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After the total number of days of data have been collected, the data is reduced using a least squares linear curve fit to
find the calibration constant.  The standard error (in Watts), the correlation coefficient (> 0.998), the percent error
(3% upper limit), and the offset of the curve are also computed and printed out.  The calibration constant is equal to
the slope of the best fit line.

NOTE: The above described calibration procedures and specifications used by LI-COR are subject to change
without notice as new technologies or methods may be utilized.
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Application Note #109

Calibration Procedures for LI-COR

Spectroradiometers, Radiation Sensors & Lamps

Introduction

This report summarizes LI-COR factory calibration procedures for all quantum sensors, photometric sensors, and
spectroradiometers.  Many concepts are explained in greater detail in other reports which are available upon request.
These include:

"Radiation Measurement" - a report on terminology, measurement errors, conversion between radiometric and
photometric units, units and conversions used for quantum, photometric, and radiometric data, and condensed
LI-COR calibration procedures.

"Radiation Measurements and Instrumentation" - a more detailed discussion of radiation theory, terminology,
radiation measurement, and colorimetry.

"Immersion Effects and Cosine Collecting Properties of LI-COR Underwater Sensors"

Relevant information can also be found in several LI-COR brochures and instruction manuals including the 1800-02
Optical Radiation Calibrator instruction manual and brochure.

Importance of Calibration

Calibration is an integral step in the manufacture and repair of all LI-COR optical radiation measuring instruments.
All sensors are designed to provide data in standardized and accepted measurement units.  Because of normal
variation in internal optical components, it is necessary to characterize each device by measuring its output on a
standardized source.  For fixed sensors, this calibration data is supplied as a "calibration constant" which indicates
the amount of sensor output for a given amount of measurable energy.  For spectroradiometers, the data is supplied
as a "calibration file" which is a collection of "calibration constants," one for each wavelength that the instrument
can measure.

There are two methods by which the readout device used with a sensor may be adjusted to the calibration constant to
provide a direct readout.  (1) the constant is numerically entered into the instrument's electronic "memory" via a
keypad.  (2) adjustment of internal potentiometers (electromechanical "memory") is done.  Instruments without any
provision for adjustment must have their data scaled by a factor determined from the calibration constant.
Spectroradiometric data is corrected by dividing the collected scan data by the internal calibration file, generally
automatically.

The characteristics of the optical components change with time and may also be affected by environmental
conditions.  Periodic recalibration should be seriously considered.  Data of a critical nature requires more frequent
calibrations than those suggested, as well as calibrating under conditions of actual use (e.g. same temperature).
Ultimately, the only way to verify performance is to recalibrate.
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Basis of Calibration

Standard Lamps
All LI-COR optical radiation calibrations are derived from lamp standards and spectral irradiance (Watts m-2 nm-1).
These lamps produce a known output when operated according to prescribed conditions.  LI-COR uses a standard
lamp calibrated directly by the U.S. National Institute of Standards and Technology as its primary standard.

The NIST standard lamp is used to calibrate two working standards, one used for calibration of LI-COR's 1800-02L
Calibration Lamps, and the other used for all factory calibrations of quantum and photometric sensors as well as
spectroradiometers.  Stability of these lamps is monitored regularly with test sensors to ensure less than a 1% change
between recalibration or retirement of the lamps.  Standard lamps have estimated drift rates of less than 1% in 50
hours of use.  Primary standards are used only for calibrating the working standards.  For an additional stability
check, lamps are occasionally compared to each other.

Transfer Lamp Calibrations
Calibrating one lamp from another is always done by a direct comparison method, wherein the standard lamp and
the lamps to be calibrated are sequentially measured with a temperature stabilized spectroradiometer and various
fixed waveband sensors.  The whole procedure is performed as rapidly as possible, requiring only short-term
stability of the test instruments.  In addition, the wavelength accuracy, precision, and stray light performance needed
for the test instruments is minimized because of the following factors:

First, the measurement geometry remains constant: each lamp is mounted perpendicularly to and at the prescribed
distance from the instruments diffuser (which is its flux limiting aperture).  Diffuser, slit widths, and detector
position all remain fixed so that the optical throughput and monochromator spectral response (slit function) remain
fixed and optimized.

