approach may be inconsequen-
tial if the required water balance is at the season-
long or annual time scales. In addition, the roving 
gauge approach does not increase the accuracy of 
single throughfall event estimates or is not useful for 
studies concerned with assessing either the temporal 
or spatial variability of this input (Kimmins 973; 
Loustau et al. 992). 

Long trough collectors (Figure 7.2) have also been 
recommended (e.g., Kostelnik et al. 989) since these 
gauges are thought to integrate the uneven delivery 
of throughfall. Although Reynolds and Neal (99) 
concluded that insufficient evidence existed to sup-
port the claim that long trough collectors are better 
suited for sampling than cylindrical gauges, subse-
quent studies (e.g., Spittlehouse 998) do suggest that 
the statistical objectives of a study can be met using 
fewer trough than point gauges. If trough gauges are 
used, then these troughs should be sufficiently deep 
to minimize splash or should be designed to elimi-
nate splashing (Keim et al. 2005). 

Employing Equation 4 to determine the number 
of gauges required to properly sample throughfall 
assumes that this input is normally distributed. 
However, the spatial variability of throughfall has 
been shown as non-random in several stands with 
this input increasing (e.g., Beier et al. 993), decreas-
ing (e.g., Robson et al. 994) with increasing distance 
from the tree bole, or spatially random, but tem-

of rain gauges in a forest clearing, however, assumes 
that the rainfall input to the forest canopy is the 
same as that reaching the clearing. Thus, the clearing 
should be as close as possible to the study stand, es-
pecially in areas where a large proportion of rainfall 
is derived from spatially limited convective storms. 
In addition, rain gauges within a clearing must be 
situated far enough from surrounding trees so that 
rainfall input to the gauge opening is not obstructed. 
Brakensiek et al. (editors, 979) suggested that the 
horizontal distance between the rain gauge and sur-
rounding obstructions, including trees, should be 
at least two times the height of the obstructions. See 
the preceding subsection on precipitation for further 
information regarding the measurement of incident 
rainfall.

Understorey precipitation, Pu
Understorey precipitation associated with rainfall 
consists of throughfall (TF) and stemflow (SF), with 
TF being much more quantitatively important than 
SF in forest environments (see Dunne and Leopold 
978). Because of the variable nature of the oversto-
rey canopy, the spatial variability of throughfall is 
often large. Overcoming this large variability may 
be accomplished by using several cylindrical point 
gauges within the plot of interest (Figure 7.); how-
ever, the resources available and not the degree of 
spatial variability exhibited often dictate the number 
of gauges used by investigators (Levett et al. 985). As 
a consequence, Kimmins (973) suggested that many 
throughfall studies are of little value since certain 
statistical objectives were not met. Puckett (99), 
based on equations used by Kimmins (973) and 
Kostelnik et al. (989), used the following equation to 
determine the number of gauges required to estimate 
mean throughfall to within a certain percentage of 
the mean at a desired confidence level:

n'  = t 2(α,n' – )CV 2

CI 2
   (4)

where: n’ is the simulated number of gauges 
required, t is the Student t-value for a level of α with 
n’– degrees of freedom, and CV and CI are the coef-
ficient of variation (%) and the confidence interval 
expressed as a percentage of the mean TF, respec-
tively.

Using Equation 4, Puckett (99) found that the 
number of gauges required to estimate mean event 
throughfall under a mixed hardwood canopy in 
Virginia to within 0% and 5% at the 95% confidence 
level ranged from 8 to 4 and 24 to 50, respectively. 
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porally persistent (Keim et al. 2005). If throughfall 
exhibits systematic spatial variability, then a random 
array of gauges, especially a fixed array, may produce 
erroneous estimates of this input, and a stratified 
sampling design should be used (see Beier 998).

As a guide to which throughfall sampling strategy 
should be used, the literature suggests that this input 
is systematically related to stand characteristics such 
as distance from the tree bole and leaf area index 
(LAI) for small rain events in most forest com-
munities. For larger precipitation events (typically 
>5 mm), the systematic delivery of throughfall is 
often found in tree plantations (e.g., Alva et al. 999) 
and in coniferous environments with moderate to 
large LAI values (e.g., Beier et al. 993). In deciduous 
communities and stands of conifers where the LAI 
is less than 4 m2/m2, the spatial delivery of through-
fall is typically random, especially if the canopies of 
individual trees overlap (Carlyle-Moses et al. 2004; 
Keim et al. 2005). Although throughfall may be 
estimated to within a relatively high degree of accu-
racy using the aforementioned methods, the errors 
associated with rainfall, throughfall, and stemflow 
are accumulated in the interception loss estimate, 
resulting in much larger relative errors. The relative 
error associated with the interception loss estimate 
depends on rainfall depth; given the errors associ-

ated with rainfall, throughfall, and stemflow, error 
values of ±5% or more should be expected on the 
absolute value of interception loss (D. Spittlehouse, 
B.C. Ministry of Forests and Range, pers. comm., 
Sept. 2006). 

Stemflow
Stemflow is typically measured by fixing halved-tub-
ing (to form a collar) around the circumference of a 
tree bole at approximately breast height. The collar 
is sealed to the tree bole using caulk sealant and the 
captured stemflow is directed via an unhalved sec-
tion of tubing to a closed reservoir for subsequent 
measurement (Figure 7.2). Assuming that water has 
a density of 000 kg/m3, stemflow collected from 
individual trees may be scaled to the plot scale using 
the following equation:

SFdepth = SFvol n
A

 (5)

where: SFdepth is stemflow depth (millimetres), 
SFvol represents the average SF volume (litres) col-
lected from the sampled trees, and n is the number 
of trees within the stand area A (square metres).

Stemflow volume may be collected from a few 
“representative” trees within the study plot and 
then scaled to the stand area using Equation 5 (e.g., 

Figure 7.  Random distribution of point throughfall gauges in a soft-fruit orchard, Kamloops, B.C.  
(Photo: D.E. Carlyle-Moses)
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Johnson 990). However, this approach has been 
criticized since it is not always clear what “repre-
sentative” means. Other scaling approaches (e.g., 
Hanchi and Rapp 997) have been developed, with 
many based on the relationship between stemflow 
produced for a given precipitation depth and the 
diameter at breast height (dbh) of the sampled trees. 
Stand-scale stemflow is then derived by considering 
the dbh distribution of the stand. 

Many canopy interception loss studies in British 
Columbia have not measured stemflow because this 
input was assumed as quantitatively inconsequen-
tial or simply estimated from previous studies (e.g., 
Beaudry and Sagar 995). Although some studies 
found that stemflow is volumetrically inconsequen-
tial within coniferous stands of British Columbia 
(e.g., Maloney et al. 2002), the results of others (e.g., 
Spittlehouse 998) suggest that stemflow may be an 
important component of understorey precipitation 
in these environments. Thus, assuming that stem-
flow is negligible may result in sizable overestimates 
of the quantitative importance of canopy intercep-
tion loss.

The throughfall and stemflow collection method 
affects the questions that can be answered by the 

data collected. Continuous recording instruments 
such as tipping-bucket rain gauges (either as point 
collectors or used with troughs) allow for differen-
tiation of individual storm events and an examina-
tion of rainfall intensity and duration influences 
on throughfall and stemflow. Alternatively, simple 
storage gauges can be used; however, data resolution 
is lost and separating storm events is difficult. Al-
though storage gauges are less prone to instrumental 
failure, they require a greater frequency of field visits 
to collect measurements.

Snow Interception Loss

Incident snowfall
Snow incident upon a canopy may be estimated 
in an open clearing close to the study stand us-
ing various snow depth and snow water equivalent 
(SWE) measurement techniques including snow 
pillows, snow stakes, lysimeters, and snow surveys 
(see previous subsection on snow accumulation and 
melt; Dingman 2002). As with incident rainfall, the 
snowfall input to the clearing is assumed to be that 
which falls on the canopy of interest. However, the 
upward-increasing wind velocity pattern found over 

Figure 7.2  Long throughfall trough collector emptying into a tipping-bucket rain gauge, Upper Pent-
icton Creek Watershed Experiment, near Penticton, B.C. (Photo: D.E. Carlyle-Moses)
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forest canopies is disrupted by clearings, resulting 
in increased snow deposition in these openings—es-
pecially if the diameter of the clearing is less than or 
equal to 20 times the height of the surrounding trees 
(Dingman 2002). Some studies (e.g., Golding and 
Swanson 986) suggest that in relatively large clear-
ings, higher wind velocities may develop, resulting in 
snow redistribution from the clearing to the sur-
rounding forest. See previous subsection for further 
information concerning the measurement of snow.

Sublimation estimation
The sublimation and evaporation of snow from 

forest canopies is often estimated by measuring 
season-long snow accumulation below the stand(s) 
of interest and in a clearing, with the difference be-
ing the season-long interception loss. Nevertheless, 
this method is subject to the different snow deposi-
tion errors discussed above and provides relatively 
poor temporal resolution. Snow storage capacity and 
snow canopy interception loss have been estimated 
by continuously measuring the weight of cut trees 
with increases and decreases in weight representing 
snow accumulation and snow interception loss from 
the canopy, respectively (e.g., Lundberg et al. 998). 
Magnusson (2006), however, suggested that the tree-
weighing approach has limited practical applications 
since it cannot be conducted in dense forest, as the 
branches of neighbouring trees interfere with the 

measurements, and that the scaling of single-tree 
results to the stand scale is subject to large uncer-
tainties. 

Gamma ray attenuation techniques that provide 
vertical snow profiles within the canopy have also 
been suggested (e.g., Lundberg et al. 998), but it is 
unlikely that this method will become a standard 
field technique because of radiation safety and high 
maintenance concerns (Magnusson 2006). Magnus-
son (2006) suggested that snow storage capacities 
and snow canopy interception rates could be esti-
mated within a high degree of accuracy using an 
electromagnetic impulse wave velocity and attenu-
ation technique. The velocity and attenuation of the 
electromagnetic wave, which is sent from an impulse 
antenna to a receiving antenna, are affected by ice 
and water within the canopy air space (see Bouten 
et al. 99). Though promising, this technology is 
in its infancy. At present, the preferred method of 
estimating snow canopy interception loss in British 
Columbia is by measuring SWE accumulation differ-
ences between forest floors and forest clearings (e.g., 
Winkler et al. 2005). Errors are likely to arise using 
this method, however, since the assumption that 
seasonal snow interception is the difference between 
open clearing SWE and forest SWE may not be valid 
due to snowpack melt before the main melt season 
(D. Spittlehouse, B.C. Ministry of Forests and Range, 
pers. comm., Sept. 2006).
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Weather – Evaporation and 
Transpiration

Georg Jost and Markus Weiler

EVAPORATION AND TRANSPIRATION

Evaporation is the process by which water (or any 
other liquid) becomes gaseous without being heated 
to the boiling point. It is an important part in the 
water cycle and a key process in hydrology and ecol-
ogy. Three kinds of surfaces are important in the 
movement of water back to the atmosphere: () veg-
etation, (2) soil, and (3) open water (Penman 948). 
Evaporation of water from vegetation through plant 
leaves is called transpiration. In forested landscapes, 
three predominant components of evaporation (E) 
can be distinguished:

E = Et + Es + Ei   (6)

where: Et is transpiration, Es is soil evaporation, 
and Ei is interception evaporation. Evaporation is 
also often referred to as evapotranspiration at a stand 
or watershed scale. Although evaporation from open 
water bodies is of minor importance in the water 
balance of most terrestrial systems (except for lakes 
and reservoirs), great attention is given to it because 
open water bodies provide a reproducible surface 
of known properties. The complex mechanisms of 
evaporation from vegetated surfaces or soils are 
often approached by relating the water losses from 
vegetation and soil to water losses of open water 
under the same meteorological conditions. 

In a benchmark paper published in 948, Pen-
man combined the energy balance with the mass 
transfer (or aerodynamic) method and derived an 

equation to compute the evaporation from an open 
water surface using standard climatological records 
of sunshine, temperature, humidity, and wind speed. 
Penman (948) called this direct evaporation from 
open water surfaces the “potential evaporation” (e.g., 
the amount of water that could be evaporated by the 
atmosphere if sufficient water was available). The 
original Penman equation was further extended to 
other vegetated surfaces (Penman already studied 
evaporation from bare soil and grass) by introduc-
ing resistance factors. The most common form is 
the physically based combined heat balance and 
aerodynamic equation of Penman and Monteith, 
which includes an aerodynamic resistance and a 
surface resistance. Both resistances are combinations 
of several single resistances. The surface resistance 
describes the resistances of vapour flow through 
stomata openings, total leaf area, and soil surface. 
The aerodynamic resistance describes the resistances 
from the vegetation upward and involves friction 
from air flowing over vegetative surfaces. For greater 
detail, see Brutsaert (2005). 

Because aerodynamic and surface resistances de-
pend on both the vegetation and the soil, the poten-
tial evaporation varies for each surface. To overcome 
the necessity to define unique evaporation param-
eters for each (vegetated) surface in the calculation 
of potential evaporation, the concept of a reference 
surface was introduced. Early attempts used open 
water as a reference surface; however, the large 
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differences in aerodynamic, surface, and radiation 
characteristics to vegetated surfaces made it difficult 
to relate evaporation measurements of vegetated sur-
faces to free water evaporation. As a result, potential 
evaporation is usually related to a short, green grass 
surface with adequate water, which incorporates 
the biological and physical processes involved in 
evaporation. The Food and Agriculture Organiza-
tion recommends the Penman-Monteith method to 
compute potential evaporation from a green grass 
reference surface since this method provides consist-
ent potential evaporation values in all regions and 
climates (Allen et al. [editors] 998). 

Besides climatic controls, soil water availability 
and the structure of vegetation limit evaporation. 
Trees control water uptake by opening and clos-
ing stomata, and the stomata are in turn controlled 
by potassium availability. During drought or time 
with high evaporative demand, plants close stomata, 
which increases the surface resistance (by decreas-
ing leaf conductance). As a result, actual evapora-
tion—the quantity of water that is actually removed 
from a surface by evaporation—is lower than the 
potential evaporation. Koestner (200) and Schume 
et al. (2004) showed that transpiration is more fre-
quently limited by low surface conductance than by 
soil drought. 

Evaporation is either measured directly through 
micro-meteorological methods or indirectly through 
the water balance. Several different methods to 
measure evaporation have been developed (Wilson 
et al. 200). Table 7.3 provides an overview of com-
mon methods used to directly or indirectly estimate 
evaporation. Each method has its own representative 
spatial and temporal scale; applications outside this 

scale can be difficult. Methods to measure evapora-
tion also differ in what is measured: some methods 
measure total evaporation whereas others measure 
only one or several components of evaporation, such 
as transpiration, interception evaporation, or soil 
evaporation.

Lysimeter

A lysimeter is a container that isolates a volume 
of soil (undisturbed or disturbed) hydrologically 
from its surrounding soil. The isolated soil volume 
is intended to be as representative as possible of the 
undisturbed surrounding soil and vegetation. Lysim-
eters are either weighing or non-weighing. Weighing 
lysimeters provide a direct measure of total evapo-
ration and are also used to study chemical fluxes 
and water percolation into the groundwater. The 
advantage of using a weighing lysimeter is that the 
water vapour fluxes are obtained independently of 
the surface energy budget. Lysimeters are reliable for 
measuring evaporation to 0.02–0.005 mm of equiva-
lent water depth (Parlange and Katul 992; Yang et 
al. 2000). The measurement principle is based on the 
soil water balance equation:

ΔS = P + Q – R – E  (7)

The change in soil water (∆ S), measured by 
weighing, is a result of precipitation (P), percolation 
or groundwater flow (Q; can be negative), runoff (R), 
and evaporation (E). Interception is one component 
of evaporation. Lysimeters are usually constructed 
such that all runoff water percolates, thus evapora-
tion is computed as:

TABLE 7.3  Methods for direct or indirect measurement of evaporation or components of evaporation (Et = transpiration, Es = soil 
evaporation, Ei = interception) with approximate representative spatial scale and the highest meaningful resolution time 
scale for each method

 Direct/indirect  Spatial  
Method  measurement Component scale (m2) Time scale

Lysimeter Direct Et + Es + Ei 101 Hourly
Catchment water balance Indirect Et + Es + Ei > 106 Annual
Throughfall a Direct Ei 102 Daily
Soil water balance (automatic sampling) Indirect Et + Es 100 Daily
Soil water balance (manual sampling Indirect Et + Es 103 Weekly
Evaporimeter (Class-A pan) Direct Es (open water) 102 Daily
Sap flow Direct Et 102 Hourly
Bowen Ratio/energy balance Indirect Et + Es + Ei 104 Hourly
Eddy covariance (above canopy) Direct Et + Es + Ei 104 Hourly

a For details, see subsection “Throughfall and Interception of Rain and Snow” (pg. 575).
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E = P + Q – ΔS    (8)

Although some lysimeters include trees as vegeta-
tion, the use of lysimeters in the study of evaporation 
from forests is limited by the small area that can be 
covered; as a result, only a small area can be repre-
sented. The building and maintenance costs of this 
method are high compared with the others. 

Catchment Water Balance

An annual estimate for evaporation can be comput-
ed from the catchment water balance:

E = P + Q – R – ΔS   (9)

which is the same as Equation 8 but includes run-
off. The evaporation term is a residual in the balance 
equation and errors in other terms, such as assump-
tions about deep percolation (Q) or spatial represen-
tation of precipitation measurement. Annually, ∆ S 
is assumed to be zero and Q is often assumed to be 
zero so that the total annual evaporation becomes 
the residual between annual precipitation and total 
annual runoff: 

E = P – R   (0)

Although information about between-year 
processes cannot be obtained from annual evapora-
tion estimates (and detection of annual trends that 
cannot be backed up with process information are 
questionable), the catchment water balance is a use-
ful method for comparison of different watersheds 
and for confirmation of other methods (Wilson et al. 
200). Despite all the disadvantages, the catchment 
water balance is the method with the highest spatial 
aggregation. 

Soil Water Balance

The soil water balance method computes transpira-
tion and soil evaporation from changes in soil water 
storage using estimates or assumptions of drainage 
and interception: 

Et,s = P + Q – Ei – R – ΔS   ()

At the stand scale, it is usually assumed that 
inflow equals outflow so that R can be omitted. Can-
opy interception or interception evaporation can be 
estimated from throughfall (and if applicable from 

stemflow) measurements. In most studies (because 
of a lack of knowledge), it is assumed that no drain-
age occurs below the depth of the deepest measure-
ment; groundwater flow (Q) is also assumed to be 
zero. The soil evaporation and transpiration compo-
nent of the total evaporation is then the residual be-
tween precipitation minus throughfall minus change 
in soil water storage (∆ S). The advantages of this 
method are its simplicity and the possibility to relate 
the contributions of transpiration and soil evapora-
tion to different soil layers. Spatial and temporal 
scales depend on the technology used to measure the 
soil water storage. Automatic soil moisture probes 
(e.g., automatic time domain reflectometry probes; 
see subsection later in this chapter on “Soil Moisture 
Measurement Methods”) give high temporal resolu-
tion data (minutes); however, the number of probes 
and thus the spatial extent and the representative 
scale are limited by equipment costs. With more 
probes, and thus a greater spatial extent of sampling 
with less expensive manual techniques, temporal 
resolution suffers (Schume et al. 2004; Jost et al. 
2005). A combination of a few automated soil mois-
ture measurements (at high temporal resolution) 
with many manual measurements (at high spatial 
resolution) makes it possible to assess evaporation 
over larger areas in daily or subdaily time steps. 

Evaporimeter (Class-A Pan)

Evaporimeters (e.g., the World Meteorological 
Organization recommended Class-A pan) have been 
used since the 8th century to estimate potential 
evaporation. Class-A pans are still used in Canada 
and worldwide because of their simplicity, low cost, 
and ease of application (Stanhill 2002). In most situ-
ations, pan evaporation is higher than evaporation 
from vegetated surfaces (Chiew and McMahon 992). 
It is adjusted by multiplying by a pan coefficient that 
varies with the vegetation surface and the state of 
vegetation development (Allen et al. [editors] 998),

E = kp × EPAN   (2)

where: E is total evaporation, kp is the pan coef-
ficient, and EPAN is the pan evaporation. Problems 
are associated with the pan coefficient because it is 
influenced by numerous factors and integrates many 
variables (i.e., pan, pan surroundings, site condi-
tions, fetch, relative humidity, radiation, and wind 
speed), which all contribute to uncertainties. The 
main problem in using pan evaporation data is that 
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specific pan coefficient values must be found for each 
application, although some representative values 
from other studies and corrections to actual evapo-
ration exist (Allen et al. [editors] 998).