Secondly, all lamps have similar correlated color temperatures, in the range of 3100 to 3200 °K.  This gives them
very similar spectral compositions so that stray light performance is not as critical and a single monochromator with
pre-filtering absorbing glasses is adequate for measurement to the desired accuracy.  Color temperature differences,
spectral bandwidths used, and wavelength precision errors together amount to less than a 2% error at 300 nm and are
negligible above 400 nm.

Third, since all lamps to be measured have irradiances at any wavelength within less than a 25% spread, any effect
of photodiode nonlinearity is minimal.  The photodiodes used by LI-COR are of the same type and quality as those
that exhibit excellent linearity over 8 decades of operating current range when tested by national standards
laboratories.  At the end of the calibration procedure, the lamp that was measured first is again measured to ensure
that data is repeatable to 1% at the upper and lower wavelength limits.  Precision in the 400 to 900 nm range is better
than one percent.

An alignment laser and microscope are used on the calibration optical bench for precise angular and distance setup
to keep alignment errors under 0.1%.  Lamp current is controlled to 0.035% accuracy to reduce lamp irradiance
errors to under 0.35% at 300 nm and half that amount at 500 nm and above.  Stray light is reduced to 0.1% in the
300 to 700 nm range and less than 1% at 1100 nm by the use of blackened walls, baffles, and sufficient distance
between the lamp and walls.  Fixed sensor readings are taken by amplifying the signal with a chopper stabilized
amplifier and reading with a digital voltmeter.  The error contributed by this is less than 0.15%.  Standard and
working lamps are of the modified FEL type (1000 watt) and operate at a distance of 50 cm from the measurement
instrument.

Lamps to be used for working standards are first seasoned.  This consists of checking their irradiance uniformity at
the measurement position, burning the lamp for about 10% of its rated life to stabilize the filament, then monitoring
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where r(λ) is the relative spectral response of the particular sensor, compared to its ideal response IDEAL(λ).  These
calculations are repeated for each test spectral distribution (lamp or environmental condition) considered, with
evaluation normally being done numerically at 10 nm data intervals.

LI-200S Pyranometer Calibrations

The calibration procedures described in the above sections are not used to calibrate LI-COR pyranometers since they
can only be calibrated under the outdoor horizontal global sky conditions for which they were designed.  In addition,
the spectral response tests are not routinely done since the sensors do not contain any specially designed filter
glasses.  The uncertainty of calibration is ± 5%.

LI-COR pyranometers are calibrated against an Eppley Precision Spectral Pyranometer (type PSP) which has its
calibration periodically confirmed by the manufacturer.  All sensors are mounted horizontally outdoor in a location
without overhead obstructions.  The data collection and reduction is under computer automation except for several
key decisions made by a technician.  They are:

1) The definition of a "good" day in watt-hr m-2.  The value used is approximately 80% of a clear day value.
2) Time of day to start collecting data (usually 1 hour after sunrise).
3) Time of day to stop (usually 1 hour before sunset).
4) The total number of days to collect data.

The basic data unit is a 10 minute average that is formed by taking data once each minute for 10 minutes.  This 10
minute average may at times take longer than 10 minutes to complete but will be composed of an average of 10 data
points.

The reference sensor (Eppley PSP) is read once for each 5 readings of the LI-COR sensors so that each data point is
a data pair; one reference reading and one sensor reading.

Each time the reference channel is read during the one minute data scan the instantaneous value is compared to an
average of the other reference values for that minute.  If it deviates more than 20% from the average value, the one
minute scan is restarted from the beginning.  This minimizes the effect of temporary fluctuations such as passing
shadows.  This is also why a 10 minute sample may take longer than 10 minutes.  A one minute scan may be
restarted several times and thus take longer than 1 minute to complete.

Once the 10 minute average is complete, the standard deviation of all non-interpolated reference points is completed.
If it is greater than 100 Watts m-2, the 10 minute average is deleted and not used in further computation.

If the 10 minute average passes all the tests, it is stored as a data pair (reference and sensor) in the computer.

If the total solar irradiation for the day is less than the predetermined value for a "good" day (depending on the time
of year), the entire day's data is deleted and not used in further calculation nor counted toward the total number of
days to collect data.
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Spectral Calibrations of Quantum and Photometric Sensors

These sensors produce a single output, and cannot be spectrally corrected after manufacture.  For them, it is
important that their spectral response function conform as closely as possible to the ideal specification to avoid
measurement errors when measuring radiation having a different spectral distribution that that of the calibration
lamp.  Sensor spectral response conformity is designed using a computer controlled Cary 17DI spectrophotometer
using a bandwidth of 6 nm or less, and EG&G silicon photodiodes (types UV100B & UV215B) which have been
calibrated by the manufacturer against a blackened thermopile traceable to the NIST.  Transmittance data for
numerous colored glass filters has been measured and stored.  Using this data, a stepwise multiple linear regression
analysis is performed which enables the selection of both the glass types and thicknesses to be used in the sensor.

The design data is also run through a spectral response error analysis routine which indicates the magnitude of errors
associated with the most common natural and artificial lighting environments, including some underwater spectra.
These results help in the decisions that must be made to minimize spectral errors for each production run of sensors.
After the sensors are completed, each one is measured to check its conformity to the ideal response.  Its actual
response is then also run through the spectral error routine to check for acceptable limits.

If R(λ) represents the reading of a sensor on the spectrophotometer system at any particular wavelength, then the
relation describing the system is:

R(λ) = SRF(λ) • E(λ) • M(λ)

where SRF(λ) is the sensor spectral response function, E(λ) the lamp irradiance, and M(λ) the monochromator
response.  This holds true for both the standard detector and the sensor under test.  Since we desire to find the
spectral response function of the test sensor we rearrange the terms and multiply by a unity term based on the
standard detector.
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The values of E(λ) and M(λ) can thus be canceled since they are constant in the short term.  The resulting data is
normalized to the highest value and is known as the relative spectral response r(λ) of that sensor.  Data is generally
used at 10 nm intervals.

r(λ) = normalized [SRFtest(λ)]

If a sensor is ordered with an "A/" prefix option, this data is provided.  In addition, a constant is provided which can
convert relative response to absolute spectral response.  This is based on the relation:

I = Ks ∫E(λ)  •  r(λ)dλ

where I is the sensor output current when measuring a lamp which produces E(λ).  This is solved for Ks, known as

the peak absolute responsivity.  The absolute spectral responsivity of the sensor is Ks  •  r(λ) for r between 0 and 1.0.

As mentioned earlier, a sensor will read in error (due to its non-ideal spectral response) when measuring a spectral
distribution Et(λ) different than that of the calibrating lamp Ecal (λ).  This error is calculated by:
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the output for an additional 5 to 15% of life to check for stability.  Lamps are always energized slowly to prevent
filament shock and are operated on direct current.

Data supplied with the NIST lamp has stated uncertainties of about 2% at 300 nm, 1% at 650, and 1.4% at 1100 nm,
is provided at intervals from 10 to 50 nm, and is based on the NIST 1973 scale of spectral irradiance.  For LI-COR
calibrations this data is interpolated using several overlapping polynomial functions so that the entire range is
covered by data at 5 nm intervals.  At each wavelength then, the spectral irradiance (E) of the working or test lamp is
found by:
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where (R) is the response value (i.e. the reading) of the measuring instrument. The same procedure is used when
comparing the lamps using fixed band sensors.  Small discrepancies (1% or less) can occur due to geometric size
differences between the sensors' and spectroradiometer's diffusers.  The spectral irradiance so determined is the
fundamental characteristic of the lamp.  Any other measurement units describing the lamp are mathematical
treatments of this data.