Sap Flow

Sap flow techniques measure the water passing 
through the conductive xylem of a tree stem based 
on thermodynamics (some methods use other prin-
ciples). Heat pulse velocity (Swanson and Whitfield 
98; Green et al. 2003), trunk segment heat balance 
(Cermak et al. 973), thermal dissipation (Giles et 
al. 985; Tatarinov et al. 2005), and heat field deform-
ation (Cermak et al. 2004) are the most common 
methods and are all based on a similar principle—
that is, the relationship between heat dissipation, 
assessed from temperature differences at a heated 
and outside a heated part of the stem, and sap flow. 
Heat pulse velocity measures the linear velocity of 
sap flow by applying a heat pulse. The main advan-
tage of this method is that it requires no reference 
temperature, so that the influence of the surround-
ing temperature gradients is minimized. The main 
limiting factor of this method is that it is not a true 
real-time measurement, since it requires a steady 
state after applying a heat pulse to take a reading, 
which takes time. Constant heating approaches, such 
as trunk segment heat balance and thermal dissipa-
tion (most commonly used in North America; e.g., 
www.dynamax.com/), represent a truly continuous 
measurement, but these methods require a refer-
ence temperature, which can be a source of errors, 
and require more power for operation. Sap flow can 
be measured at high temporal resolution and, in 
conjunction with climate and soil moisture data, 
provides insights on environmental controls of the 
transpiration or soil evaporation process. Heat losses 
or gains that cannot be attributed to stemflow, in-
stallation problems (probes need to be vertical), and 
sap flow variability along the radius (different results 
depending on location along the stem) are potential 
sources of error with stemflow methods. Knowledge 
of the anatomy of the sample trees is a prerequisite 
for proper installation of sensors. Extrapolation of 
transpiration to the stand scale is not straightfor-
ward. It requires a selection of representative trees 
for a given stand and an appropriate scaling tech-
nique (for more details, see Cermak et al. 995, 2004; 
Tatarinov et al. 2005). The approximate number of 
sample trees is at least 0 for homogeneous stands 

and more for older heterogeneous stands (Koestner 
200). 

Bowen Ratio / Energy Balance

The modified Bowen-ratio / energy balance method 
can be used to estimate air–surface exchange rates 
of water vapour and other gases (e.g., CO2) by 
measuring differences in concentrations between 
two heights (Black and McNaughton 97; Blad and 
Rosenberg 974; Spittlehouse and Black 979; Meyers 
et al. 996). The Bowen ratio (β ) is the ratio between 
sensible (H) and latent (λE) heat flux,

β  = H
λ E    

(3)

In conjunction with the energy balance, the Bo-
wen ratio is used to partition the available (incom-
ing) energy into sensible and latent heat. With the 
latent heat of vaporization of water, the total evapo-
ration rate can be computed from the latent heat 
flux. The Bowen ratio β can be measured by,

β  =  γ ∆T
∆ e   

(4)

where: ∆T and ∆ e are the temperature and vapour 
pressure difference between the two measurement 
levels (i.e., 3 m), and γ is the psychrometric constant. 
The accuracy of the evaporation estimate is directly 
related to the accuracy of the temperature and va-
pour pressure measurements. In situations with large 
gradients, the accuracy of the evaporation estimate is 
less than ±5%; small gradients decrease the accuracy 
to values between ±0% and ±60% (Spittlehouse and 
Black 979; Perez et al. 999). For consistent data the 
nighttime period and periods during and after pre-
cipitation must often be rejected (Perez et al. 999). 
From the time and the spatial scale, the Bowen- 
ratio/energy balance method is comparable to the 
eddy covariance method. Since the costs are substan-
tially less than the costs for eddy correlation and the 
sensor system required for eddy correlation is less 
robust, the Bowen-ratio/energy balance method is 
still widely used. 

Eddy Covariance

Eddy covariance has been used for approximately 
40 years to study CO2, H2O, and CH4 fluxes over 
various surfaces in homogeneous and complex 
terrain (e.g., Schume et al. 2005). Eddy covariance, 

http://www.dynamax.com/
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when applied to evaporation, analyzes the vertical 
mass flux density of water vapour statistically as 
the covariance between vertical wind speed (e.g., 
the vertical vector of wind “eddies” [w]), and water 
vapour density (ρv) (Falge et al. 200a, 200b), 

E = ρa (w' × ρ 'v )   (5)

where: ρa is the density of the air, primes are 
the fluctuations around the mean, and the overbar 
indicates time averages (5–30 mins). A measurement 
frequency of 0 Hz (0 measurements per second) 
is usually required to capture the high-frequency 
contributions to the flux (eddies). For low-frequency 
contributions, advective fluxes for example, atmo-
spheric fluxes are averaged over 30–60 minutes. 

Eddy covariance is most accurate on homogeneous 
vegetation with flat terrain and steady atmospheric 
conditions (Baldocchi 2003). Diversion of any of 
these conditions from ideal introduces inaccuracies 
that can be partially fixed with approved methods 
such as source area analysis, corrections for advec-
tive fluxes, and correction for density fluxes (Leun-
ing and Moncrieff 990; Paw U et al. 2000). Falge 
et al. (200a) analyzed 28 eddy sites and found an 
average data coverage of 65%. This does not mean 
that eddy systems are unreliable but certainly points 
out that running eddy covariance measurements 
requires continuous attendance. Eight eddy covari-
ance systems are running within the Fluxnet Canada 
network, and six of these are in forested landscapes 
(www.fluxnet-canada.ca/).
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Water Quantity – Streamflow

David Hutchinson and Stuart Hamilton

STREAMFLOW

Streamflow integrates all the hydrologic processes 
and storages upstream of a particular point in time 
and space and is one of the most widely measured 
quantities of the hydrological cycle. The character-
istics of streamflow response of a forested watershed 
are important for understanding channel stability, 
sediment transport, and ecological function, as well 
as a wide variety of other management concerns. 

Documenting the variability of streamflow re-
sponse at a given gauge location involves: () collect-
ing discrete measurements of water level (stage) and 
streamflow (discharge); (2) referencing a continuous 
record of water levels relative to a known or assumed 
datum; and (3) establishing an empirical relationship 
between stage and discharge, commonly known as a 
rating curve. The level of monitoring effort and qual-
ity of gauging site directly affects the quality of the 
resulting hydrometric data record. Poor site selection 
or infrequent gauge visits may lead to a hydrometric 
record that does not meet the required monitoring 
objective. Although some adverse conditions for 
measurement of open channel flow are unavoidable, 
it is best to avoid or mitigate errors that may affect 
the quality of the resulting hydrometric record. 

This subsection is concerned with reviewing 
common standards and practices for the measure-
ment and monitoring of streamflow for small- to 
medium-sized watersheds (flow generally less than 
50 m3/s). Monitoring streamflow in larger basins 
requires a substantial investment in occupational 
safety training and equipment typically feasible only 
for large hydrometric monitoring agencies. Church 
and Kellerhals (970), Terzi (98, 983), Rantz (982), 
and the Resources Information Standards Commit-
tee (998, 2009) serve as valuable references for more 
information on streamflow gauging and standards of 
practice.

Gauging Site Selection

Gauging site selection can be one of the most impor-
tant tasks in the collection of a hydrometric record. 
A good gauging site will maximize the data quality 

and minimize the work required to generate the 
resulting hydrometric record. 

Of primary importance in gauging site selection 
are the sensitivity and stability of the control. Most 
natural channels have a number of different down-
stream features that influence the stage measured at 
a given location at different flows. Collectively, these 
features are referred to as the “control” (Rantz 982). 
The stability of the control can be affected by shifts 
in the channel configuration, debris entrapment, 
or vegetal growth on the bed and (or) banks. Ideal 
gauging locations are upstream of channel constric-
tions, bedrock sills, or significant breaks in channel 
slope where the flow remains entirely within the 
channel banks over the range of possible flows and 
unaffected by backwater from tributary confluences, 
lakes, or tides. The site should have no complicating 
sources of local stage variability caused by shift-
ing bed, vegetal or ice growth, debris entrapment, 
or turbulence. The stability of the control directly 
affects the stability of the rating curve relationship 
and subsequent monitoring effort required to ensure 
that the rating curve is valid within the desired level 
of precision.

The sensitivity of the control plays an important 
role in translating changes in measured stage into 
fluctuations in estimated discharge. Insensitive 
control(s) not only diminish the measurement of 
flow variability, but can also directly affect the qual-
ity of the derived rating curve. In many small forest 
streams, an artificial control such as a V-notch weir 
may need to be constructed to make the measured 
stage sensitive to small changes in the observed 
discharge. The environmental impacts, sediment 
entrapment, and hydraulics must be carefully con-
sidered before construction. 

It is not necessary for the streamflow measure-
ment (the “measurement section”) to be co-located 
with the gauge; however, the reach must not gain 
or lose flow between the two locations. The meas-
urement section should be situated within a reach 
where the characteristics of flow are best suited to 
the measurement method. In many cases, shifting 
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the measurement location or method (depending 
on stage) will be required. It is important to overlap 
measurements at different locations and (or) meth-
ods to ensure that no bias is introduced into the 
stage-discharge rating. 

Measuring Streamflow 

Several methods are available to obtain discrete 
measurements of streamflow at a given point within 
a watershed. The methods fall into four basic catego-
ries: () velocity-area, (2) dilution, (3) volumetric, and 
(4) hydraulic (Table 7.4). The velocity-area methods 
are, by far, the most common methods of streamflow 
measurement. Dilution methods are generally ap-
propriate for steep, turbulent channels. Volumetric 
methods are best suited to gauging small discharges. 
Hydraulic methods are based on simplified equa-
tions of open channel flow and precise geometry of 
the control. 

Measurements of streamflow using the velocity-
area method require a series of point velocity and 
flow depth measurements to capture the lateral and 
vertical distribution of stream velocities at a cross-
section. More than 20–25 verticals (or “panels”) 
may be required to effectively sample the horizontal 
distribution. The method assumes that the vertical 
velocity distribution follows a parabolic or loga-

rithmic profile with the mean velocity of the water 
column approximated by point measurements at 
0.6d, where “d” is the depth of the stream (or 0.2d 
and 0.8d for depths greater than 0.75 m) (Terzi 98); 
however, the assumption of a smooth parabolic or 
logarithmic velocity profile in streams of most inter-
est to forest hydrologists is likely false. Most studies 
that formed standards of practice in velocity-area 
methods were conducted at the beginning of the 
20th century and sampled large rivers or flumes (see 
Pelletier 988). The horizontal, vertical, and temporal 
velocity distributions of mountain streams have not 
been systematically examined to verify the assump-
tions implicit in the general method. This makes the 
choice of measurement method and site selection of 
paramount importance when deriving a high-quality 
gauging record.

Several different methods can be used to inte-
grate unit discharge over the entire cross-sectional 
flow area, the most common being the mid-section 
method. No more than 5% of the total measured flow 
should be contained within any one panel (Terzi 
98; Rantz 982). 

Several technologies can be employed to measure 
velocity-area, including the traditional current me-
ters (e.g., Pygmy or Price meter) as well as acoustic 
technologies (e.g., FlowTracker™). In general, the 
time required to adequately sample both channel 

TABLE 7.4 Summary of methods for streamflow measurement

Method Technique Technology Ideal stream conditions Reference

Velocity-area Wading Mechanical, acoustic Steady uniform flow, shallow,  
medium velocity, smooth bed

Terzi 1981

Velocity-area Bridge Mechanical, acoustic Steady uniform flow, medium  
velocity, smooth bed

Terzi 1981

Velocity-area Ice Mechanical Competent uniform ice cover, no 
slush ice, steady uniform flow,  
medium velocity, smooth bed

Terzi 1981

Dilution Constant rate Ionic compounds,  
fluorometric dyes

Steady turbulent flow Moore 2004b

Dilution Slug Ionic compounds,  
fluorometric dyes

Steady turbulent flow, limited chan-
nel storage and hyporheic exchange

Moore 2005

Volumetric Bucket/stopwatch Small streams, freefall at gauging 
location

Resources Information 
Standards Committee 
1998

Hydraulic Weir Steady uniform flow Church and Keller-
hals 1970; Resources 
Information Standards 
Committee 1998
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area and velocity distribution makes the technique 
difficult to apply in rapidly varying flow conditions. 
The velocity-area technique is generally unsuitable 
for high-energy streams for four main reasons (Kil-
patrick and Cobb 985; Pelletier 988):

. Bed roughness elements may be large in relation 
to channel flow, making it difficult to measure 
cross-sectional area of flow and velocity accur-
ately.

2. Most technologies available for velocity measure-
ment by the velocity-area technique perform 
poorly at stream velocities outside the range 
of meter calibration or at shallow depths (or at 
boundaries) (Pelletier 988).

3. The technique requires the introduction of a 
meter into a high-velocity flow, which may result 
in over-sounding caused by frictional drag on the 
meter assembly and expose the field technician to 
undue occupational hazards.

4. Under conditions of rapidly varying flow, the time 
to measure velocity-area may be excessive. 

Streams with these characteristics may be better 
measured using dilution methods.

The Acoustic Doppler Current Profiler (ADCP) has 
been adapted to fluvial environments over the past 
decade and provides a more complete sample of the 
velocity-area distribution of flow in a much shorter 
period of time compared with traditional velocity-
area methods. Acoustic meters are incapable of sam-
pling the entire water column. All acoustic meters 
require a blanking distance for the transducers and 
electronics to recover from the high-energy transmit 
pulse. Although the blanking distance is relatively 
small, it can become significant in proportion to 
total cross-sectional area in wide, shallow streams. 
Acoustic meters are not designed for measuring high 
velocities, moving bed, or highly turbulent stream 
reaches. Therefore, it may be several years before 
ADCP technology is adapted for use in high-energy 
mountain streams.

Dilution methods have an advantage over tra-
ditional velocity-area techniques for measuring 
steep turbulent flows, typical of mountain environ-
ments. Although dilution methods have been used 
for several decades, the use of these methods as an 
operational technique is limited to a few national hy-
drometric agencies (e.g., Switzerland, New Zealand) 
and research applications. 

The general procedure for dilution gauging is to 
introduce a known concentration of tracer solution 
(or mass) to the streamflow either at a constant rate 
or as a slug. The dilution effect is then measured at a 
downstream location of complete mixing. Although 
several tracers can be used (e.g., ionic compounds 
such as NaCl and KBr, and fluorometric dyes, such 
as Rhodamine WT and Uranine), all have common 
properties in that these substances are:

• conservative, 
• found at low concentrations in the ambient 

stream water, 
• nontoxic for the concentrations and exposure 

times typically associated with discharge mea-
surements,

• highly water soluble, and
• detectable at very low concentrations. 

Sodium chloride (NaCl) is often used as a tracer 
because it is cheap, readily available, and measured 
using conductivity meters. Flows of up to 5 m3/s can 
be reliably measured using salt in solution (Moore 
2004a) and higher when the salt is added to the flow 
in dry form (Hudson and Fraser 2005). A practical 
upper limit for salt dilution is constrained by the 
mass of salt that can be reasonably handled. Dilution 
methods using fluorometric dyes are recommended 
for gauging higher flows because of the lower detec-
tion limit of monitoring devices and limited pres-
ence of fluorescence in natural stream waters. These 
characteristics allow for lower injection masses 
relative to the salt technique for a comparable flow. 
Fluorometric dyes vary in light sensitivity, toxicity, 
and the ability to be absorbed or detected.1 Users 
should refer to the specific properties of individual 
fluorescent tracers before applying at a gauging loca-
tion.

Dilution techniques work on the assumption that:

• the streamflow is unchanging during the trial;
• the tracer is completely mixed with streamflow at 

the point of measurement;
• a measurable difference is evident between tracer 

wave and background concentration; and
• no loss of tracer occurs between injection and 

measurement sections. 

In general, a minimum mixing length of 25 chan-
nel widths is required to ensure complete mixing 

 Weiler, M., H. McGuff, and J. Trubilowicz. 2005. Evaluation of the effectiveness of tracer methods for discharge estimation.  
Univ. British Columbia, Vancouver, B.C. Unpubl. manuscr.



590

of tracer with the natural stream waters (Day 977). 
In turbulent channels, the mixing length may be 
reduced to less than 0 channel widths (Hudson 
and Fraser 2005). Conducting trials at various flow 
conditions will help determine the minimum mixing 
length required to ensure complete mixing. If the di-
lution method is conducted using the slug technique, 
it is best to situate the injection and measurement 
sections to minimize the effects of in-channel stor-
age (e.g., pools). These channel elements will attenu-
ate the tracer wave through the reach and lengthen 
the measurement duration required to effectively 
sample the entire tracer wave. However, the dilution 
method may be inappropriate in reaches containing 
large storage elements under conditions of rapidly 
varying flow. 

Volumetric methods determine discharge based 
on the time taken to fill a container of known 
volume. The technique is most practical for gaug-
ing small flows (< 5–0 L/s). To conduct discharge 
measurements, the best locations are those in which 
the water surface freefall allows the placement of a 
container that will capture the flow. It may be pos-
sible to divert flow to a length of plastic pipe or flume 
that will create a hydraulic head difference sufficient 
to place a container beneath the exiting flow (Re-
sources Information Standards Committee 998). 
The container should be of large enough volume to 
minimize filling-time errors. Multiple sampling is 
encouraged to minimize the effect of flow pulsations 
that can establish longitudinally within the culvert. 

Hydraulic methods of discharge measurement 
require the establishment of a control structure 
at which the flow over the crest is critical. Flow is 
estimated (Church and Kellerhals 970) from stand-
ard weir and flume equations. The environmental 
effects, sediment entrapment, and hydraulics must 
be carefully considered before weirs or flumes are 
constructed. In general, however, it is best to rate 
the control structure by direct measurement using 
any of the suitable methods in Table 7.4. Deviations 
of measured flow from standard equations can be 
caused by debris or algal growth at the control or 
the presence of an approach velocity. Flow and water 
level should be measured before and after any main-
tenance of the control structure.

Measuring Water Surface Elevation 

The stage of a river is the height of the water surface 
above an established datum. The record of stage is 
used with the stage–discharge relationship to produce 

estimates of discharge in the absence of direct mea-
surements of discharge. The accuracy of discharge 
estimates relies on the accuracy of stage measure-
ments as well as the validity of the stage–discharge 
relationship. The following discussion examines 
in more detail the controls on the accuracy of this 
relationship.

To obtain accurate and reliable stage data, the sta-
tion gauge and benchmarks must refer to a known or 
arbitrary datum plane (Terzi 984). To avoid the pos-
sibility of negative gauge heights, it is necessary to 
select a datum that is sufficiently below the elevation 
of zero flow. The gauge should be referenced by at 
least two and preferably three stable benchmarks as-
sociated with the gauging station but independent of 
each other and independent of the gauging structure 
(Terzi 984). The datum of the stream gauge should 
be checked against benchmarks at least two to three 
times per year to ensure the stability of the vertical 
control. More frequent surveys should be conducted 
following any sign of channel instability, flooding, 
ice jams, vandalism, or any event that may have 
disturbed the gauge reference. Surveys should refer-
ence the same water column as the recording device 
(e.g., staff gauge, transducer). In turbulent streams, 
river stage may fluctuate up to several decimetres. A 
portable stilling device installed temporarily in the 
flow can dampen turbulence and allow reference of 
the water level to the gauge datum.

Staff gauges are the most common devices for 
manually measuring stage in rivers (Resources In-
formation Standards Committee 998). Staff gauges 
are typically graduated in 0.005-m increments with 
achievable precision of ±0.00 m; however, flow tur-
bulence, clarity of water and gauge plate, and pres-
sure waves on the leading edge of the staff gauge can 
considerably reduce measurement accuracy. Crest 
stage gauges are simple, reliable devices for meas-
uring the peak river level at manual gauges. These 
gauges serve as a back up to recording gauges in case 
of failure (Terzi 983). 

Several technologies, such as pressure transduc-
ers and float recorders, exist for measuring stage 
continuously. Generally, continuous monitoring 
devices should have the ability to measure stage 
within ±0.003 m (Rantz 982). These devices require 
some form of stilling of stream turbulence to record 
a clean trace of water level for hydrologic purposes 
(i.e., discharge estimation). Stilling of the water sur-
face elevation can be done physically using a stilling 
well or digitally by time-averaging of successive sen-
sor readings. Digital averaging of sensor readings is 
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increasingly used to achieve a realistic hydrological 
signal; however, this may mask important hydrauli-
cally generated stage events related to ice formation 
(Hamilton 2004). 

Establishing a Stage–Discharge Relationship

It is possible to develop a time series of discharge 
estimates from a continuous record of stage data by 
deriving a stage–discharge rating curve. The use of 
this relationship is based on the premise that the free 
surface of the monitored stream channel is sensitive 
to variations in discharge and that this surface varies 
only in response to changes in the volume of water 
conveyed by the channel. Ideally, a stream reach 
suitable for using this relationship is one with a 
stable control feature; a steady, uniform flow; and no 
complicating sources of local stage variability (e.g., 
tributary flow, irregular cross-section, turbulence, 
weeds, bed movement, debris entrapment, ice). In 
reality, it is almost impossible to continuously satisfy 
all of these requirements. The following discussion 
encourages practitioners to avoid these problems 
where possible or to employ mitigation measures 
when problem avoidance is impossible. A more gen-
eral treatment of rating curves is found in the Manu-
al of Standard Operating Procedures for Hydrometric 
Surveys in British Columbia (Resources Informa-
tion Standards Committee 998) and the Manual of 
British Columbia Hydrometric Standards (Resources 
Information Standards Committee 2009).

Curves were traditionally prepared by hand draw-
ing a smooth curve through a scatter plot of stage 
and discharge measurements and extracting a look-
up table of values from this curve. Most practition-
ers now prefer to use numerical methods to fit the 
stage–discharge equation (Equation 6) to the data:

 Q = B (H – Ho)α  (6)

where: Q represents discharge; B is a calibrated 
coefficient; H represents stage; H0 is zero flow; and α 
is a calibrated exponent. 

Mosley and McKerchar (993) reported that values 
of α are typically near .67 for rectangular, 2.7 for 
parabolic, and 2.67 for triangular channels. The term 
H0 can be estimated by channel surveys to determine 
an elevation of zero flow, although it is more com-
monly determined through calibration.

The fitting of a rating curve requires several as-
sumptions regarding site and flow characteristics. 
These assumptions are often difficult to justify at 

the scale of streams of interest to forest hydrolo-
gists. Furthermore, assumptions are required on 
the uncertainty inherent in the stage and discharge 
measurements. Petersen-Overleir (2004) chal-
lenged the regression techniques commonly used for 
parameter estimation, which do not account for the 
heteroscedasticity typically associated with sets of 
discharge measurements. Ultimately, the same data 
can be used to produce multiple interpretations of a 
rating curve (Jonsson et al. 2002). This problem of 
multiple, equally likely, solutions is often referred to 
as “equifinality.” 

Hand-drawn curves allow subjective weighting 
of the curve through a scatter when the distribution 
of measurement uncertainty is variable, which is 
why agencies such as the U.S. Geological Survey and 
the Water Survey of Canada favour this technique. 
Simplistic approaches such as trend-fitting data in a 
spreadsheet assume that all data points have equal 
weight in determining curve parameters, an assump-
tion that is almost never true. More sophisticated 
curve-fitting techniques are available that account 
for heteroscedasticity in the data (e.g., Peterson-
Overleir 2004), but forest hydrologists rarely have 
the data density needed for robust resolution of the 
curve using sophisticated statistical techniques. The 
dominant factors controlling the validity of a rating 
curve are the quality and density of field measure-
ments. No known method of fitting a curve to data 
can compensate for inadequate fieldwork. 

A typical flow frequency distribution results in 
reduced opportunity to obtain measurements at the 
extremes. The quality of measurements near the 
extremes of stage can be compromised by less than 
ideal survey conditions. These measurements have 
the greatest leverage on the shape of the rating curve 
because of the low density of measurements near the 
ends of the curve. For this reason, a curve should not 
be extrapolated to above double the discharge of the 
highest measurement or below half the discharge of 
the lowest measurement. As easy as it is to extend 
a curve in a spreadsheet and as difficult as it is to 
schedule a field program to be on site at or near the 
extreme events, this rule of thumb should only be 
ignored with extreme caution.

Equation 6 can be too simplistic for many 
natural channels since it defines the rating relation-
ship to a unique control feature of fixed geometry. 
Many natural channels are influenced by multiple 
control features that become dominant at differ-
ent river stages. This problem is typically dealt with 
by partitioning the curve into multiple segments 
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(Peterson-Overleir and Reitan 2005), with each seg-
ment representing a unique relationship. Although 
a change in control may be evident at low or high 
stages, sufficient measurements may not be available 
to support the definition of a new curve segment. 
Over-segmenting the curve may produce unantici-
pated results when extrapolating beyond the domain 
of observed data. Curve segmentation should be sup-
ported by physical evidence (e.g., channel surveys) 
and a sufficient density of measurements above and 
below the hinge point to fully resolve the shape of 
both segments.

The control feature may become submerged at 
high stage or overbank flow may occur at flood stage. 
Stage and discharge measurements are needed over 
the full range of stage to accurately define the math-
ematical model that is best suited to fit the stage–dis-
charge relationship and to ensure that no bias exists 
in fitting of model parameters. Extrapolating above 
or below the range of available measurements is 
almost always necessary but doing so requires confi-
dence that a good fit has been obtained and that the 
fit is valid for the full extent of extrapolation. Clarke 
(999) and Yu (2000) discussed how the uncertain-
ties in defining the stage–discharge relationship are 
manifest in systematic uncertainties in calculated 
flow statistics. Evaluation of the uncertainty in the 
relationship requires an examination of several sys-
tematic sources of measurement and model error.

Diagnostics and commonly used treatments for 
stage–discharge-related uncertainty are provided in 
Table 7.5. Residual plots that show relative error plot-
ted against some relevant variable are an extremely 
important diagnostic tool. In these examples, relative 
error is shown on the ordinate axis plotted against 
time (t), stage (H), Julian date, or discharge (Q). 
In addition to the residual plots, a stage–discharge 
curve is used as a diagnostic for the biased calibra-
tion example. A water-level hydrograph and precipi-
tation hyetograph (P) are also useful in diagnosing 
for episodic effects. Nevertheless, examination to 
detect systematic errors in measurement accuracy 
will be based on scrutiny of the original field notes, 
which requires non-graphical analysis. 

Few, if any, locations in British Columbia have a 
stage–discharge relationship that is valid year-round 
without frequent surveys and maintenance. For 
example, ice conditions eliminate the potential for 
using a stage–discharge relationship for 6 months or 
more per year at some locations.

When data providers are queried on discharge 

data accuracy, they frequently cite the technological 
literature provided with the instruments (e.g., water 
level accurate at 0.0% of full scale). However, the 
actual operating conditions experienced in the field 
may be quite different from the laboratory condi-
tions under which the calibration was developed. 
The performance of the instrument is just one link 
in a long chain that influences accuracy and reli-
ability of the discharge record. Currently, no practi-
cal method is readily available to explicitly quantify 
the uncertainty in discharge data derived using a 
stage–discharge relationship. The uncertainty will 
depend on the answers to the following questions.

 . Are the assumptions implicit in the measurement 
method (see discussion above on “Gauging Site 
Selection”) valid in the actual field conditions 
experienced?

 2. Is the assumption of a stable gauge datum valid? 
(See discussion above on “Measuring Water Sur-
face Elevation.”)

 3. Is the calibration of the water-level sensor rou-
tinely checked for stability and validity over the 
full range of stage and during all conditions in 
which it is deployed?

 4. Is the stilling mechanism (mechanical or digital) 
appropriate for the ambient conditions and are 
data available at a sufficient resolution to fully 
resolve the response characteristics of the stream?

 5. Are sufficient stage and discharge measurements 
available over the full range of stage to distin-
guish between the need for a simple curve versus 
a compound (segmented) curve? Do field sur-
veys of the channel support the chosen level of 
stage–discharge curve complexity?

 6. Are sufficient stage and discharge measurements 
available over the full range of stage to average 
random measurement errors, allowing for unbi-
ased parameter estimation?

 7. Are the assumptions of steady, uniform flow valid 
continuously over time and at all stages?

 8. Does stage vary in response to any other variable 
other than discharge (e.g., ice, weeds, debris)?

 9. Are the control features stable over time?
 0. Are the control features sufficiently sensitive to 

changes in discharge at the precision at which 
stage observations are made?

It takes a great deal of training and experience to 
make the decisions needed to use a stage–discharge 
relationship effectively, especially in high-energy 
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TABLE 7.5 Diagnostics and commonly used treatments for stage–discharge-related uncertainty

Uncertainty Diagnostic Treatment(s)      Example

Unstable control Time-series plot of discharge 
residuals display a trend  
or pattern

Apply time-based shift corrections 
Update curve to after-shift  

condition 
Build (rebuild) control 
Move station

Unsteady flow/ 
non-uniform flow

Discharge residuals have 
greater random error than 
would be expected based  
on measurement accuracy

Apply stage-based shift corrections
Move station

Biased calibration High-leverage measurements Obtain measurements over a
 wider range of stage

Model too simplistic Discharge residuals plotted 
against stage display a trend 
or pattern

Recalibrate curve; if residuals are 
still non-random, increase 
the segmentation of the 
curve, ensuring that each 
segment is well supported 
by a sufficient number of 
measurements

Seasonal effects (e.g., 
weed growth, ice 
effect)

Discharge residuals plotted 
against Julian date display  
a trend or pattern

More frequent measurements  
during affected periods 

Censor backwater-affected  
estimates 

Develop backwater relationships

Episodic effects (e.g., 
debris entrapment, 
beaver dams)

Rapid change in stage without 
hydrologic explanation (e.g., 
independent observations  
of precipitation) 

Censor suspect data 
Move station 
Shift corrections to estimate  

affected data
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Uncertainty Diagnostic Treatment(s)      Example

Low flow  
imprecision

Plot of relative residuals 
against discharge shows 
high scatter at low flow

Improve accuracy and precision 
of low-flow stage and 
discharge measurements

Build a control structure that is 
more sensitive to low flows

Measurement bias Detailed scrutiny of mea-
surement field notes to 
ensure that field conditions 
experienced do not violate 
measurement assumptions

Censor invalid measurements

TABLE 7.5 Continued

mountain streams. The effective use of the stage– 
discharge relation for computing discharge requires 
the correct choice of:

• gauging site,
• suitable measurement methods for local condi-

tions,
• suitable sensing/data-logging technology for local 

conditions, and
• timing and frequency of visits for calibration/vali-

dation of the relation and for site maintenance. 

Poor choices in any of the above will result in sub-
standard data. A stage–discharge relationship can 
provide reliable, continuous discharge estimates as 
long as all of the underlying assumptions are valid. 
Good data will be supported by documentation 
demonstrating that the threats to data quality, as 
discussed in this subsection, have been successfully 
avoided or mitigated. Data lacking this documenta-
tion should be used only with extreme caution.
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Soils – Soil Moisture 

Markus Weiler

SOIL MOISTURE

The unsaturated zone in the soil or bedrock links 
atmospheric processes and vegetation with ground-
water and streamflow. Soil moisture, or soil water 
content, of the unsaturated zone is temporally 
dynamic, and spatially variable and hence highly in-
fluential on other processes. Soil moisture regulates 
infiltration, percolation, evaporation, and transpi-
ration; acts as a temporary storage of precipitation 
for generating streamflow; and directly influences 
the thermal regime of the soil, soil respiration (CO2 
efflux), and vegetation dynamics (e.g., forest growth 
and species composition). Understanding and 
measuring the soil water content in watersheds are 
therefore of great interest to forest hydrologists. Yet 
even with this importance, soil moisture measure-
ments are neither performed regularly in operational 
settings nor in many experimental forested water-
sheds. The temporal and spatial knowledge of soil 
moisture, however, is a very important variable that 
helps to calibrate and validate hydrological models 
and is necessary to understand many hydrological 
processes in forested watersheds.

Soil Moisture Measurement Methods

Soil water content is described in two ways: () on a 
mass basis (gravimetric water content), or (2) on a 
volume basis (volumetric water content). Given the 
water content, the degree of saturation can be calcu-
lated as the ratio between volumetric water content 
and porosity. The water content can be determined 
in the laboratory or using field methods (Table 7.6). 

In the laboratory, a field-extracted intact core 
of known volume is weighed, dried at 05° C for 
24 hours for mineral soils and 70° C for 48 hours for 
organic soils, and then weighed again. The difference 
is used to compute the volumetric water content. In 
the field, water content is commonly measured by 
time-domain reflectometers (TDR) or frequency-
domain reflectometers (FDR), which have recently 
replaced neutron probes as the primary method of 
instrument-based soil moisture measurements. The 
TDRs operate by measuring the propagation velocity 

in the soil of an electric pulse that is related to the 
dielectric permittivity (ability of material to transmit 
an electric field) or dielectric constant, which varies 
with water content (Hook and Livingston 996; Spit-
tlehouse 2000). The FDRs determine the resonant 
frequency with the greatest amplitude, which also 
varies with water content. The volumetric water con-
tent is determined for both methods through cali-
bration with the dielectric permittivity. For a more 
detailed overview of the TDR and FDR techniques, 
refer to Topp and Ferré (2006).

Water content is also determined indirectly by 
measuring the soil water potential, or more spe-
cifically, the soil matric potential (also referred to 
as matric suction, capillary potential, soil water 
tension, or soil water suction). Matric potential is 
negative and becomes increasingly negative as the 
soil dries. The matric potential is related to the soil 
moisture by the soil moisture characteristic curve 
(also soil moisture release curve or water retention 
curve) and is an important property of the soil. This 
relationship strongly depends on the soil texture but 
also on other soil properties such as soil structure, 
organic matter, and bulk density. If this relationship 
is known, soil matric potential can be measured and 
then the soil water content calculated. Measuring the 
soil matric potential at multiple locations allows the 
determination of the direction of water movement in 
the soil. This is possible because water moves from 
an area of higher to lower potential. The concepts of 
field capacity and permanent wilting point are used 
to evaluate the current state of the soil with regard 
to water available for plants (Weiler and McDonnell 
2004). Matric potential is commonly measured using 
tensiometers for potentials in the range of saturation 
to about 0.0 MPa (0– bar). Drier conditions require 
soil hygrometers, soil moisture blocks, or heat dis-
sipation sensors (see details in Durner and Or 2005). 
Similar to tensiometers, these instruments depend 
on equilibration of a reference porous medium with 
the surrounding soil and most require individual 
calibration to infer soil water potential. 
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Limitations, Applications, and Interpretations

The most common source of error for all soil mois-
ture or soil matric measurement techniques is a 
poor contact of the sensor with the surrounding soil 
material. This can result in an error of 5–0% water 
content. To ensure good contact, the sensor should 
either be placed into a predrilled access hole with a 
diameter at the position of the sensor slightly smaller 
than the diameter of the sensor. When measuring 
matric potential, the sensor can also be placed in 
a larger predrilled hole (particularly necessary in 
stony soils or soils with a high root content). There, 
a slurry of non-swelling fine material or sieved local 
soil is filled in, which is used to provide hydraulic 
contact between the sensor’s surface and the soil. 
Ensuring good contact is particularly difficult in 
stony soils.

The different measurement techniques also have 
different results when used in frozen soils. The TDR 
and capacitance methods do not detect ice, so these 

instruments only provide measurements of liquid 
water content in frozen soils. The neutron probe 
measures the total water content of a frozen soil, 
as does the gravimetric method. Tensiometers do 
not work well in frozen soil as the internal liquid is 
prone to freezing. The measurement volume of the 
different methods is highly variable as well, with the 
neutron probe providing the largest soil volume over 
which measurements are integrated.

As listed in Table 7.6, the different measurement 
techniques have different accuracies depending on 
the measurement principle. These accuracies can be 
achieved only if the sensor is calibrated to the par-
ticular soil, because all continuous measurements do 
not directly measure water content but use another 
property to infer soil water content. Without site-
specific calibration, accuracy can be easily two to 
three times lower. Recently, Czarnomski et al. (2005) 
compared the accuracy and precision of commonly 
used “low-cost” soil moisture sensors in natural for-
est soils in the Pacific Northwest and the influence 

TABLE 7.6 Volumetric water content measurement methods

Instrument Time step
Accuracy a  
(% WC) Comments References

Soil sample Single,  
destructive

0.2% (approx.) A “wet” weight of the soil sample is measured and 
then the sample is oven-dried and a dry weight 
measured. The volume of the sample is taken by 
measurement (core) or by a water displacement 
method. 

Topp and 
Ferré 2002

Tensiometer Continuous 
with pressure 
transducer

3–5% Tensiometers measure matric potential, and if water 
retention characteristic of soil is known, water con-
tent can be calculated. For wet and moist soil.

Durner and 
Or 2005

Moisture blocks Continuous 10% Moisture block measures soil matric potential. 
Works in wet and dry soils. Not accurate.

Freeland 1989

Time-domain 
reflectometer 

Continuous, 
intrusive

2–3% Instrument measures the dielectric permittivity of 
soil by measuring the time it takes for an electro-
magnetic wave to propagate through the soil. The 
volumetric water content is determined through 
calibration with the dielectric permittivity.

Topp and 
Ferré 2006; 
Spittlehouse 
2000

Capacitance probe 
(or frequency- 
domain reflecto-
meters)

Continuous, 
intrusive

3–5% Measures the capacitance of the soil surrounding 
the probe, which depends on the water content.  
Frequency range between 100 to 150 MHz mini-
mizes salt and conductivity factors.

Topp 2003

Neutron probes Single and
logged

<3% A decaying source emits fast neutrons into the soil. 
The neutrons are backscattered and slowed by the 
presence of water. A detector measures the amount 
of slowed neutrons and, via calibration, the soil 
water content.

Hignett and 
Evett 2002

a  With calibration.
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of temperature and site-specific calibrations. They 
concluded that without site-specific calibrations, the 
mean difference in water content for most probes is 
around 5–0% and that temperature also influences 
sensor precision. 

As with many other point measurements in 
hydrology, the interpolation of soil moisture meas-
urements to the watershed scale is difficult. Several 
processes influence the spatial and temporal pat-
terns of soil moisture in a watershed and, hence, 
the measurement locations influence the calculated 
mean water content or its assumed distribution (e.g., 
Western et al. 2004). At one location, the soil mois-
ture varies with depth and the variations are usually 
largest within the root zone. The mean soil moisture 

of one location can only be determined accurately 
when using vertically inserted probes or a profile 
of horizontally inserted probes that are integrated 
over the depth. The mean soil moisture content of 
a watershed or larger area can either be determined 
with many sensors (e.g., Spittlehouse 2000) or by 
using geostatistical approaches to determine the spa-
tial correlation length and the number of required 
sensors to measure the mean soil moisture (Schume 
et al. 2003). Nevertheless, the temporal dynamics of 
only one or a small number of sites within a water-
shed reveals considerable information that can be 
used to better understand hydrological processes 
and soil–vegetation interactions in a watershed.
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Soils – Soil Thermal Regime

David L. Spittlehouse

SOIL THERMAL REGIME

The soil thermal regime is important in terms of 
water movement, soil and road stability, and plant 
growth. Frozen soils restrict infiltration of melted 
snow and rain, and result in the development of 
ice lenses and frost heaving; cold soils can influ-
ence plant survival and growth (Male and Gray 
98; Spittlehouse and Stathers 990; Stathers and 
Spittlehouse 990). The thermal regime is quantified 
by soil temperature (° C) and soil heat flux (W/m2, 
MJ/m2 per day). The heat content of a unit volume 
of soil depends on soil bulk density, specific heat, 
and temperature. Site location, atmospheric weather 
conditions, ground cover, and the physical proper-
ties of the soil profile (water content, texture, coarse 
fraction, organic matter) affect soil temperature 
(Devine and Harrington 2007). The location of the 
site (latitude, elevation, slope position and gradient, 
and aspect) influences the receipt of solar energy. At-
mospheric weather conditions determine the supply 
of radiation, heat, and water to the ground surface. 
Vegetation and snow cover modify the effects of 
atmospheric weather by shading and insulating the 
soil surface. The thermal and hydraulic properties 
of the soil profile, in turn, govern its response to 
the changing supply of heat and water (Stathers and 
Spittlehouse 990).

Distinct diurnal and annual soil temperature 
cycles are a response to changes in the energy bal-
ance at the soil surface. Soil temperature changes 
with depth as heat is redistributed within the profile. 
Heat is conducted down gradients of temperature 
(i.e., from warmer to cooler regions). Consequently, 
as the surface absorbs solar radiation and warms 
during the daytime, heat is slowly conducted into the 
cooler underlying soil. At night, the ground surface 
cools by emitting longwave radiation to the atmos-
phere and vegetation cover; most of the heat that 
was stored in the profile during the day is conducted 
back toward the cooler surface and lost to the at-
mosphere. The diurnal variation in soil temperature 
is greatest at the soil surface and decreases rapidly 
with increasing depth. The slow rate of heat trans-

fer through the profile also causes temperatures at 
depth to lag increasingly behind changes in surface 
temperature. The diurnal cycle results in changes 
in soil temperature down to the 0.3–0.5 m depth. 
The annual solar cycle produces annual variations 
in soil temperature down to 5 m. During the spring 
and early summer when the soil near the surface 
is warming, deeper soil is still cooling as the win-
ter portion of the cooling wave penetrates into the 
profile. The soil temperature at the –2 m depth typi-
cally lags behind near-surface temperatures by about 
3 months (Stathers and Spittlehouse 990). 