Derivation of Other Measurement Units
Calculation of illuminance in units of lux (lumen m-2) is accomplished by

lux 683 y( ) E( )d= •∫ λ λ λ

where y( )λ  is the CIE 1931 standard observer 2 degree Photopic response function.  The integration is performed
over wavelength λ in the form of a numerical summation from 370 to 760 nm with data at 5 nm intervals according
to the trapezoidal rule of numeric integration.

Photosynthetic Photon Flux Density (mmoles s-1 m-2) is calculated by
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where,

B = 6.02 * 1017 photons per micromole;
λ = wavelength in nm;
h = 6.62 * 10-34 watt s2 (Planck's constant);
c = 3.00 * 1017 nm s-1 (speed of light)

This is evaluated numerically by
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where E( ) are the lamp spectral irradiances at the specified wavelengths.

Irradiance (watts m-2) can be calculated by integrating over any desired interval in a similar manner using the basic
form
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The endpoint values should also be cut in half (as shown in the PPFD example) to correctly apply the trapezoidal
rule of numerical integration.

Determination of colorimetric values begins with the computation of the "Tristimulus Values" which are
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where x( ),  y( ),  and z( )  are the color matching functions of the 1931 CIE Standard Observer.  Tristimulus
values are further reduced to chromaticity coordinates x and y by

x =
X

X + Y + Z
  and  y =

Y
X + Y + Z

A further transformation into the CIE 1960 Uniform-Chromaticity-Scale, "UCS" (a subject beyond the scope of this
report) allows easier calculation of a lamp's correlated color temperature.
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A locus of points can be plotted on the UCS diagram corresponding to a full Planckian (blackbody) radiator at
various temperatures.  Then the nearest point on that curve to the coordinates calculated for a lamp defines that
lamp's correlated color temperature.

Error Summary
Errors which are uncorrelated are usually combined in quadrature, that is, by taking the square root of the sum of the
squares of the errors.  When this is done for those errors listed, the results would indicate that a working standard
should have uncertainties of less than 4% at 300 nm and 2% from 500 to 1100 nm. To allow some additional margin,
LI-COR calibrations are stated as ± 5% relative to NIST for fixed bandwidth sensors; ± 3 - 10% (depending on
wavelength) for spectroradiometers; and ± 4 - 5% for calibrating lamps.  It is important to note that these values
apply only at the time of calibration.  Instrument drift will add to the uncertainties.

1800-02L Calibrated Lamps

Lamps for the 1800-02 Optical Radiation Calibrator are calibrated in an identical manner as has been described with
the following exceptions.  These lamps are mounted in an 1800-02 during their calibration and are operated at a
constant power rather than constant current, as experience has shown that this lamp type exhibits better long-term
stability when operated this way.  The lamp distance is 20.32 cm for fixed sensors, 20.27 cm for the 1800-11
Remote Cosine Receptor, and 20.27 cm for the LI-1800 Portable Spectroradiometer and LI-1800UW Underwater
Spectroradiometer.  These modified distances compensate for the size and curvature of these larger receptors.  Even
so, differences of up to 1% may be seen between fixed sensor and spectroradiometer readings due to the short
working distance.  However, the short distance makes possible a compact unit producing an irradiance equal to a
1000 watt lamp at 50 cm even though the lamp is only 200 watts.  Stray light is negligible due to the design of the
housing and because the lamp is calibrated in place.  The operating power level is selected to provide a color
temperature near 3100 °K.
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Sensor Calibrations

By reading the output current of any LI-COR fixed sensor from the working lamp, the calibration constant may be
found by

cal constant =
sensor current
lamp output

specified unit
specified unit

•

The "specified unit" is an arbitrary amount of measurable radiation with which a sensor is specified.  Each sensor
type has a specific value, either 1000 micromoles, 100,000 lux, or 1000 watts m-2.

For example, if the calibration lamp produces 181 micromoles, and an LI-190S Quantum Sensor puts out 1.1
microamps, then

cal constant =
1.1 microamps

181 micromoles
 moles
 moles

 amp/1000 moles• µ
µ

= µ µ1000
1000

6 08.

If the example sensor produces 12.1 microamps, then it is measuring radiation of (12.1/6.08)•1000 = 1990
micromoles.