The limited data available suggest that forest 
soils in the central and southern interior of Brit-
ish Columbia usually do not freeze to great depths 
during the winter. Some initial freezing may occur 
in the top 0.3 m of the profile if the snowpack is late 
in developing or is lost during winter; however, the 
snowpack insulates the soil from cold winter air 
temperatures and reduces the rate of heat loss from 
the profile. The soil may freeze down to about the 
0.5–.0 m depth at sites with very little snow cover 
and continuously cold winter weather. The diurnal 
temperature variation in the soil profile is also neg-
ligible during the winter even though atmospheric 
temperatures are variable (Stathers and Spittlehouse 
990). 

Measuring Soil Temperature and Heat Flux

Soil temperature is measured with electrical, me-
chanical, or chemical sensors. One-point tem-
perature measurements for soil survey can be 
determined with adequate accuracy using metal-
sheathed, mercury-in-glass, bimetallic strip, resistor, 
or thermocouple thermometers. These instruments 
are relatively inexpensive and durable. Thermistor, 
platinum resistor, or thermocouple thermometers 
are used with data loggers to record temperatures 
continuously. Sensors should have a low heat capac-
ity and high thermal conductivity. 

Temperatures should be measured at specified 
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depths and times so that comparisons between sites 
are possible. Standard depths are 0.0, 0.05, 0., 0.2, 
0.5, , .5, and 3 m, although in most cases it is not 
necessary to measure the temperature at all of these 
depths. Substantial spatial variation in the top 0.2 m 
of the soil is caused by the variation in surface cover 
and shading of the surface. In this case, it is neces-
sary to replicate measurements, which can be done 
by using more sensors or by connecting a number 
of sensors together in series or parallel. A sensor is 
installed by digging a hole and inserting it into the 
undisturbed soil at the required depth. At least 0. m 
of cable should be buried at the same depth of the 
sensor to minimize heat transfer down the wires for 
other depths.

Soil heat flux is measured with thermopile-based 
sensors. Heat flux sensors must have good contact 

with the soil and are usually placed about 0.05 cm 
below the surface. The temperature change with time 
and knowledge of the thermal properties of the up-
per 0.05 cm are used to adjust the heat flux to that at 
the soil surface. Soil heat flux can also be calculated 
from the temperature gradient and knowledge of the 
soil thermal properties (Stathers and Spittlehouse 
990).

Soil Temperature and Heat Flux Data Availability

Soil temperature data are not readily available. Some 
historical data exist but few of these sites continue to 
measure soil temperature and they are not located 
in forests. Few research sites in British Columbia 
measure soil temperature and even fewer measure 
soil heat flux.
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Physical Water Quality – Suspended 
Sediment 

Paul Marquis

SUSPENDED SEDIMENT

Fluvial sediment—particulate matter moved by 
water—is commonly divided into two groups: () bed 
load (which is also referred to as benthic sediment), 
and (2) suspended sediment.

Bed load primarily consists of coarse sand and 
gravel-sized particles and is quantified in units of 
mass (i.e., kilograms). This material is moved down-
stream by rolling or sliding along the bottom. It can 
also be transported by saltation, in which particles 
skip or bounce by momentarily being pushed into 
the lower portion of the water column and then fall 
out again within a few seconds. Transport of coarse 
sand and gravel requires higher stream energies and, 
as such, is usually associated with peak flow events 
or high-gradient streams. For more information 
on bed load sampling, see Resources Information 
Standards Committee (2002).

As its name implies, suspended sediment is mat-
erial that is held in suspension in a water column for 
a variable period of time and is measured as a ratio 
of these two components (e.g., milligrams per litre). 
Particles greater than 62 μm (i.e., sand) will fall out 
of the water column in seconds once the water is 
calmed. Silt-sized particles (2–62 μm) can remain in 
suspension for minutes in still water, while clay-sized 
particles (< 2 μm) can remain in suspension indefi-
nitely. In most natural drainage systems, however, 
primary particles tend to flocculate to form larger 
clumps of sediment.

Suspended sediment is derived from the ero-
sion of surficial materials and streambanks and the 
re-suspension of channel bed deposits. The quantity 
and type (e.g., particle size, composition) of suspend-
ed sediment in natural runoff varies with the kinetic 
energy of the moving water and the type of surficial 
material within the drainage. For a given stream, 
suspended sediment typically increases with increas-
ing discharge. Furthermore, watersheds that contain 
a large amount of silt- and clay-sized particles tend 

to produce more suspended sediment than basins in 
which the parent material is dominated by a coarser 
substrate (i.e., with a limited supply of fine material). 
As such, high suspended sediment loadings are usu-
ally associated with peak flow events in watercourses 
that pass through easily eroded soils. In British Co-
lumbia, large low-gradient rivers tend to have high 
suspended sediment yields (Church et al. 989).

High suspended sediment concentrations can 
occur as the result of natural erosion processes. In 
some cases, however, poor land use practices can 
increase suspended sediment concentrations above 
naturally occurring levels. Road construction near 
water bodies, combined with the removal of surface 
vegetation, greatly increases the potential for ero-
sion and transport of sediment to a stream channel. 
Furthermore, road surfaces, ditches, and associated 
clearing widths tend to enhance surface runoff, 
which will increase the movement of fine material 
into natural drainage networks.2

Natural and anthropogenic changes on unstable 
terrain can also result in elevated suspended sedi-
ment concentrations. Slope failures resulting in 
landslides or debris flow in gullies can move large 
quantities of material into stream channels (Hogan 
986). Although the suspended sediment portion 
of this material may pass through the watercourse 
fairly rapidly, changes to the stream channel from 
deposition of bed load material can exacerbate bank 
erosion and thereby elevate suspended sediment con-
centration over the long term (Hartman et al. 996).

Suspended sediment can also reduce the effective-
ness of chemical disinfection treatments, such as 
chlorination, and physical treatments, such as ultra-
violet irradiation. High suspended sediment concen-
trations are also associated with conditions that are 
harmful to fish. For example, particles in the water 
may irritate fish gills. In response to these stimuli, 
fish gills produce a mucus-like substance that 

2 Pierre Beaudry and Associates Ltd. 2004. Water quality monitoring and SCQI surveys in FMA 9900037 for Canfor Grand Prairie: 
2004 field season. Prince George, B.C.
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reduces the capacity of the membrane to exchange 
gases, which causes stress in the fish. Fine sediment 
can also be of concern when it covers or fills spawn-
ing gravels or rearing habitat containing fish food 
such as benthic invertebrates. See Caux et al. (997) 
for more information on water quality standards in 
British Columbia.

Collection of Suspended Sediment Data

Quantifying suspended sediment involves both field 
collection and laboratory procedures. Grab samples 
of suspended sediment can be collected either manu-
ally or with an automated system. A large sample 
(e.g., 000 mL) tends to provide better data as it is 
more easily analyzed in the laboratory. 

The frequency of sampling should reflect the pur-
pose of the study, but suspended sediment tends to 
vary more widely during peak flow events than dur-
ing low flow conditions (B.C. Ministry of Environ-
ment 999). Suspended sediment concentrations tend 
to be higher as streamflow increases (as represented 
on the rising limb of a hydrograph) where the sedi-
ment is not as supply-limited as when streamflow 
is decreasing. Hudson (200a) suggested that this 
might be caused by the impact of raindrops dislodg-
ing and then entraining exposed surficial material.  
A seasonal variation is also common as higher sus-
pended sediment concentrations are usually found 
before the annual peak flow event (Beschta 978). 
Both daily and seasonal hysteresis has been observed 
during snowmelt runoff in the province’s Interior 
(Jordan 2006). Given this high degree of variability, 
it is important to increase the frequency of sampling 
during peak flow events.

To obtain samples during short-duration events, 
an automated sampler (e.g., ISCO 672 or Sigma 
900) should be controlled by an instrument capable 
of measuring stage height. If a turbidity probe is 
used to initiate the automated water sampler, then 
the triggering event should be a number of succes-
sive high readings as opposed to a single high value 
(e.g., four successive readings when the minimum 
turbidity value is > 30 nephelometric turbidity units 
[NTUs]). Regardless of the instrument used to initi-
ate the automated sampler, the controller should be 
programmed to minimize the time interval between 
successive samples (e.g., 20 minutes). Failure to in-
clude a temporal restriction that spaces out samples 
over the event will result in the automated sampler 
filling up very quickly with samples that contain 
virtually the same suspended sediment concentra-

tion. The sampling frequency during peak flow 
events should reflect the size of the watercourse, with 
the sampling of a smaller stream occurring more 
frequently because of its flashiness. After a sample 
has been extracted from a watercourse, it should be 
stored in a cool, dark environment to minimize the 
effects of algae or other contaminants. For complete 
details on suspended sediment sampling protocols, 
see the Resource Information Standards Committee 
archive at: http://archive.ilmb.gov.bc.ca/risc/pubs/
aquatic/index.htm. 

If the study is trying to quantify suspended sedi-
ment from a specific source (e.g., a road crossing 
or gully), then two monitoring stations should be 
installed: one upstream of the sediment source and 
the other below it (Caux et al. 997). This procedure 
allows the background suspended sediment con-
centration to be subtracted from the downstream 
measurements and thereby localizes the difference  
to a specific stream reach.

Turbidity as a Proxy for Suspended Sediment

Turbidity is a measure of the cloudiness of a liquid 
and is usually quantified in nephelometric turbidity 
units (NTUs). Organic matter (e.g., algae) or inor-
ganic particles (e.g., silt) can cause turbidity. Gener-
ally, water colour is not a good indicator of turbidity, 
as dissolved compounds such as tannins can cause 
the water to appear dark without influencing its 
cloudiness. Turbidity is usually measured by passing 
a beam of light through a water sample and quan-
tifying the scattering of the photons. Using these 
methods, turbidity can be measured very accurately 
in the laboratory (e.g., to within 0. NTU) or with 
less precision under field conditions. See Anderson 
(2005) for more information on the function and 
calibration of turbidity probes.

To obtain a more complete understanding of the 
sediment regime of natural watercourses, many 
researchers have worked towards establishing a rela-
tionship between suspended sediment and turbidity 
(e.g., Jordan 996; Hudson 200b). The relation-
ship between these two variables is determined by 
measuring the turbidity of the grab samples at vari-
ous suspended sediment concentrations and then 
applying this relationship to a data set of continuous 
turbidity measurements. Unique combinations of 
sediment composition result in different relation-
ships between turbidity and suspended sediment 
concentrations; therefore, relationships must be 
established for each basin studied.

http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/index.htm
http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/index.htm
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The proper deployment of turbidity sensors can 
be difficult. Each brand of turbidity sensor will have 
a different-sized viewing window (i.e., the area in 
front of the sensor that is scanned to obtain a meas-
urement). This area must be kept clear of all obstruc-
tions (streambed, woody debris, etc.) otherwise a 
false reading will be recorded (D & A Instrument 
Company 993). The sensor must also be located 
so that it is not affected by ambient light (i.e., solar 
radiation). In shallow streams, installing a turbid-
ity probe in compliance with these two constraints 
can be challenging. In warmer bodies of water, the 
sensor on the turbidity probe can become fouled by 
algae or aquatic organisms if not serviced regularly. 
Some turbidity probes are equipped with wipers 
that are designed to reduce fouling, but these units 
require a more robust power source to supply this 
increased demand for energy.

Locating turbidity probes and pump sampler 
intakes in low-gradient streams with stable chan-
nels is relatively straightforward; however, in steep, 
high-energy streams, it can be very difficult (Figure 
7.3). The probability of missing data or of damaging 
the installation during peak flow events can be very 
high. Turbidity probes that are installed in high-en-
ergy streams are also subject to erroneous readings 
when bubbles entrained in the water column are 
mistaken for suspended sediment. To reduce this 
effect, the probe should be installed where turbulent 
flow is minimized. Additionally, the probe must be 
placed on an angle so that bubbles do not congregate 
on the face of the sensor (McVan Instruments 2002). 
In high-energy streams, a program of manual sam-
pling may be preferable to automated monitoring.

When recording the measurements taken by the 
turbidity probe, it is important to record the mini-
mum reading taken during the logging interval, as 
this measurement usually provides the best correla-
tion with suspended sediment concentration. For 
example, if the probe scans the water column every 
30 seconds and the data logger has a recording inter-
val of 6 minutes, then the smallest of the 2 readings 
should be logged.

Laboratory Analysis of Sediment Samples

The suspended sediment concentration of a water 
sample is usually determined by either evaporation 
or filtration. If the sample contains sediment that 
readily settles under the influence of gravity and has 
a low dissolved solid concentration, then the evapo-
ration method of analysis can be used. This proce-

dure involves siphoning off most of the supernatant 
water and then placing the residual sample into a 
drying oven in which the remaining water is evapo-
rated. The mass of the sediment is then determined 
to the closest 0. mg using an analytical balance 
(American Society for Testing and Materials 2002).

For samples that contain less than 0 000 mg/L of 
sand and less than 200 mg/L of clay, filtration is the 
preferred method of analysis. Typically, a porcelain 
or glass crucible that has been fitted with a glass fibre 
filter is dried in a convection oven, allowed to cool 
in a desiccator, and weighed to obtain the tare mass. 
The sample is then poured through the crucible, 
which is attached to a vacuum system to accelerate 
the filtration process. Once the sample has been fil-
tered, the crucible and filter are placed back into the 
drying oven at 05° C and the remaining moisture 
is evaporated. The crucible and filter are allowed to 

FIGURE 7.3  An example of a suspended sediment monitoring 
station (under low flow conditions). The probes 
are mounted on rebar, which is secured at the 
bottom by placing it into a section of open- 
bottomed copper pipe. The top of the rebar is 
bent to 90° and inserted into a hole in the  
2 × 6” board. This arrangement keeps the  
instruments secure during peak flow events,  
but also allows them to be easily removed for 
servicing. (Photo: P. Marquis)
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cool in the desiccator and then reweighed to deter-
mine the mass of the sediment (American Society 
for Testing and Materials 2002).

If organic matter makes up a large part of the 
sample (i.e., > 5% by dry weight) it can be removed 
by either chemical oxidation or combustion. Oxida-
tion is the preferred method because it has less of 
an effect on the mineral component of the sample. 
This procedure involves skimming off any floating 
material and adding a solution of hydrogen peroxide 
to a concentrate of the original sample (Guy 969). 
Organic material can be an important component of 
the sediment load of some streams. For some stud-
ies, it may be preferable to include it in the sample 
analysis, or to analyze duplicate samples separately 
for organic and inorganic components.

A particle size analysis can also be performed 
on suspended sediment samples. The traditional 
procedure involves wet sieving the sample with a 
250-mesh (0.062 mm) sieve to separate the sand 
from the finer material. The sand fragment is then 
dried, re-sieved using appropriately sized screens, 
and weighed. The fine fragment is analyzed using 
the pipette method. This procedure uses Stokes’ Law 
to predict settling times for different-sized particles. 
The fine fragment is treated with a dispersing agent 
and the slurry is placed into a settling cylinder. A 
pipette is then used to withdraw 25-mL samples 
at various depths after a predetermined interval. 
The samples are placed in an evaporation oven and 
weighed to determine the mass (Guy 969). Most 

modern laboratories, however, use laser diffraction 
techniques to quantify fine sediment. See Cooper 
(998) for details on the applicability and limitations 
of this procedure.

Summary

The selection of an appropriate monitoring site is the 
most important factor to consider when collecting 
suspended sediment data because turbulence and 
changing stream channel conditions can easily lead 
to erroneous readings. The collection of high-qual-
ity data relies on frequent maintenance visits to the 
monitoring sites and periodic recalibration of the 
instrumentation. Furthermore, the data must be 
closely scrutinized to detect and remove erroneous 
readings. If the resources are available, data qual-
ity can be greatly improved by installing duplicate 
monitoring sites, as this makes the identification of 
questionable values much easier (e.g., when woody 
debris becomes temporarily lodged against a sensor).

When collecting and analyzing suspended sedi-
ment data, there will be a large amount of temporal 
variability within a specific stream and spatial vari-
ability between different watercourses. Therefore, 
making inferences about the suspended sediment 
regime of a particular stream requires the collection 
of a number of years of data; however, these conclu-
sions may not be valid when applied to a different 
watercourse.
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Physical Water Quality – Stream 
Temperature

Ed Quilty and R.D. (Dan) Moore

STREAM TEMPERATURE

Stream temperature controls many aspects of stream 
ecology. It influences rates of biological and chemical 
processes, limits dissolved oxygen concentrations, 
and affects the life history and behavioural ecology 
of aquatic organisms. Summer stream temperature 
typically increases following the removal of ripar-
ian forest canopy, as a result of forest harvesting, 
wildfire, and (or) other disturbances (Nitschke 2005; 
Moore et al. 2005a). Urban development, agricultur-
al land use, water withdrawals (e.g., for irrigation), 
and impoundments can also influence stream tem-
perature, primarily through changes to shading and 
streamflow (Klein 979; Hockey et al. 982; Quinn 
et al. 997; Webb and Walling 997). Because these 
changes can potentially harm aquatic ecosystems, 
particularly cold-water species such as salmonids 
(Beschta et al. 987; Nelitz et al. 2007), substantial 
attention has focussed on the effects of land use on 
stream temperature. 

This subsection introduces methods for stream 
temperature measurement and data processing. It 
begins with a discussion of the ranges of stream 
temperature variability typically found in British 
Columbia, then introduces the technologies available 
for measurement, data processing, and field installa-
tion of sensors. 

Stream Temperature Variability

Stream temperature varies diurnally and season-
ally in response to changes in the energy available 
for heating. The absolute rates and relative impor-
tance of various heat transfer mechanisms depend 
on a range of time-varying climatic factors, such 
as solar radiation, air temperature, humidity, and 
wind speed, as well as site characteristics, such as the 
amount of shading by riparian vegetation (Teti 2004) 
and rate of groundwater discharge (Brown 969; 
Webb and Zhang 997; Story et al. 2003; Moore et al. 
2005b). The change in temperature associated with a 
given heat input depends on stream depth: shallower 
streams are more sensitive to heat inputs than deeper 

streams. Because stream depth is correlated with 
streamflow, variations in stream discharge play a 
secondary, though still important, role in controlling 
stream temperature variability (Webb et al. 2003; 
Moore et al. 2005b). 

Most streams in British Columbia follow an an-
nual stream temperature cycle, which varies some-
what depending on hydroclimatic regime (Figure 
7.4). Streams draining low-elevation coastal catch-
ments tend to remain above freezing through winter, 
except during occasional periods dominated by cold 
air masses. Interior streams, on the other hand, tend 
to stay at or near 0° C through winter, and below-
freezing temperatures can be recorded if the temper-
ature sensor becomes encased in ice (e.g., Figure 7.4, 
lower panel). Summer temperatures typically range 
from 0 to 25° C, depending on riparian shading and 
influences of groundwater and glacier runoff (Figure 
7.5), but can reach more than 30° C for poorly shaded 
streams during extreme summer drought condi-
tions (Quilty et al. 2004). Overlying the annual cycle 
are variations associated with the passage of frontal 
weather systems (lasting days to weeks), diurnal 
(daily) oscillations in daytime versus nighttime air 
temperatures, storms (hours to days), and microcli-
matic variation (hours to seconds). 

Diurnal variations in British Columbia tend to 
be relatively small (< ° C) during winter, especially 
for interior streams that become filled with snow 
and ice and remain at or near freezing. In coastal 
streams, diurnal variation is suppressed in winter 
by low incident solar radiation and generally higher 
flows compared with summer. Diurnal variations 
in summer can range from 2 to 5° C, or even greater 
(Figure 7.5).

Over large regions, stream temperature broadly 
follows spatial variations in air temperature, as 
both variables respond to variations in solar radia-
tion and air mass characteristics. It is also modified 
by catchment and channel characteristics, such as 
mean catchment elevation, percent glacier cover, and 
percent lake cover (Moore 2006). Stream tempera-
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ture tends to increase with distance from the chan-
nel head, with headwater streams being generally 
cooler than larger, downstream reaches. For streams 
with undisturbed riparian vegetation, diurnal and 
seasonal variabilities tend to be low for headwater 
streams, increase for intermediate streams, then 
decrease for large rivers (Vannote et al. 980). Local 

deviations from a dominant downstream warming 
trend may occur as a result of groundwater inflow, 
hyporheic exchange, or thermal contrasts between 
isolated pools and the flowing portion of a stream 
(Mosley 983; Bilby 984; Ebersole et al. 2003a; Story 
et al. 2003). Localized cool zones, which can offer 
thermal refugia for cold-water species during high 

FIGURE 7.4  Mean daily water temperatures (Tw) for a coastal (upper panel) and an interior 
stream (lower panel). In the lower panel, the sub-freezing temperatures in early 1998 
reflect ice formation around the temperature sensor.

FIGURE 7.5  Temperature (Tw) patterns for three streams in the North Thompson drainage during 
summer 2004. The McLure Fire in 2003 heavily disturbed Louis Creek’s riparian zone, 
leaving it poorly shaded. Whitewood Creek is heavily shaded. Moonbeam Creek has 
significant summer flow contributions from glacier runoff.
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temperatures, are an important aspect of stream 
habitat (Neilsen et al. 994; Ebersole 2003b). In addi-
tion, a lake, pond, or wetland can produce elevated 
water temperatures at its outlet, resulting in down-
stream cooling below for over hundreds of metres, 
even through cutblocks (Mellina et al. 2002).

Technologies for Measuring Stream Temperature

Most instruments for measuring stream temperature 
register the direct effects of the thermal agitation of 
the water molecules, and are often called “kinetic” 
measurements. Four main types of sensors measure 
kinetic measurements of stream temperature:  
() thermometers, (2) mechanical thermographs, (3) 
thermocouples, and (4) thermistors. An alternative 
technology for kinetic temperature sensing is based 
on “resistance temperature detectors” (RTDs), which 
are similar in some ways to thermistors. However, 
these RTDs are less accurate than thermistors and 
are not commonly used for water temperature mea-
surement. In addition, stream temperature can be 
measured using radiometric methods. These record 
the intensity of infrared radiation emitted by the 
stream, which is a function of the water surface tem-
perature. Fibre optics technology has been adapted 
for spatially distributed water temperature measure-
ment (Selker et al. 2006). This approach should see 
increased application as the technology matures. 
Characteristics of kinetic and radiometric approach-
es are summarized below.

Thermometers use the volume changes of a fluid 
(usually mercury or alcohol) in relation to chang-
ing temperature to register the temperature. A field 
thermometer can be as accurate as ±0.02° C, though 
it is more typically accurate to about ±0.° C.

Mechanical thermographs were commonly used 
for recording water temperature before the advances 
in electronic data acquisition over the last two 
decades, but the data are still used, especially where 
long data records are required. This device records 
temperature change via its effect on a bimetallic 
strip. Because the two metals expand differently 
when heated, temperature changes cause the cur-
vature of the strip to vary. This displacement is 
translated into the movement of a pen on a recording 
chart. Resolution is typically about ° C. The charts 
must be digitized before analysis, commonly at 
relatively coarse time intervals such as 3 hours (e.g., 
Hamel et al. 997).

Thermocouples are based on the principle that 
temperature differences along a conductor (e.g., 

copper) will produce a difference in voltage that 
is proportional to the temperature difference. A ther-
mocouple is constructed from a special two-conduc-
tor wire, with the conductors made from different 
metals. Various pairings of metals can be employed, 
but those made from copper and constantan (a cop-
per/nickel alloy) are most appropriate for the typical 
range of stream temperatures. Thermocouple mea-
surements are typically accurate to about ±0.2° C. 
Handheld meters are commercially available for 
taking manual measurements, although most data 
loggers can make thermocouple-based temperature 
measurements using a built-in reference thermistor.

Thermistors employ a resistor whose resistance 
varies with temperature. If the relationship between 
temperature and resistance is known, then the mea-
sured resistance can be converted into temperature. 
Handheld, thermistor-based instruments are com-
mercially available for taking manual measurements, 
but thermistors are also connected to data loggers for 
near-continuous recording. In the last decade, inte-
grated thermistor-logger units capable of submersion 
in water have become available at a reasonable cost. 
These can be pre-programmed to specify the logging 
interval, and have become popular for forest hydrol-
ogy applications. These instruments have a typical 
accuracy of about ±0.2° C. Dunham et al. (2005) is a 
useful reference on measuring stream temperatures 
with thermistors.

Radiometric measurements can be made using 
handheld infrared thermometers, airborne sensors, 
or even sensors on satellite platforms (Torgerson et 
al. 200; Rayne and Henderson 2004; Cherkauer et 
al. 2005; Handcock et al. 2006). The spatial resolu-
tion of satellite imagery is too coarse to resolve any 
but the largest rivers. Airborne systems can resolve 
medium to large streams, and can give “snapshots” 
of spatial temperature patterns along extensive 
reaches, including the locations of local cool zones 
(thermal refugia) associated with groundwater dis-
charge and inflow of cooler tributaries (Torgerson et 
al. 999).

Calibration of Temperature Sensors

Although a temperature sensor is generally reliable 
and accurate and requires little maintenance, it does 
require calibration. Thermometers and thermistors 
should be calibrated annually against an Institute for 
National Measurement Standards (INMS) calibration 
thermometer using a temperature-controlled water 
bath (Wagner et al. 2006). Calibration typically con-
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sists of an ice-point reading and calibrations at three 
to five temperatures within the range of the sensor. 
When practical, sensors should be checked more 
frequently using the “ice bucket” method (Dunham 
et al. 2005), whereby sensors are submerged in an 
insulated ice bath for  hour to verify that readings 
are 0° C. 

In addition to the calibration procedures men-
tioned above, field meters or thermometers should be 
used to measure water temperature near the installed 
sensor during each field visit. After the recorded data 
have been downloaded, temperatures at the time of 
field visits can be extracted and compared with the 
manual measurements as a further calibration check. 
Such a comparison is particularly valuable where a 
sensor’s calibration may have drifted during the field 
installation, as it can help to identify the appropriate 
segments of the data requiring drift corrections.

Verification and Correction of Stream Temperature 
Data

Before any analysis, data quality must be verified 
and any errors removed or corrected. Data should 
be plotted as time series and visually inspected for 
obvious outliers, such as values that differ substan-
tially from preceding and following values. In many 
cases, the observations at the beginning and end of 
each data set need to be removed because the sensor 
would have been measuring air temperature while 
being programmed or downloaded in the office or 
at the field site. Similarly, any observations that were 

recorded when the water dropped below the sensor 
level (e.g., summer drought low flows, “dewatering”) 
need to be removed. These measurements are usu-
ally relatively obvious, with sudden and substantial 
increases in daily oscillations and daily maximum 
values (Figure 7.6). When examining data to locate 
errors, it is helpful to compare stream temperature 
records with other nearby records, such as those 
from upstream or downstream stations, and local  
or regional climate stations. 

When appropriate for project objectives, small 
data gaps can often be filled by using linear interpo-
lation or modelling techniques. As a general guide-
line, interpolation should be used only on gaps that 
are less than 2 hours long, which is often sufficient 
for filling gaps created by removing air tempera-
ture data recorded during downloading. Modelling 
techniques can be used for longer gaps (hours to 
days); however, modelled data must be interpreted 
cautiously. Gap filling with models is possible when 
surrogate data, such as stream temperature from up-
stream or downstream sensors or nearby watersheds, 
are available. Typically, a simple linear or multiple 
linear regression model is developed using several 
weeks of data immediately before and after the gap. 
Air temperature is also used as a surrogate, although 
linear models may be unsuitable because of nonlin-
earities at high (> 25° C) and low (freezing) tempera-
tures (Webb et al. 2003). In all cases, detailed notes 
on gap-filling instances, methods, and rationale 
must be produced and kept with the data.

FIGURE 7.6  Stream temperatures (Tw) before, during, and following a dewatering event, which 
began August 16 and ended August 22.
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Recommendations for Monitoring Stream 
Temperature

The following general recommendations are based 
on experiences in measuring stream temperature at 
sites throughout British Columbia. Specific imple-
mentation may need to be varied to suit conditions  
at individual sites and (or) project objectives.

Sensor selection and programming
Some manufacturers of temperature loggers, such as 
Vemco and Onset, produce units with different tem-
perature ranges. It is important to purchase models 
that cover the range of stream temperatures that 
can occur within British Columbia. Ideally, a logger 
should record temperatures ranging from below 0° C 
and to at least 35° C.

Data loggers can be programmed to record either 
the individual measurements or process the data and 
output summary statistics (e.g., mean, maximum, 
minimum) for a time interval. When the immedi-
ate need is only for mean daily temperatures, it 
may seem simplest to program a logger to generate 
daily summaries. However, given the high temporal 
variability of stream temperatures, and the relative 
ease of use and reasonable costs of thermistors, high 
frequency monitoring (hourly or every 0–20 min) 
is now preferred, even if the data are only used to 
calculate daily means. This approach allows data to 
be used for various purposes beyond those for which 
the data may have been originally collected. This 
approach also allows field measurements of tempera-
ture using a standard instrument to be associated 
with a specific recorded value for comparison and 
calibration, as described earlier. Examination of the 
time series can also be valuable for interpreting data 
logger malfunctions or dewatering events (Figure 
7.6).

Sensor installation and placement
A sensor should be shielded from solar radiation  
to avoid any possibility of anomalous heating, 
particularly during low flow periods, when low-flow 
velocities and high sun angles can cause the sensor 
temperature to rise above ambient water tempera-
ture. Several investigators have placed sensors within 
short lengths (0–20 cm) of pipe. Emplacement in 
these shields also keeps the sensors out of direct 
contact with the streambed, which may be cooler 
or warmer than ambient stream temperature in 
groundwater discharge zones, depending on season 
and time of day.

A sensor needs to be placed where it will be pro-
tected from natural disturbances, such as substrate 
movement and debris during storm flows, and where 
it can be relocated easily. In small streams with low 
stream power, rebar hammered vertically into the 
bed can suitably anchor a sensor. In larger streams, a 
sensor is usually attached to a suitable weight that, in 
turn, is leashed to an anchor point. Suitable weights 
include sand bags, blocks of concrete, exercising 
dumbbells, or other objects appropriate to a specific 
site. Heavy-duty clothesline is often an appropriate 
material for “leashing” thermistors to a streamside 
tree or other anchor. The anchor should ideally be 
fixed firmly in place, and not be movable during 
high flow. For example, large logs along the stream-
bank may be stable at lower flows, but are prone to 
being swept away during high flows. Despite the best 
efforts, thermistor loss due to burial or significant 
channel erosion is always possible. For example, the 
second author installed a network of submersible 
temperature loggers in the southern Coast Moun-
tains in summer 2003, and lost several during the 
October 2003 floods. One temperature logger ended 
up buried under 2 m of gravel, and another was lost 
when significant bank erosion swept away the ma-
ture tree to which the instrument was leashed. 

Sensor placement can be challenging, especially 
in streams with wide ranges of flow. The sensor 
should be placed where it will not become dewatered 
but will still experience water flow (i.e., not in stag-
nant pools). For streams that have not been viewed 
at a range of flows, it can be difficult to anticipate 
the patterns of depth and velocity during extreme 
conditions.

During installation, detailed hand-drawn maps 
and notes must be made and photos taken so that 
sensors can be relocated during various seasons 
and flows when sites can look quite different. Even 
though current temperature loggers may have suf-
ficient memory to be left unattended for months, 
frequent field checks are recommended to ensure 
that the sensor is not lost, exposed to air, or placed  
in an isolated pool at low flows.

Other comments
Streams that freeze or become covered with snow 
and ice present a range of challenges. It may be 
difficult to locate a temperature logger within a 
snow-filled channel or to remove it from under a 
thick ice cover. Additional problems may occur in 
larger streams, where channel ice can remain intact 
through the early spring melt. In such cases, ice may 
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be moved downstream with the flow, resulting in 
movement or loss of the instrument. Ideally, tem-
perature loggers at such sites should be visited and 
downloaded in autumn to avoid possible data loss.

Another important issue is spatial heterogeneity 
of stream temperature within a reach, which tends to 
be greatest during periods of high stream tempera-
ture. Stream temperature variability should be meas-
ured with a manual instrument on warm summer 
days to assess how representative a monitoring  

site is relative to other locations within the reach. 
Temperature loggers can collect tens of thousands 

of measurements each per year, making organization 
and storing of the data a challenge and data archiv-
ing paramount. Ideally, all data should be organized 
and stored in a relational database. At a minimum, 
each download file should be fully documented with 
metadata, such as site and deployment information 
and field notes, and be stored in at least two secure 
locations. 

REFERENCES

Beschta, R.L., R.E. Bilby, G.W. Brown, L.B. Holtby, 
and T.D. Hofstra. 987. Stream temperature and 
aquatic habitat: fisheries and forestry interac-
tions. In: Streamside management: forestry 
and fishery interactions. E.O. Salo and T.W. 
Cundy (editors). Univ. Wash, Inst. For. Resour., 
Seattle, Wash., Contrib. No. 57, pp. 9–232.

Bilby, R.E. 984. Characteristics and frequency of 
cool-water areas in a western Washington 
stream. J. Freshwater Ecol. 2:593–602.

Brown, G.W. 969. Predicting temperatures of small 
streams. Water Resour. Res. 5:68–75.

Cherkauer, K.A., S.J. Burges, R.N. Handcock, J.E. 
Kay, S.K. Kampf, and A.R. Gillespie. 2005. 
Assessing satellite-based and aircraft-based 
thermal infrared remote sensing for monitor-
ing Pacific Northwest river temperature. J. Am. 
Water Resour. Assoc. 4:49–59.

Dunham, J., G. Chandler, B. Rieman, and D. Martin. 
2005. Measuring stream temperature with digi-
tal data loggers: a user’s guide. U.S. Dep. Agric. 
For. Serv., Rocky Mtn. Res. Stn., Fort Collins, 
Colo. Gen. Tech. Rep. RMRS-GTR–50.

Ebersole, J.L., W.J. Liss, and C.A. Frissel. 2003a. Cold 
water patches in warm streams: physicochemi-
cal characteristics and the influence of shading. 
J. Am. Water Resour. Assoc. 39:355–368.

_______. 2003b. Thermal heterogeneity, stream chan-
nel morphology, and salmonid abundance in 
northeastern Oregon streams. Can. J. Fish. 
Aquat. Sci. 60:266–280.

Hamel, P., P. Magnan, M. Lapointe, and P. East.  
997. Timing of spawning and assessment of  
a degree-day model to predict the in situ 
embryonic developmental rate of white sucker, 
Catostomus commersoni. Can. J. Fish. Aquat. 
Sci. 54:2040–2048.

Handcock, R.N., A.R. Gillespie, K.A. Cherkauer, 
J.E. Kay, S.J. Burges, and S.K. Kampf. 2006. 
Accuracy and uncertainty of thermal-infra-
red remote sensing of stream temperatures at 
multiple spatial scales. Remote Sens. Environ. 
00:427–440.

Hockey, J.B., I.F. Owens, and N.J. Tapper. 982. 
Empirical and theoretical models to isolate the 
effect of discharge on summer water tempera-
tures in the Hurunui River. J. Hydrol. (N.Z.) 
2:–2.

Klein, R. 979. Urbanization and stream quality im-
pairment. Water Resour. Bull. 5:948–963.

Mellina, E., R.D. Moore, S.G. Hinch, J.S. Macdonald, 
and G. Pearson. 2002. Stream temperature 
responses to clearcut logging in British Colum-
bia: the moderating influences of groundwater 
and headwater lakes. Can. J. Fish. Aquat. Sci. 
59:886–900.

Moore, R.D. 2006. Stream temperature patterns in 
British Columbia, Canada, based on routine 
spot measurements. Can. Water Resour. J. 
3:4–56.

Moore, R.D., D. Spittlehouse, and A. Story. 2005a. 
Riparian microclimate and stream temperature 
response to forest harvesting: a review. J. Am. 
Water Resour. Assoc. 4:83–834.



62

Moore, R.D., P. Sutherland, T. Gomi, and A. Dhakal. 
2005b. Thermal regime of a headwater stream 
within a clearcut, coastal British Columbia, 
Canada. Hydrol. Process. 9:259–2608.

Mosley, M.P. 983. Variability of water temperatures 
in the braided Ashley and Rakaia rivers. N.Z. J. 
Mar. Freshw. Res. 7:33–342.

Neilsen, J.L., T.E. Lisle, and V. Ozaki. 994. Thermal-
ly stratified pools and their use by steelhead in 
northern California streams. Trans. Am. Fish. 
Soc. 23:63–626.

Nelitz, M.A., E.A. MacIsaac, and R.M. Peterman. 
2007. A science-based approach for identify-
ing temperature-sensitive streams for rainbow 
trout. N. Am. J. Fish. Manag. 27:405–424.

Nitschke, C.R. 2005. Does forest harvesting emulate 
fire disturbance? A comparison of effects on 
selected attributes in coniferous-dominated 
headwater systems. For. Ecol. Manag. 24:305–
39.

Quilty, E.J., P. Hudson, and T. Farahmand. 2004. 
Living on the edge: climate change and 
salmonids in Lang Creek, British Columbia. 
Prepared for the B.C. Min. Water, Land, and 
Air Protect., Environ. Protect. Br., Environ. 
Quality Sect., Surrey, B.C. www. 
aquaticinformatics.com/UserFiles/File/ 
QuiltyEtAl-2004_LangCreekSalmon.pdf  
(Accessed March 200).

Quinn, J.M., A.B. Cooper, R.J. Davies-Colley, J.C. 
Rutherford, and R.B. Williamson. 997. Land 
use effects on habitat, water quality, periphy-
ton, and benthic invertebrates in Waikato, New 
Zealand, hill-country streams. N.Z. J. Mar. 
Fresh. Res. 3:579–597.

Rayne, S. and G.S. Henderson. 2004. Airborne 
thermal infrared remote sensing of stream and 
riparian temperatures in the Nicola River wa-
tershed, British Columbia, Canada. J. Environ. 
Hydrol. 4(2):–.

Selker, J.S., L. The´venaz, H. Huwald, A. Mallet, W. 
Luxemburg, N. van de Giesen, M. Stejskal, J. 
Zeman, M. Westhoff, and M.B. Parlange. 2006. 
Distributed fiber-optic temperature sensing 

for hydrologic systems. Water Resour. Res. 42, 
W2202. DOI:0.029/2006WR005326.

Story, A., R.D. Moore, and J.S. Macdonald. 2003. 
Stream temperatures in two shaded reaches be-
low cutblocks and logging roads: downstream 
cooling linked to subsurface hydrology. Can. J. 
For. Res. 33:383–396.

Teti, P. 2004. Shade and stream temperature. 
Streamline Watershed Manag. Bull. 7(4):–5. 
www.forrex.org/publications/streamline/
ISS27/streamline_vol7_no4_art.pdf (Accessed 
March 200).

Torgerson, C.E., R.N. Faux, B.A. McIntosh, N.J. Po-
age, and D.J. Norton. 200. Airborne thermal 
remote sensing for water temperature assess-
ment in rivers and streams. Remote Sens. 
Environ. 76:386–398.

Torgerson, C.E., D.M. Price, H.W. Li, and B.A. Mc-
Intosh. 999. Multiscale thermal refugia and 
stream habitat associates of chinook salmon in 
northeastern Oregon. Ecol. Appl. 9:30–39.

Vannote, R.L., G.W. Minshall, K.W. Cummins, 
J.R. Sedell, and C.E. Cushing. 980. The river 
continuum concept. Can. J. Fish. Aquat. Sci. 
37:30–37.

Wagner, R.J., R.W. Boulger, Jr., C.J. Oblinger, and 
B.A. Smith. 2006. Guidelines and standard 
procedures for continuous water-quality moni-
tors: station operation, record computation, 
and data reporting. U.S. Geol. Surv., Reston, 
Va. Tech. and Methods  – D3. http://pubs.usgs.
gov/tm/2006/tmD3/pdf/TMD3.pdf (Accessed 
200).

Webb, B.W., P.D. Clark, and D.E. Walling. 2003. 
Water-air temperature relationships in a Devon 
river system and the role of flow. Hydrol. Pro-
cess. 7(5):3069–3084.

Webb, B.W. and D.E. Walling. 997. Complex sum-
mer water temperature behaviour below a UK 
regulating reservoir. Regul. River 3:463–477.

Webb, B.W. and Y. Zhang. 997. Spatial and temporal 
variability in the components of the river heat 
budget. Hydrol. Process. :79–0.

http://www.aquaticinformatics.com/UserFiles/File/QuiltyEtAl-2004_LangCreekSalmon.pdf
http://www.aquaticinformatics.com/UserFiles/File/QuiltyEtAl-2004_LangCreekSalmon.pdf
http://www.forrex.org/publications/streamline/ISS27/streamline_vol7_no4_art1.pdf
http://www.forrex.org/publications/streamline/ISS27/streamline_vol7_no4_art1.pdf
http://pubs.usgs.gov/tm/2006/tm1D3/pdf/TM1D3.pdf
http://pubs.usgs.gov/tm/2006/tm1D3/pdf/TM1D3.pdf


63

Biological Water Quality – Biological 
Measures 

John S. Richardson

BIOLOGICAL MEASURES

Biological measures at all levels of integration 
from genetics and populations to communities 
and ecosystems can provide useful information to 
assay the influences on natural systems of land use 
(local and regional), climate, and other sources of 
variation. Population and community measures 
for fish and aquatic invertebrates are discussed in 
the next subsection. In this subsection, measures 
of ecosystem processes and metrics for other taxo-
nomic groups beyond fish and invertebrates are 
briefly considered. There are many types and uses 
of biological measures (enough to justify their own 
compendium). Often biological measures are used as 
response variables in before-and-after “treatment” 
comparisons, including those that also have concur-
rent spatial controls (i.e., other catchments with no 
manipulation at the time of the treatment). Ecosys-
tem measures are used across gradients of land use, 
from reference (unmanaged) to highly perturbed 
watersheds. Biological measures are also used to as-
sess the effects of particular treatments, using a set of 
reference sites expected to represent the “population” 
of untreated streams. In general, ecosystem process-
es are more comparable across the landscape than 
specific components of ecosystems, such as species, 
which have a more limited range.

The wide variety of biological measures used 
in freshwater include descriptors of the biological 
communities, including the productivity, standing 
stocks, and relative abundance, as well as diversity 
of bacteria, algae, protozoa, fungi, and animals. The 
composition of some taxonomic groups in a water 
body, for instance bacteria and protozoa, might also 
provide useful information on ecosystem condi-
tions; however, the methods for obtaining these 
measures usually require more specialized expertise 
and equipment. Other measures used to describe 
ecosystem functions and rates of processes, are the 
dynamics of organic matter input or export (e.g., leaf 
litter, dissolved organic matter in groundwater) and 
primary production, the rates of biofilm production, 

measures of whole system respiration, and organic 
matter decomposition rates. 

In freshwater, biologically available energy 
comes from two sources: () allochthonous matter, 
or organic matter (also called detritus) produced 
outside the system; and (2) autochthonous matter, or 
organic matter produced within the system (mostly 
by algae). Thus, measures of these two types of 
energy yield important information about biological 
productivity and shifts in predominance of energy 
sources. Allochthonous organic matter is by far the 
most important (Kiffney et al. 2000; Richardson et 
al. 2005) in terms of quantity. The rate of retention 
of this material within stream reaches and its rates 
of decomposition are known to be sensitive indica-
tors of stream condition or “health” (Gessner and 
Chauvet 2002). 

Biological Measurement Methods 

A wide variety of methods are available for sam-
pling many of the biological measures, depending 
on the question at hand and the nature of the system 
under study (Table 7.7). Some methods are applied 
to streams of all sizes, whereas other measures 
(e.g., fluxes of organic matter) are more tractable in 
smaller systems. Among the best sources of general 
information on many of these methods are the com-
pilations of Hauer and Lamberti (2006) and Graça et 
al. (2005). 

Algae can be measured, either for biomass (meas-
ured as the photosynthetic pigment chlorophyll a) 
or taxonomic composition. Samples can be collected 
from natural rocks or artificial substrates (unglazed 
ceramic tiles or microscope slides). Typically, a sam-
ple from a known surface area is scraped or brushed 
from the substrate (e.g., Kiffney et al. 2003, 2004). 
Samples for biomass are then determined either by 
extraction of photosynthetic pigments (e.g., chlo-
rophyll a) followed by fluorometric or spectropho-
tometric estimation, or by filtration to weigh total 
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organic matter of the biofilm (measures all organic 
matter including algae, bacteria, etc.) biomass direct-
ly. Methods to estimate the composition are varied, 
but usually include some cleaning of the sample and 
settling into a chamber for examination by micro-
scope where taxa are identified and enumerated  
(e.g., Hauer and Lamberti 2006). 

Fungi can be sampled on leaves placed in the 
stream and used as a substrate, or from natural sub-
strates. Determination of the actual species compo-
sition requires microscopic examination of fungal 
structures, or extraction of ergosterol (a specific 
component of fungal cell walls) to estimate biomass 
(see Dangles et al. 2004; Graça et al. 2005). Fungi 
will also grow on cotton strips, which can be used as 
a standardized substrate. 

Organic matter dynamics and decomposition 
rates are increasingly used as an indicator of system 
conditions. A degraded stream is often less reten-
tive (e.g., fewer pieces of large wood or complex bed 
configurations that trap leaf matter), and it may also 
have lower input rates of organic matter because of 
canopy removal. Decomposition rates of existing or-
ganic matter increase with increasing temperatures 
(Richardson 992) or nutrients (Greenwood et al. 
2007). Decomposition rates may also decrease (ac-
counting for temperature) if particular species, such 
as alder, are reduced in relative abundance (Dangles 
et al. 2004). Bacterial respiration can be measured, 
as a component of biofilms, but it is complicated and 
usually involves laboratory assays using tritiated 
leucine or thymidine (McArthur and Richardson 
2002). Finally, as an integrated system measure, 

whole-system respiration can be measured using 
diurnal variation in oxygen concentrations, correct-
ing for rates of exchange with the atmosphere (Jones 
and Mulholland 998).

Limitations, Applications, and Interpretations of 
Biological Measures

Some of the biological methods discussed in this 
subsection are used in many parts of the world in an 
operational way and many are still under develop-
ment. Relative to measures of fish and aquatic inver-
tebrates, these measures are not as commonly used, 
and estimates of some of these kinds of measures are 
scarce for British Columbia streams (e.g., Richard-
son and Milner 2005). 

Appropriate study designs for streams can be dif-
ficult: for most scientific and management questions, 
streams are the unit of replication. In some cases, 
channel units or experimental units (e.g., cages, 
leaf packs, flumes) are the study unit, depending on 
the question. Difficulties can arise because of the 
sampling scales for using streams (or catchments) as 
study units, the large amount of background vari-
ation among streams, and variation through time. 
An individual stream is a unit of replication—and 
no matter how many times it is sampled, it is still 
one unit. Comparing a single stream before versus 
after treatment is possible statistically, but inference 
beyond this stream is not possible. Paired-catchment 
approaches, in which one stream is retained as a con-
trol, offer more ability to statistically analyze data 
using randomized intervention analysis (e.g., Car-

TABLE 7.7 Biological measurement methods

Measures What it measures Reference a

Algae—abundance or concentration Estimates of net primary production (a key 
basal resource)

Hauer and Lamberti 2006

Algae composition Community structure and nutrient status Hauer and Lamberti 2006

Fungi Community structure and biomass Dang et al. 2005; Graça et al. 2005

Biofilms DOC concentrations, etc. Hauer and Lamberti 2006

Organic matter Energy source available to the biological 
communities

Kiffney et al. 2000; Tiegs et al. 2007

Whole-system respiration Net integration of all biological process 
rates

Jones and Mulholland 1998;  
Carpenter et al. 2005

Decomposition rates A key function in aquatic food webs,  
sensitive to populations of decomposers

Gessner and Chauvet 2002;  
Hauer and Lamberti 2006

a See also British Columbia Resources Information Standards Committee documents at  
http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/.

http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/
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penter et al. 989) and potentially correct for serial 
autocorrelation in the data (lack of independence); 
however, this approach is also fraught with compara-
bility issues, as is often noted in hydrological studies. 

The strongest comparison possible, if feasible, is to 
have before–after comparisons, with controls, and 
many replicate streams. 
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Biological Water Quality – Fish and 
Aquatic Invertebrates 

John S. Richardson

FISH AND AQUATIC INVERTEBRATES

Fish and aquatic invertebrates are sampled in 
streams, lakes, and wetlands as an integrative bio-
logical measure of the status of the ecosystem. These 
taxa are also sampled to determine the status of par-
ticular species, or subsets of the biological commu-
nity. These taxonomic groups are well represented in 
British Columbia with about 72 species of freshwater 
fish (depending on inclusion of unusual forms like 
stickleback pairs or other unique forms; McPhail 
2007) and likely over 000 species of freshwater in-
vertebrates (> 80 dragonflies and damselflies alone). 
These species have life cycles spanning months to 
years, and as such integrate various impacts over 
time that are reflected in population abundances or 
size structure, and in the composition of the com-
munity. Such measures of response can include 
changes in individual (e.g., growth, reproduction, or 
survival), population (abundance, distribution), or 
community characteristics (e.g., composition, struc-
ture, diversity). As a result, such variables are some-
times used as response measures to assess changes 
in freshwater systems caused by land use effects. In 
the case of fish, measures of potential fish habitat are 
commonly used as a proxy for actual fish popula-
tions, given the effort and uncertainty associated 
with actual sampling of fish. For general references, 
refer to the sources listed in Table 7.8. 

Fish and Aquatic Invertebrate Measures 

Fish, most typically salmonids, are commonly 
sampled as a response measure to land use, such as 
forest practices (e.g., Meehan [editor] 99; North-
cote and Hartman 2004; De Groot et al. 2007). The 
relative abundance, species composition, growth 
rates, age structure, survival, and timing of migra-
tion of fish are all used as response measures, given 
appropriate points of reference (i.e., “control” sites or 
data from before management). Sampling fish abun-

dance requires many assumptions about the species 
“catchability” and movement patterns. Often densi-
ties decrease in a self-thinning manner as cohorts of 
similarly aged fish increase in age and individual size 
(creating an increasing demand for food and space). 
Individual fish can be tagged with various markers 
for later identification of individuals, and are also 
equipped with radio-transmitters for use in tracking 
the habitat use and movements of individuals. In-
vertebrates are used as indicators by using particular 
taxa, or more often as portrayed by shifts in com-
munity structure—known as benthic biomonitoring 
(Reynoldson et al. 200; Bailey et al. 2004). 

Fish and Aquatic Invertebrate Measurement 
Methods 

Fish are collected or observed in many ways, de-
pending on the particular question (see Table 7.8). 
At the catchment scale, fish are trapped using fish 
fences (block entire flow to stop fish and direct them 
into narrow traps) or screw traps (sample “out-mi-
grating” fish from the flow). Both of these methods 
are expensive and thus are limited in use. At the 
channel-unit scale (–0 m), seine nets, Gee (“min-
now”) traps, or electrofishing are used. Fish are 
also sampled within a habitat unit and even at the 
reach scale (approximately 00–000 m in length) by 
snorkelling and recording the number, relative size, 
and species of individuals seen as an observer either 
floats downstream or moves upstream. Fish are 
marked in various ways, with the method depending 
on whether the fish will be repeatedly sampled or re-
captured once during its life as it returns to freshwa-
ter from the ocean. In the latter case, coded wire tags 
inserted into the fish’s head can be retrieved later, 
but only upon its death. Other tags, such as passive 
integrated transponders (RFID tags),3 visual implant 
tags, and elastomer dye marks, identify individuals 

3 Radio Frequency Identification (RFID) is an automatic identification method that relies on storing and remotely retrieving data using 
devices called RFID tags or transponders.
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that are subsequently retrapped. For visual observa-
tion, tags such as Floy tags or even coloured beads 
are used. Fish numbers are estimated using deple-
tion estimates (i.e., blocking a short reach of stream 
and making several passes of the reach removing 
fish each time). As the numbers of fish are depleted 
in the blocked reach, the numbers of new individu-
als trapped in each pass will diminish and yield an 
asymptotic estimate of the actual numbers. Another 
method taking advantage of marking individuals is 
some form of capture–mark–recapture estimate for 
which there are many types of estimation algorithms 
(see Krebs 999).

Aquatic invertebrates are typically sampled quan-
titatively (density) or qualitatively (composition, rel-
ative abundance). Quantitative sampling has various 
samplers, the two most common being the Surber 
sampler or Hess sampler (Merritt and Cummins 
2007). For qualitative estimates, sampling is typically 
accomplished using a D-frame net (sometimes called 
a dip net). A method that is rarely used for standard 
sampling any longer is the use of substrate baskets, 
in which a volume of similarly sized mineral par-
ticles are placed into a cage of wire or plastic mesh 
and collected some time later allowing for coloniza-
tion by benthic invertebrates. In some studies, the 
measurement of “drift” rate of stream invertebrates 
is included as a flux of food for stream fishes (Roman-
iszyn et al. 2007). Finally, if specific identifications 
are needed, or if biomass of emerging insects is of 
interest, it is possible to use emergence cages for the 
adult stages of aquatic insects, which constitute a 
preponderant component of the benthic fauna.

Limitations, Applications, and Interpretations 
of Fish and Aquatic Invertebrate Measurement 
Methods

Sampling fish can be challenging, especially given 
that many species migrate to alternate habitats, 
including lakes, estuaries, and the ocean at vari-
ous times in their lives, and the timing of those 
migrations, and the ages of fish doing so, may vary 
depending on productivity, temperature, and other 
habitat factors. Therefore, changes in numbers 
within a site alone are usually insufficient to lead to a 
conclusion about habitat condition unless these data 
are collected across years. Typically, one needs to 
have more detailed information, or appropriate con-
trol catchments, to adequately account for climate 
and other life history responses. Most appropriately, 
it is necessary to have control or reference popula-
tions for comparison, and better yet to have before-
and-after time-series data (e.g., De Groot et al. 2007). 
In addition, identifying juvenile fish can be difficult 
and requires training and experience; however, snor-
kelling is used across habitat units, stream sizes, and 
seasons, making comparisons possible. 

If done improperly, electrofishing is detrimental 
to fish, especially in the very low-conductivity water 
of coastal British Columbia, and is difficult in large 
fast-flowing rivers. As a consequence, electrofishing 
in British Columbia requires certification. Gee traps 
can also be detrimental if these traps are lost or left 
in a stream unintentionally for an extended period 
of time. Gee traps may also trap unequally sized fish, 
often leading to the larger fish eating the smaller 

TABLE 7.8 Fish and aquatic invertebrate measurement methods

Measures What it measures Reference a

Fish abundances Productivity; survival and reproduction Murphy and Willis (editors) 1996

Fish age/size structure Demography and age-specific, time-specific 
impacts

Murphy and Willis (editors) 1996

Fish habitat Habitat availability and suitability Bain and Stevenson 1999

Invertebrate abundance Productivity of streams Merritt and Cummins 2007

Invertebrate composition Changes in community structure related to 
food resources, toxins, temperature, or other 
changes to the aquatic system

Reynoldson et al. 2001; Bailey et al. 2004

a See also British Columbia Resources Information Standards Committee documents at  
http://archive.ilmb.gov.bc.ca/risc/pubs/aquatic/.
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individual. Studies conflict over whether tagging fish 
alters their behaviour, slows them down, or makes 
them more apparent to predators, but each of these 
factors could bias studies if marked fish differ in any 
way from the unmarked fish they are intended to 
represent. Nevertheless, trapping fish allows one to 
measure and weigh fish and enables comparisons in 
biomass and growth rates among sites.

The expected values for measures of productivity 
or composition of fish or invertebrate assemblages 
differ by region of the province and by season. One 
of the first points of separation is the difference 
between coastal and interior regions, which have 
largely distinct hydrological regimes. The Coast 
and Interior also differ in faunal composition (e.g., 
Reece and Richardson 2000; McPhail 2007), under-
lying geology (affecting hydrology, geomorphology, 
and chemistry), and surrounding vegetation com-
munities. Thus, most of these measures need to be 
calibrated for particular ecoregions (or finer) within 
the province.

Biomonitoring has been adopted by manage-
ment agencies in many jurisdictions, and is under 
development in British Columbia. Most commonly, 
benthic macroinvertebrates are used for biomonitor-
ing, in part because of the many species and range of 
sensitivities to impacts (Bailey et al. 2004). Biomoni-
toring can also be done using fish, algae, and even 
macrophytes. Two major groups of biomonitoring 
tools are widely used: () the Benthic Index of Biotic 
Integrity (B-IBI) (Herlihy et al. 2005), and (2) the 
Reference Condition Approach (RCA) (Bailey et al. 
2004). Environment Canada has sponsored develop-
ment of an RCA-based approach in British Colum-
bia along with an online data storage and retrieval 
system known as CABIN (Canadian Aquatic Bio-
monitoring Network). Invertebrates are also used in 
bioaccumulation studies to assess long-term expo-
sure to fat-soluble contaminants. Another tool for as-

sessing the condition of freshwaters is the Indicator 
Species Approach developed by Dufrene and Legen-
dre (997). This approach contrasts the magnitude of 
effect sizes (abundances or biomass) between species 
from reference versus potentially perturbed sites.

In general, biomonitoring tools require some 
form of regional calibration against sites (streams) 
considered to be in “good” condition (i.e., reference 
sites against which perturbed sites are contrasted). A 
need also exists to calibrate for geomorphic varia-
tion (widths, gradients, channel forms) and geology. 
Each of these requires that a specific model take 
place within a class of stream and within a given 
ecoregion, although extrapolations are possible, and 
evidence is mounting that broadly applicable models 
are possible (Reynoldson et al. 200; Bailey et al. 
2004); however, incorporating additional sources of 
variation typically make the models less sensitive to 
environmental change. 

One can examine changes in composition of 
biological communities in terms of diversity, age 
composition, size structure, or energy flows (trophic 
structure) (e.g. Gjerløv and Richardson 2004). These 
additional measures can yield other insights into 
why communities might change in response to al-
teration of stream condition, and may be diagnostic. 
The biomonitoring tools rely on such changes. By 
themselves, these tools indicate deviation but not a 
potential diagnosis, although that is developing. 

As noted previously, one of the biggest challenges 
with studies of biological responses to land use is the 
frequent absence of clear management objectives and 
quantitative targets for the work (Villard and Jons-
son [editors] 2008). Equally important is the com-
mon failure to follow a rigorous study design that 
allows for proper statistical analysis and scientific 
rigour. The limitations can also be financial (funding 
for several years and many sites) or urgency (answers 
were needed “yesterday”). 
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Geomorphology – Sediment Source 
Mapping 

Peter Jordan

SEDIMENT SOURCE MAPPING

Sediment source inventories are useful for research 
on watershed sediment budgets, and for applied 
purposes such as assessing the impact of forest man-
agement activities on a watershed, or investigating 
the causes of stream channel changes during major 
hydrological events.

Watershed sediment yields vary greatly in differ-
ent hydrologic regions of British Columbia, and also 

vary greatly on a local scale in response to site-spe-
cific sediment sources within watersheds. Typically, 
most sediment in a small watershed originates from 
a few discrete sources, such as landslides, debris 
flows, or glaciers. Most forested areas in British 
Columbia have relatively low sediment yields. In a 
forest management context, a need often exists to 
estimate the amount of sediment originating from 
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natural and development-related sources. Typical 
natural sediment sources in forested watersheds 
without glaciers include:

• bank erosion (usually low unless a stream is in-
cised into glacial deposits);

• tree fall adjacent to stream channels;
• debris flows originating in alpine areas or chroni-

cally unstable bedrock;
• slump-earthflows in valley-bottom glacial depos-

its; and
• snow avalanche debris.

In forested watersheds lacking large natural sedi-
ment source features, forest development has been 
shown to greatly increase sediment yield. Typical 
development-related sediment sources include:

• erosion from forest roads and skid trails;
• undercutting, or washouts of roads bordering 

streams;
• landslides originating from forest roads and 

logged areas;
• failure of, or erosion adjacent to, culverts and 

bridges; and
• dispersed erosion from recently logged areas (usu-

ally an insignificant source).

Sediment source inventories can be conducted at 
three general levels of detail.

. Simple inventory of sediment source features. 
The product is typically a map showing the loca-
tion of discrete features, such as landslides, with 
perhaps a simple classification based on size and 
degree of activity. It can be based on air photo 
interpretation with a field reconnaissance, or it 
can be derived from an existing terrain map. This 
type of inventory is useful for initial investiga-
tions of whether forest management practices 
in a watershed pose a problem, and the relative 
significance of natural and development-related 
sediment sources.4 It is also useful for prioritizing 
watershed rehabilitation activities. Some proce-
dures for conducting inventories were developed 
for the Watershed Restoration Program from 994 

to 200. However, this type of inventory does not 
quantitatively measure the volume of sediment 
entering a stream.

2. Semi-quantitative sediment source inventory. 
At this level, the volume of sediment produced by 
each sediment source feature and its connectiv-
ity with the stream channel system is estimated. 
For example, each landslide in the watershed, 
or a representative selection if many landslides 
occurred, is visited in the field; its dimensions 
and the proportion of its volume that has entered 
the stream channel are measured or estimated. 
Another example of this type of inventory is road 
erosion surveys (Henderson and Toews 200), 
discussed below. These sediment source inven-
tories are useful in sediment budget studies, in 
which sediment sources, storage, and output in a 
watershed are quantified. This type of inventory 
is also likely to be useful for enforcement under 
the Forest and Range Practices Act; for example, to 
demonstrate that a development-related landslide 
has caused a “material adverse effect” on a stream. 
Sediment source inventories of this type are likely 
to produce a reliable order of magnitude or better 
estimate of the volume of sediment contributed to 
a stream in a particular year.

3. Measurement of individual sediment sources. 
Examples of this type of inventory include 
measurement of hillslope erosion, road surface 
erosion, and road culvert sediment yield using 
various types of sediment traps, catch basins, 
and samplers (Jordan and Commandeur 998). 
For example, to measure the sediment yield of a 
segment of road drained by a culvert that enters a 
gully, a trap can be constructed below the culvert 
in the gully to retain material of bed load size 
and an automatic pump sampler can be used to 
sample suspended sediment. Measurements of 
this type are useful for research projects, but are 
usually impractical for watershed sediment moni-
toring because of the high cost and the labour 
required. The results can be reasonably accurate, 
but may not be representative, as it is usually not 
feasible to measure more than a small sample of 
the sediment sources in a watershed. 

4 Alcock, J. 2005. Reconnaissance hydrological overview, Blaeberry River Watershed, north of Golden, B.C. B.C. Min. For., Columbia 
For. Distr., Revelstoke, B.C.
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FOREST ROAD EROSION SURVEYS

Some authors (Reid and Dunne 996; Jordan 200) 
report erosion from forest roads as a very significant 
source resulting from forest development. This topic 
is covered in greater detail in Chapter 9 (“Forest 
Management Effects on Hillslope Processes”). A 
method for estimating sediment contributions from 
road erosion has been developed for sediment budget 
studies in southeastern British Columbia (Hender-
son and Toews 200; Jordan 200, 2006). Similar 
methods have been developed for studies of road 
erosion and sedimentation on the coast (Carson and 
Younie 2003).

First, the road network in the watershed is divided 
into segments, with each segment having reasonably 
uniform properties such as slope, surficial mate-
rial, proximity to streams, and evidence of erosion. 
For each road segment, the dimensions of rills and 
other erosion features are measured or estimated to 
calculate the source erosion from the road surface, 
ditches, cuts, and fills. The volume of fine sedi-
ment produced at the site is estimated, based on the 
proportion of fine sand, silt, and clay in the eroded 
material. The connectivity between the site and the 
stream is then rated, to estimate the amount of sedi-
ment that reaches the stream channel. Measurement 
of source erosion is reasonably accurate if the survey 
is done soon after a spring runoff or rainstorm event, 
when evidence of erosion is fresh; however, estima-
tion of the connectivity is subjective and includes a 
high component of operator judgement. It is based 
mainly on observing field evidence of flow pathways 
between road culverts and the streams. Because of 
the potential error and poor repeatability in esti-
mating this parameter, sediment delivery data from 
erosion sources is very approximate, and should be 
considered an order of magnitude estimate only. 

This method has been used successfully for rela-
tively low-use forest roads in the southern Interior, 
which are not kept open in winter and for which 
the main erosion event each year is the snowmelt 
freshet. In regions dominated by rainfall, a survey 
must be completed after each significant rain event 
to estimate total annual erosion. On heavily used 
forest roads that are frequently graded and are 

actively used for log hauling, the method is difficult 
to apply, as grading and heavy truck traffic obscure 
evidence of surface erosion and introduce additional 
sediment. 

Beaudry and Associates developed an operational 
field tool to estimate sediment production from 
forested roads in the northern Interior of British Co-
lumbia, focussing on stream crossings and how these 
might be expected to respond to rainfall events.5 
This Stream Crossing Quality Index (SCQI) has been 
used successfully by licensees in the Interior to judge 
performance in maintaining water quality. 

With the implementation of the Forest and Range 
Evaluation Program (FREP), a methodology has been 
developed (see Carson et al. 2009) that incorporates 
features of the work done by Beaudry and Associates 
in the interior and Carson Land Resource Manage-
ment Ltd. on the coast. The procedure provides a 
means to quantify fine sediment production from 
both mass wasting and surface erosion associated 
with all forestry and range activities, including ero-
sion from roads and logged areas, slope failures, and 
disturbance by livestock.  

In general, experience has shown that sediment 
production from forest roads is greatest in the first 
year or two following construction, and declines 
thereafter as the road surface, cuts, and ditches 
stabilize. Cutslopes and ditches tend to produce the 
most sediment, followed by the road surface. Fill-
slopes produce relatively little sediment unless these 
encroach on stream channels. On older roads, sedi-
ment production increases greatly with increased use 
by industrial traffic, and with more frequent grading.

The method above can be applied at a detailed lev-
el, with the road system divided into many short seg-
ments, and with measurements taken several times 
per year. This will reasonably accurately estimate 
total sediment production from roads in a water-
shed. For many purposes, however, it can be applied 
at a less intensive level, with detailed measurements 
made on only a few representative segments, and 
erosion from the rest of the road system estimated 
using a simple classification system (Table 7.9).

5 Beaudry, P. and Associates. 2006. Stream crossing quality index: a sustainable forest management indicator of maintenance of water 
quality. Field Manual, Ver. 20. Report prepared for Canadian Forest Products Ltd. Unpubl. report. 
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TABLE 7.9  Classification of road surface erosion used in southeastern British Columbia. Based on tables in Henderson and Toews 
(2001) and the Interior Watershed Assessment Procedure (B.C. Ministry of Forests 2001).

Class
Median sediment  
production (m3/km)

Range of sediment  
production (m3/km)

Typical rill  
dimensions (cm) Visual description

  0.1  < 0.3  10 × 0.1 Almost unnoticeable rills 

2  1  0.3–3  10 × 1 Light erosion (typical of well armoured 
low-use roads) 

3  10  3–30  50 × 2 Moderate erosion (typical of erodible 
materials, average maintenance, high- 
use roads) 

4  100  30–300  100 × 10 Severe erosion, access difficult with a 
4WD but not impassable 

5  1000  300–3000  200 × 50 Severe gullying, impassable but  
repairable 

6  10 000  > 3000  1000 × 100 Total washout, road gone 
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http://www.forrex.org/publications/streamline/ISS25/streamline_vol7_no2.pdf
http://www.for.gov.bc.ca/hfd/pubs/Docs/Wp/Wp57/Wp57-05.pdf
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Geomorphology – Channel Measures

Dan Hogan

CHANNEL MEASURES

Numerous measurement techniques have been 
developed to address both the temporal and spa-
tial aspects of river and stream channel forms and 
processes. As a result, these techniques cover a huge 
range of issues including differing levels of complex-
ity, detail, and cost to undertake. Kondolf and Piégay 
(2003) considered the range of measurement tech-
niques and stated that “…as do all scientists, fluvial 
geomorphologists employ tools in their research, but 
the range of tools is probably broader in this field 
than others because of its position on the intersec-
tion of geology, geography, and river engineering.” 
Their large volume, titled Tools in Fluvial Geomor-
phology (Kondolf and Piégay 2003), covers the topic 
of channel measures in exhaustive detail; this refer-
ence includes specific details and summary tables of 
most techniques available in fluvial geomorphology. 
Readers interested in channel measures should refer 
to the Kondolf and Piégay reference because it covers 
all aspects far more comprehensively than is possible 
in this subsection.

It is difficult to compile a short list of channel 
measures because the success of any study will be 
determined by how clearly the purpose of the study 
is articulated and the appropriate methods selected 
that logically follow from the questions posed 
(Kondolf et al. 2003b). Kondolf et al. (2003b) stated 
that when selecting sampling methods, one needs to 
identify what, why, and to what level of confidence 
the collected data are to be used. Two examples il-
lustrate these points. A common measure in stream 
investigations is the determination of channel 
gradient. A relatively uncomplicated attribute such 
as stream channel slope can be measured using 
many different techniques. At one end of complex-
ity, a simple and inexpensive handheld inclinometer 
can be used. At the other end of the spectrum, very 
expensive total station survey or global position-
ing stations can be used. Technique selection will 
depend on whether the surface is a uniform plane or 
is characterized by various sediment and debris stor-
age elements, the length of channel to be averaged, 
and the specific features to govern survey breaks. 
With each measuring approach, a very different level 

of training is required and different costs incurred. 
These sampling decisions are common to most (or 
all) channel measurement problems. 

Clearly, the overriding determinant underly-
ing the channel measurement technique selected 
depends on the objective of the work. For example, 
a common request is to characterize channel sedi-
ment patterns; however, to sort out what is really 
required is not simple. The measurement technique 
used to characterize the surface sediment texture 
at one point in space, and at one time, will be very 
different than if an attempt is made to determine 
trends in the change in surface bed texture over time 
and (or) along a stream reach. This situation gets 
progressively more complex when the desired results 
include differentiation between surface and subsur-
face textures.

In this subsection, we will briefly highlight the 
range of measurement techniques commonly used 
for stream channels, including morphology, scour, 
sediment texture, in-stream large woody debris, 
and canopy cover for shade. See Kondolf and Piégay 
(2003) for a primarily academic review of tech-
niques, and Timber-Fish-Wildlife (994), B.C. Min-
istry of Forests and B.C. Ministry of Environment 
(996b), Newbury and Gaboury (993), and Tripp et 
al. (2009) for practical field applications.

Several common channel measurement methods 
are included in Table 7.0. The techniques are de-
scribed fully in the accompanying references. 

Common Limitations of Channel Measures

Several problems are common to many of the meth-
ods listed above. Many measures are stage/discharge 
dependent (feature will have different dimensions 
when the stream is at different discharge levels), in-
cluding measurement of pool, riffle and run dimen-
sions, area of bars, and islands debris accumulations, 
etc. This can be a problem when trying to compare a 
stream feature over time or when different surveyors 
are used. The Channel Assessment Procedure Guide-
book (B.C. Ministry of Forests and B.C. Ministry of 
Environment 996b) specifically addresses this issue. 
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TABLE 7.0 Channel measurement methods

Attribute Sources/materials Typical use/measure a Reference

Morphology 1:50 000 aerial photograph, 
stereoscope, photogrammet-
ric tools

Restricted to channels with Wb 
>30 m, interpretation commonly 
channel pattern, sediment supply, 
channel stability

Kellerhals et al. 1976; Gilvear and 
Bryant 2003; Kondolf et al. 2003a, 
2003b; Simon and Castro 2003 

Large-scale aerial photo-
graphs, stereoscope, photo-
grammetric tools

Restricted to channels with Wb 
>20 m (1:20 000) and Wb >10 m 
(1:5000), interpretation commonly 
channel pattern, sediment supply, 
channel stability

B.C. Ministry of Forests and B.C. 
Ministry of Environment 1996a

1:250 aerial photograph, 
stereoscope, photogrammet-
ric tools

Detailed bed and bank morphol-
ogy, surface sediment characteris-
tics, large woody debris arrange-
ment, and riparian condition

Ham and Hogan 1998

1:5000 and smaller-scale 
topographic maps

Longitudinal profiles, large river 
channel pattern, drainage areas, 
hillslope coupling, and stream 
network connectivity

Leopold et al. 1964; Newbury and 
Gaboury 1993 

Channel type Field inspections Based on channel dimensions (Ll, 
WS, Wb, DS, db, S, Qb), pattern, 
and shape

Church 1992; Timber-Fish-Wild-
life 1994; B.C. Ministry of Forests 
and B.C. Ministry of Environ-
ment 1996b; Hogan and Bird 1998; 
Halwas and Church 2002; Kondolf 
et al. 2003b

Bedrock Field inspections B.C. Ministry of Forests and B.C. 
Ministry of Environment 1996b; 
Kondolf et al. 2003b

Step-pool Field inspections Step composition, arrangement 
and dimensions

Grant et al. 1990; Kondolf et al. 
2003b; Church and Zimmerman 
2007 

Rapids/run Field inspections B.C. Ministry of Forests and B.C. 
Ministry of Environment 1996b, 
Kondolf et al. 2003b

Cascade Field inspections B.C. Ministry of Forests and B.C. 
Ministry of Environment 1998b; 
Kondolf et al. 2003b

Riffle-pool Field inspections Riffle type/pool type B.C. Ministry of Forests and B.C. 
Ministry of Environment 1998b; 
Kondolf et al. 2003b

Sand bed and 
finer

Field inspections Kellerhals et al. 1976; Church 1992

Bar type/ 
stability/extent

Field inspections Church and Jones 1982

Sediment texture  
Bed features 

Field and remote sensing Ham and Hogan 1998; Bunte and 
Abt 2001; Kondolf et al. 2003b 

Surface Tape/calipers/template DS, D50, D84, D95, sorting, shape, 
armour ratios

Wolman 1954; Church 1998; Gra-
ham et al. 2005 

Grid Kellerhals and Bray 1971

Photographic Graham et al. 2005
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Furthermore, many features such as channel bed 
textures and large woody debris arrangements can 
change seasonally depending on antecedent stream-
flow conditions.

Some measures can be extremely time and budget 
consuming. For example, to determine whether the 
fine component of a gravel bar has changed over 
time or space requires large sample sizes, often lead-
ing to the destruction of the feature.

Most techniques require a compromise between 
very detailed measurements at an individual site or 
less detail over larger areas. For instance, Trainor 

and Church (2003) concluded that survey lengths 
exceeding 35 Wb are needed to capture the variability 
of the streambed topography. To cover this length 
usually requires a reduction in the amount of other 
data gathered. If the focus is on documenting distur-
bance patterns, channel surveys must exceed 35 Wb.

Consistent measure among different surveyors 
can also be a problem. Hogan (200) provided an 
example for a small stream in which the same piece 
of large woody debris was measured annually, but by 
different surveyors. The same log varied in volume 
between 20 and 84 m3 over a 5-year period. 

Attribute Sources/materials Typical use/measure a Reference

Subsurface Sieve/sample splits Dsub, D50, D84, D95, sorting, shape, 
armour ratios 

Aquatic McNeil, freeze cores

Distributed bulk Wolcott and Church 1991

Bed scour/fill Scour chains/surveys (XS/LP-
DEM)/tracers

Tapes, survey stations/tracer detec-
tors

Hassan and Ergenzinger 2003

Large woody 
debris

Tapes/compass/survey equip-
ment/aerial photos

Ll, Dl (× 2), frequency, shape, state, 
function, source, pieces, mecha-
nism/distance

Timber-Fish-Wildlife 1994; Hassan 
et al. 2005

Jams Hogan and Bird 1998

Survey rod, level, compass, 
level, shovel

Composition Material, thickness, bedding Hogan and Bird 1998

Banks

Shade Clinometer, spherical convex 
densiometer, hemispherical 
image

% cover/open Kelley and Krueger 2005

Riparian Properly functioning condi-
tion

Prichard 1998; Tripp et al. 2009

Shape UC, OH, verticals, sloping

a Wb: channel bankfull width; Qb: bankfull streamflow discharge; S: channel slope; Ds: diameter of b-axis, surface sediment (not sub-
surface bulk, Dsub); db: bankfull depth; D50: of a sediment sample, 50% of which is finer than D50 (mm, 0); D84, D95: as above Ll: length 
of large woody debris piece; Dl: diameter of large woody debris piece; UC: undercut bank; OH: overhanging bank; Ws: water surface.

TABLE 7.0 Continued
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Spatial Measures – Vegetation Cover 

Pat Teti

VEGETATION COVER

In most of British Columbia, industrial forestry is 
less than a century old and many forested areas have 
never been logged. Therefore, the landscape reflects 
a wide variety of vegetation types and ages owing 
to site potential and the histories of natural disturb-
ance, logging, and reforestation. 

The type and amount of vegetation strongly affect 
the transfer of water and energy between the atmos-
phere and the terrestrial or aquatic environment. 
Effects on the water balance include interception 
loss and the removal of soil water by transpiration. 
Vegetation also affects ground-level heat budgets 
by intercepting solar radiation, emitting longwave 
radiation, and reducing wind speeds. Hydrologists 
use vegetation cover parameters to help understand 
and explain these processes, but most forest inven-
tory information is collected for timber inventory 
and planning purposes. 

Forest inventory data are maintained by the B.C. 
Ministry of Forests and Range. Publicly accessible 
data (http://geobc.gov.bc.ca/) include polygon-level 
information on the ages, heights, species, stems per 
unit area, wood volume, and crown closure of trees. 
These are collected by a combination of aerial photo 
interpretation and field measurements according 
to the well-established field of “forest mensuration” 
(e.g., Husch et al. 2003). Because these data are avail-
able for almost all forest land in British Columbia, 
hydrologists sometimes use them as indicators of 
hydrologic processes. Additional data are collected 
if higher spatial resolution, higher accuracy, or more 
physically meaningful parameters are needed. The 
following discussion focusses on several parameters 
of special interest to forest hydrologists. 

Crown Closure

Most forest vegetation cover parameters are based 
on optically detected presence or absence of tree 
crowns within a specified viewing angle as viewed 
from above or below the canopy. The most common 
example is the percent of ground area occupied by 
tree crowns. It is physically meaningful and widely 
used, and is reported in British Columbia’s forest 

inventory database as “crown closure.” There is some 
potential for confusion, however, because of the 
differing terminology and measurement methods 
used. Vora (988), Cook et al. (995), and Jennings et 
al. (999) used “canopy cover” to refer to the per-
cent area occupied by vertical projections of tree 
crowns. Jennings et al. (999) used “canopy closure” 
to mean the percent area occupied by canopy in the 
entire hemisphere above a point on the ground. In 
British Columbia’s forest inventory, crown closure 
is estimated by aerial photo interpretation, but its 
accuracy has not been tested because it is not used 
for predicting timber supply (L. Bowdidge, B.C. 
Ministry of Forests and Range, pers. comm., 2007). 
On an aerial photo, the viewing angle of tree cano-
pies deviates from the vertical by increasing amounts 
with increasing angles from the photo nadir, thereby 
increasing the apparent footprint of tree crowns and 
potentially causing crown closure to be overesti-
mated. In principle, measuring crown closure from 
below is the same as from above; however, measur-
ing from below offers more options for viewing 
angles and instruments.

When done at ground level, defining the pa-
rameter and sampling it over space are particularly 
important because of the many potential parameters 
and their tendency to be highly variable within a 
stand. Some parameters require long-duration meas-
urements with expensive equipment and are there-
fore not easily applied over large areas. The emphasis 
here is on parameters that can be measured quickly 
at a point on the ground, thereby allowing spatially 
representative samples to be collected within a stand. 

The field of view in which canopy is observed 
from below is often described in terms of a cone cen-
tred on the zenith with a specified radius, or “zenith 
angle.” This corresponds with polar co-ordinates 
where the angle can be measured either from the 
zenith or from the horizon (Figure 7.7). 

Several simple instruments are designed to allow 
ocular estimates of percent canopy within different 
zenith angles. Percent canopy measured from below 
within a small zenith angle corresponds to the above 
definition of “crown closure.” One of the most com-

http://geobc.gov.bc.ca/
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monly used ground-based methods for measuring 
it is the “moosehorn,” which has a zenith angle of 
approximately 0°. Bonnor (968) compared average 
canopy densities measured with a moosehorn in 
hardwood and softwood stands with cover esti-
mates made using aerial photos and found the two 
methods to be within 0%. Ganey and Block (994) 
described a “vertical sighting tube,” which projects 
a dot at the zenith, thereby allowing presence or ab-
sence of canopy to be estimated from below, similar 
to a line-intercept sampling method. 

North

South

10 degree zenith angle  
= 80 degrees above horizon

Aug. 15th sun path  
at 52 degrees north

FIGURE 7.7  Polar co-ordinate representation of a hemispheri-
cal field of view centred on the zenith.

The “spherical densiometer” (Lemmon 957) is a 
small instrument with a concave or convex mirror 
that provides an off-zenith field of view. If used in 
all four cardinal directions as intended, this den-
siometer provides a zenith angle of about 50º (Teti 
200). Although the spherical densiometer is simple 
and convenient, researchers have identified some 
concerns with its use. Bunnell and Vales (990) 
and Cook et al. (995) noted that measurements by 
spherical densiometer are consistently higher than 
crown closure (as defined above) as would be ex-
pected due to tree geometry. Teti (200) noted some 
issues with the optical quality of the spherical densio-
meter’s mirror. For different zenith angles of differ-
ent instruments, Bunnell and Vales (990) noted that 
researchers should define canopy parameters accord-
ing to the processes that control the phenomenon 
they are trying to explain. 

Shade and Transmitted Solar Radiation

Various types of radiometers and data loggers are 
available for measuring radiant energy and can 
therefore document differences in solar radiation 
above and below the canopy with precision (Hardy 
et al. 2004). However, these are sufficiently expen-
sive and cumbersome that it is difficult to use them 
to collect spatially representative samples under the 
canopy. For example, Hardy et al. (997) found that 
radiation at a single point was inadequate to estimate 
the average snowmelt energy budget under a forest 
canopy. Simpler instruments can be used to collect 
many measurements of index parameters in a rela-
tively short time and make it practical to estimate 
average shade or radiation over the scale of the forest 
stand or stream reach. 

In forest hydrology, “shade” is usually used in the 
context of summertime stream temperature studies 
and refers to the reduction in direct solar radiation at 
the stream surface by vegetation and other obstruc-
tions. The first simple shade parameter suggested 
for managing summertime stream temperature was 
“angular canopy density” (ACD) and was defined for 
a point on the ground or on a stream’s surface by 
Brazier and Brown (973) as percent shade from 0 
a.m. to 2 p.m. It can be estimated with a spherical 
ACD meter (Teti 200) or from fisheye photographs. 
The Solar Pathfinder (Platts et al. 987) and the 
Horizontoscope (Brang 998) allow a user to esti-
mate percent shade from sunrise to sunset. The ACD 
meter, Horizontoscope, and Solar Pathfinder rely on 
ocular estimates and are therefore subject to bias and 
operator variability, both of which can be reduced 
with training (Teti and Pike 2005). 

A more rigorous definition of shade is percent 
attenuation of incoming direct solar radiation over a 
full day. This has been referred to as “effective shade” 
by Allen and Dent (200) and can be estimated by 
applying a radiation model to the raw canopy data. 
The Solar Pathfinder includes tables of incident 
radiation at different times of day, thereby allowing 
the calculation of solar energy exposure or effective 
shade. Software packages such as Gap Light Ana-
lyzer (www.rem.sfu.ca/forestry) allow estimates of 
solar radiation from fisheye canopy photos using 
radiation models for any time of the year and for dif-
ferent atmospheric conditions. Indeed, the analysis 
of hemispherical canopy photos provides a basis for 
testing the accuracy of shade and radiation param-
eters measured with simpler instruments (e.g., Chen 
et al. 997; Englund et al. 2000; Bellow and Nair 

http://www.rem.sfu.ca/forestry
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2003; Kelley and Krueger 2005; Fiala et al. 2006). It 
also allows the objective comparison of the degree of 
correlation between different parameters. For exam-
ple, Teti (2006) found that average ACD measured on 
fisheye photos was a very good predictor of average 
effective shade calculated from the same fisheye 
photos on 44 stream reaches (r2 = 0.93). 

View Factor

View factor is a useful concept in the transfer of 
longwave radiation between the ground (or snow) 
and overhead objects because the sky and foliage are 
often at very different temperatures, thereby affect-
ing the contributions to radiant flux. Canopy view 
factor is defined as the integral of canopy density at 
different zenith angles weighted by the cosine of the 
zenith angle. Assuming that the hemisphere above a 
flat surface consists of only canopy and sky, canopy 
view factor + sky view factor = . Because of its 
dependence on the distribution of canopy within the 
whole hemisphere, it is best determined by analyzing 
hemispherical canopy photos (e.g., Thyer et al. 2004). 

Leaf Area per Unit of Ground Area

The surface area of leaves and needles per unit of 
ground is an important forest parameter because it 
is related to the ability of the canopy to store inter-
cepted precipitation and transpire water during the 
growing season. Leaf area index (LAI) is defined as: 

 LAI = Af /Ag (7)

where: Af is one-half the total surface area of  
foliage over a given unit of ground (Chen and  
Black 992), which for deciduous leaves equals the 
surface area of one side, and Ag is the ground area. 

Direct measurement of forest Af is a labour-in-
tensive task, so considerable work has been done 
to estimate it by indirect methods from below and 
above the canopy. Chen et al. (997) and Frazer et al. 
(997) discussed the use of hemispherical photogra-
phy, the Licor LAI-2000, and the Sunfleck Ceptom-
eter for estimating LAI from ground level and Turner 
et al. (999) discussed its estimation from satellite 
imagery. 

Canopy Photography

Canopy photography can be used to estimate any 
of the parameters described above. It is slower in 
the field than many of the previously described 
methods, and photo analysis requires time, but it 
provides a permanent and versatile record of the 
canopy. Depending on the purpose, a fisheye lens 
is not necessarily required. If a 80º field of view 
is not needed, a lens with a narrower field of view 
will provide higher resolution and image quality; 
however, hemispherical canopy photography is most 
common for research because it is the most versatile. 
In any case, the lens geometry must be known and 
camera orientation must be controlled in the field so 
that image pixels correspond with known locations 
in the celestial hemisphere during analysis. With a 
camera and lens mounted on a tripod with a bull’s-
eye level, the location of the zenith on the image can 
be determined by positioning the lens directly under 
a reference mark with a plumb bob and taking a 
photo. Repeatability of levelling can be determined 
empirically. Automatic gimballed levelling camera 
mounts are available but add considerable bulk. 
Horizontal orientation can be controlled by includ-
ing a compass-bearing reference in each photo. 
Electronic compasses with LEDs indicating direction 
are available for fisheye lenses or a visible target can 
be held in the field of view indicating a direction 
from the lens. Knowing the location of the zenith 
and a cardinal direction allows a photograph to be 
oriented for analysis. Lens geometry may be provid-
ed by the vendor or determined by photographing a 
geometrically known or marked-up space (e.g., Clark 
and Follin 988). Note that the wider a lens’s field of 
view, the more the resulting image deviates from an 
equal-area projection (Herbert 987). 

Digital cameras and lenses tend to be smaller and 
lighter than their 35-mm film counterparts, thereby 
facilitating use in the field. Film cameras offer the 
highest-quality hemispherical imagery but require 
the digitization of each image before analysis. Dif-
ferences in results between these two acquisition 
methods have been found (Englund et al. 2000; 
Frazer et al. 200), but these are not large enough 
to undermine the value and convenience of digital 
cameras for most purposes. 
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The ability to discriminate sky from canopy 
within an image is fundamental to all canopy photo 
analyses. This is usually referred to as “binarization” 
or “segmentation” and was traditionally based on 
a single threshold value for every image pixel, thus 
requiring a uniform overcast sky for accurate results. 
Edge detection algorithms work by determining 
local differences in brightness rather than abso-
lute values (Nobis and Hunziker 2004). Sidelook, a 
public domain software package that implements 
this algorithm for discriminating vegetation from 
sky, is available at www.appleco.ch. When working 
with colour images, Sidelook performs its operation 
in any of the three colour channels. The blue colour 
channel generally provides the best discrimination 

between sky and canopy (Frazer et al. 200; Nobis 
and Hunziker 2004; Teti and Pike 2005). 

Several commercial and public domain soft-
ware packages are available for extracting different 
canopy parameters and for estimating the amount of 
direct and diffuse solar radiation on different days of 
the year based on models of sun paths and atmos-
pheric conditions. Many of these are described by 
Roxburgh and Kelley (995), Frazer et al. (997), and 
Bellow and Nair (2003). Hardy et al. (2004) found 
that solar radiation calculated with Gap Light Ana-
lyzer (mentioned previously) was a good substitute 
for global radiation measured with pyranometers 
under a forest canopy. 
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Spatial Measures – Remote Sensing 

Nicholas C. Coops

REMOTE SENSING

This subsection provides readers with some practical 
guidelines to consider when seeking to use remote 
sensing imagery in hydrological applications, as well 
as a short overview of current applications and uses 
of remote sensing technology.

Since the invention of photography, it was appar-
ent that an aerial perspective provided important 
information on the spatial patterns on the Earth’s 
surface and therefore aerial imagery quickly became 
a critical tool for resource managers. When consider-
ing the use of remotely sensed data for hydrological 
applications, spatial and temporal scale need to be 
examined in association with the observed hydro-
logical patterns and processes. The characteristics of 
remotely sensed data (be it digital or photographic) 
are often referred to as the image resolutions and 
relate to four basic properties: () spatial, (2) spectral, 
(3) temporal, and (4) radiometric resolutions. 

The spatial resolution indicates the size of the 
minimum area that can be resolved by a detector at 
an instant in time (Strahler et al. 986; Woodcock 
and Strahler 987). In the case of digital sensors, an 
instrument that has a spatial resolution of 30 m is 
typically able to resolve any 30 × 30 m area on the 
landscape as one single reflectance response. When 
selecting a data source for hydrological applications, 
spatial resolution will be a critical factor and gener-
ally imagery with a spatial resolution near the size 
of the objects of interest is usually preferred (Lefsky 
and Cohen 2003). Table 7. and Figure 7.8 outline 
the optimal applications associated with different 
spatial resolutions. Generally, broad-scale phenom-

ena are best characterized by low spatial resolution 
imagery (e.g., for monitoring vegetation phenology 
across Canada). Conversely, high spatial resolution 
data are more appropriate for applications that re-

TABLE 7.  Relationship between scale and spatial resolution in satellite-based land cover mapping programs  
(adapted from Franklin and Wulder 2002)

Spatial resolution  Nature of suitable forest disturbance targets

Low  Small-scale disturbances (100–>1000 m); detectable with sensors such as NOAA AVHRR,  
 TERRA/AQUA MODIS, SPOT VEGETATION
Medium  Moderate-scale disturbances (10–>100 m); detectable with sensors such as Landsat Thematic Mapper™, 
 SPOT, RADARSAT I and II, and Shuttle platforms
High  Large-scale disturbances (0.1–10 m); detectable with aerial remote sensing platforms  
 (e.g., photography), IKONOS, QuickBird, Worldview

FIGURE 7.8  Illustration of spatial resolution and subsequent 
information content of three common image 
spatial resolutions: 30 × 30 m, 10 × 10 m, and 
2.5 × 2.5 m. The underlying image is a digital 
photograph. Image provided courtesy of J. Heath, 
Terrasaurus Ltd., Vancouver, B.C. Figure adapted 
from Wulder et al. (2006).
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quire a greater level of spatial detail, such as water-
shed-level leaf area index.

In addition, the spatial extent of each image data 
set and the revisit capacity of the satellite system 
need to be considered in conjunction with data costs. 
Low spatial resolution imagery typically covers larg-
er spatial extents and is less expensive than high- or 
medium-resolution data; however, trade-offs exist re-
lated to spectral and spatial resolution for increased 
spatial coverage. Likewise, lower spatial resolution 
sensors have the advantage of finer temporal resolu-
tion, as low-resolution satellite images have revisit 
times of days rather than weeks. Conversely, high 
spatial resolution data sets generally have smaller 
spatial extents, higher cost, and longer nadir revisit 
times (Coops et al. 2006). 

The temporal resolution is the time required 
for a sensor to return to the same location on the 
Earth’s surface. This revisit time is a function of the 
satellite orbit, image footprint, and the view angle 
of the sensor (off-nadir imaging). The timing of 
image acquisition should be linked to the target of 
interest. Some environmental processes may have 
specific time intervals  (e.g., snowfall, leaf defolia-
tion) when imagery must be collected to capture the 
required information (Wulder et al. 2006), whereas 
other disturbances may be less time specific, such as 
harvesting operations or land cover change, allowing 
increased flexibility in data acquisition.

The digital sensor or camera is sensitive to a wide 
range of wavelengths in the electromagnetic spec-
trum. The spectral resolution of a sensor indicates 
the number and the width of the spectral wave-
lengths captured by a particular sensor. By changing 
the number or spectral width of the sensor, charac-
teristic reflectance properties of the surface can be 
accurately portrayed. Sensors with more bands are 
described as having an increased spectral resolution 
(Lefsky and Cohen 2003). Currently, most opera-
tional satellite-based remote sensing systems have 
a small number of broad spectral channels (< 0). 
However, an increasing number of airborne and 
space-borne instruments can produce hyperspectral 
data (e.g., instruments with > 200 narrow spectral 
bands); as a result, these data are becoming more 
widely available. 

Finally, the radiometric resolution indicates the 
actual information content of an image and is often 
interpreted as the number of intensity levels that a 
sensor can use to record a given signal (Lillesand et 
al. 2004). Increased radiometric resolution increases 
the capacity of a sensor to detect finer changes in re-

flectance. In addition to considering the resolution(s) 
of the required imagery, sensors can also be catego-
rized as either active or passive. Passive, or opti-
cal, remotely sensed data are collected by sensors 
sensitive to radiation from 400–2500 nm as well as 
surface temperature (emittance at 0.4–2.5 µm). 
Aerial photography and imagery from the Landsat, 
SPOT, IKONOS, and QuickBird satellites, for example, 
are all passive sensors and are the most commonly 
applied in vegetation and forestry applications. Ac-
tive remote sensing systems emit energy and then 
measure the return energy that is reflected back to 
the instrument. These active sensors can therefore 
operate under a wide range of conditions not limited 
by the Sun’s illumination (Lefsky and Cohen 2003). 
Radar and lidar systems are both examples of active 
sensors. In the case of radar, microwaves with  mm 
–  m wavelengths are applied, whereas lidar typi-
cally uses pulses of near-infrared radiation. 

The choice of active versus passive systems for 
forest hydrological applications depends on the 
information required. In the case of radar, the longer 
wavelengths interact with forest canopy structure, 
with the signal backscatter correlated to the size of 
elements in the forest stand. Radar data are avail-
able on both airborne and space-borne platforms. 
Lidar systems emit pulses of infrared radiation and 
measure the time it takes for pulses to reach, and 
then be reflected from, the surface (Lefsky and Co-
hen 2003). Lidar data are typically collected as single 
points; therefore, the land surface is sampled rather 
than imaged, and so full coverage is not achieved. 
Most commonly found on airborne systems, lidar 
surveys typically have sampling densities of –5 m 
depending on the system, altitude, and speed (Lim et 
al. 2003). These points are then processed to extract 
the ground surface and canopy information. Lidar 
data can also provide detailed information on the 
vegetation canopy, as laser pulses also intersect with 
vegetation. As a result, very accurate information 
on tree height, and structural characteristics such as 
vegetation cover at different heights, can be predict-
ed using this technology (Lim et al. 2003). 

A detailed listing of remote sensing data sources 
is available at several Internet sites including the 
Canadian Centre for Remote Sensing (www.ccrs.
nrcan.gc.ca). Standards and guidelines for the use of 
remotely sensed data for vegetation resources inven-
tory purposes in British Columbia are available from 
the B.C. Ministry of Forests and Range (www.for.
gov.bc.ca/hts/vri/standards/index.html).

http://www.ccrs.nrcan.gc.ca
http://www.ccrs.nrcan.gc.ca
http://www.for.gov.bc.ca/hts/vri/standards/index.html
http://www.for.gov.bc.ca/hts/vri/standards/index.html
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Hydrological Applications of Remote Sensing Data

Over the past two decades, remote sensing technol-
ogy has played an increasing role in hydrological 
applications. Several techniques that apply remote 
sensing technology have become operational, includ-
ing estimation of snowmelt runoff and classification 
of land use. Other approaches are still the focus of 
ongoing research, including flood management, mi-
crowave forecasting of rainfall, and estimation of soil 
moisture profiles (Schultz and Engmann 2000). In 
addition to directly predicting hydrological process-
es, remotely sensed data can also play a secondary 
role by providing information on vegetation cover 
to help estimate vegetation water use such as tran-
spiration. Areas of hydrology where remote sensing 
technology is either routinely applied or under devel-
opment include prediction of precipitation, snow and 
ice, soil moisture, land cover, and terrain modelling 
(Schultz and Engmann 2000).

Since the 970s, significant progress has been 
made extracting precipitation rates from remotely 
sensed data; as a result, many state-of-the-art 
methods for estimating rainfall use remote sensing 
observations. In general, the approaches detect rain/
no rain boundaries and subsequently estimate the 
rainfall rates to provide an overall estimate of total 
accumulated rainfall at a location. Near-infrared 
temperature thresholds are often used with ground-
based observations and meteorological models. 
Other, more detailed techniques use the visible and 
near-infrared wavelengths as well as passive micro-
wave systems that incorporate information on cloud 
tops and reflectivity (Barrett 2000).

Snow and ice cover have been successfully 
estimated using medium to high spatial resolution 
optical satellite imagery in cloud-free areas, and 
algorithms have been developed to estimate a range 
of snow properties including snow area, extent, and 
snow surface characteristics. The NASA Moderate 
Resolution Imaging Spectroradiometer (MODIS) and 
the older Advanced Very High Resolution Radio-
meter (AVHRR) instruments use comparisons of 
two or more spectral bands in the visible, shortwave 
infrared, and thermal channels (Lucas and Har-
rison 990) to estimate snow cover with the current 
generation of MODIS outputs, including 8-day snow 
products at between 500-km and -km spatial resolu-
tion. (Data are available at http://modis.gsfc.nasa.
gov/data/.) Under cloudy conditions, techniques rely 
on passive microwaves that can successfully pene-
trate cloud cover. Passive microwave techniques look 

at frequency differences of two microwave channels 
(22–85 GHz or 9–37 GHz) (Fernandes and Rubin-
stein 2000).

Soil moisture is a critical variable in hydrology, 
and remote sensing data may assist predicting and 
extending moisture measurements over larger spatial 
areas. Microwave remote sensing has, to date, been 
used to predict surface soil moisture with varying 
degrees of success. Field-based point measurements 
are generally more accurate than satellite-based sys-
tems; however, subsequent averaging of these point 
measures over large areas can lead to significant er-
rors (Geng et al. 996). Using active microwave sen-
sors, short-wavelength radar (such as C band) can be 
highly sensitive to soil moisture, surface roughness, 
and vegetation moisture. The most successful results 
for predicting soil moisture from radar remote 
sensing therefore occur for applications in which 
several of these sensitivities are reduced, such as on 
bare ground and over flat areas. As vegetation cover 
increases, the capacity to assess soil moisture with 
remote sensing technology decreases significantly. 
Techniques using radar tend to incorporate multiple 
images where key parameters such as surface rough-
ness can be determined using ground-based obser-
vations. Then, using a combination of modelling 
and imagery, soil moisture can be estimated over a 
period of time. The Canadian satellites RADARSAT I 
and II have C-band radar instruments that have suc-
cessfully estimated soil water over bare ground, but 
results are limited in forested situations (Galarneau 
et al. 2000). 

Information on land cover can also be critically 
important for hydrological modelling. Numerous 
studies have confirmed that land cover (e.g., forests 
and agriculture) and water bodies can all be ac-
curately classified from remotely sensed imagery. 
Classification techniques include standard methods, 
such as supervised and unsupervised classifications, 
as well as the more recent the use of decision trees 
and neural networks. These land cover classifications 
are then often coupled with other models and data 
that allow the estimation of water use based on land 
cover and land cover change (Rango and Shalaby 
998; Kliparchuk and Collins 2003). 

Finally, remotely sensed imagery and aerial 
photography remain critical data sources for infor-
mation on the terrain surface. These layers can be 
critical for hydrological modelling (Ritchie 996). 
Photogrammetry remains the most commonly 
applied approach to measure height information; 
however, lidar ground return data have recently been 

http://modis.gsfc.nasa
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gridded into raster coverage using various surface-
fitting routines that allow the derivation of slope and 
aspect information. 

Future Perspectives in Remote Sensing 

Advances in computer power are ensuring that mod-
els are increasingly able to incorporate more com-
plexity in hydrology than previously was the case. 
Although this may not guarantee more accurate 
model results, it does allow the application of ongo-
ing modelling over larger areas and at finer spatial 
resolution. Furthermore, it is expected that advances 
in computer graphics and simulation will allow the 
computation and visualization of highly dynamic 
hydrological processes in time and space (Schultz 
and Engmann 2000). Given that remote sensing 
technology is often unable to directly measure key 
hydrological parameters, future research is likely to 

focus on the efficient integration of remotely sensed 
data and theoretical models. Becker (2006) provided 
the example of the prediction of evapotranspiration, 
which is currently measured through a combination 
of surface radiation in the visible, thermal, and radar 
backscatter combined with information on historical 
trends through data assimilation. In addition, prog-
ress in using remote sensing data in hydrological 
applications is often constrained by a lack of field ob-
servations with which to start up and provide limit-
ing conditions for models, as well as by the necessity 
to verify and validate the remote sensing predictions 
themselves (Lanza et al. 997). As the next generation 
of satellite and airborne remote sensing technologies 
becomes available, it is anticipated that advances 
such as improved radar sensors, enhanced spectral 
resolution, and the increased use of lidar-based tech-
nology will help solve these current difficulties.
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