This same procedure is used to calibrate all LI-190S Quantum, LI-192S Underwater Quantum, and LI-210S
Photometric sensors.  Please refer to "Radiation Measurement" for a discussion of additional considerations and
errors possible when using these sensors.

The LI-193S Spherical Quantum Sensor is calibrated by the same procedure except that its mounting distance from
the lamp is modified due to its non-planar receiving surface.  The exact value that is used was determined by
comparisons using collimated light and transferring the calibration from the LI-190S.  This is possible because the
distance from the lamp has little effect on that measurement.

Due to the 1 meter long sensing length of the LI-191S Line Quantum Sensor, a special procedure is needed for it.
An array of lamps with color temperatures similar to the standard lamp is arranged to produce uniform irradiance
over a 1 meter distance.  A previously calibrated LI-190S is then used to calibrate the LI-191S by simple ratios when
both are placed beneath the array.

Periodic testing is done for quality control of the cosine correction of all fixed sensors (except LI-191S and
LI-193S), as well as immersion effect of underwater sensors.  Other tests conducted check for photodiode linearity,
dark (shunt) resistance, the stability of completed sensors, and temperature dependence.

Spectral Calibrations of Spectroradiometers

Prior to calibration it must be established that a LI-1800 or LI-1800UW Spectroradiometer indicates the correct
wavelengths.  This adjustment is verified by scanning a low pressure mercury lamp which emits a number of line
spectra from 312 nm out to 1014 nm.  The spectroradiometer instruction manuals explain the procedure for field
checking of wavelength calibration.
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Spectroradiometer.  These modified distances compensate for the size and curvature of these larger receptors.  Even
so, differences of up to 1% may be seen between fixed sensor and spectroradiometer readings due to the short
working distance.  However, the short distance makes possible a compact unit producing an irradiance equal to a
1000 watt lamp at 50 cm even though the lamp is only 200 watts.  Stray light is negligible due to the design of the
housing and because the lamp is calibrated in place.  The operating power level is selected to provide a color
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If the example sensor produces 12.1 microamps, then it is measuring radiation of (12.1/6.08)•1000 = 1990
micromoles.
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errors possible when using these sensors.

The LI-193S Spherical Quantum Sensor is calibrated by the same procedure except that its mounting distance from
the lamp is modified due to its non-planar receiving surface.  The exact value that is used was determined by
comparisons using collimated light and transferring the calibration from the LI-190S.  This is possible because the
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dark (shunt) resistance, the stability of completed sensors, and temperature dependence.

Spectral Calibrations of Spectroradiometers

Prior to calibration it must be established that a LI-1800 or LI-1800UW Spectroradiometer indicates the correct
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Spectral Calibrations of Quantum and Photometric Sensors

These sensors produce a single output, and cannot be spectrally corrected after manufacture.  For them, it is
important that their spectral response function conform as closely as possible to the ideal specification to avoid
measurement errors when measuring radiation having a different spectral distribution that that of the calibration
lamp.  Sensor spectral response conformity is designed using a computer controlled Cary 17DI spectrophotometer
using a bandwidth of 6 nm or less, and EG&G silicon photodiodes (types UV100B & UV215B) which have been
calibrated by the manufacturer against a blackened thermopile traceable to the NIST.  Transmittance data for
numerous colored glass filters has been measured and stored.  Using this data, a stepwise multiple linear regression
analysis is performed which enables the selection of both the glass types and thicknesses to be used in the sensor.

The design data is also run through a spectral response error analysis routine which indicates the magnitude of errors
associated with the most common natural and artificial lighting environments, including some underwater spectra.
These results help in the decisions that must be made to minimize spectral errors for each production run of sensors.
After the sensors are completed, each one is measured to check its conformity to the ideal response.  Its actual
response is then also run through the spectral error routine to check for acceptable limits.

If R(λ) represents the reading of a sensor on the spectrophotometer system at any particular wavelength, then the
relation describing the system is:

R(λ) = SRF(λ) • E(λ) • M(λ)

where SRF(λ) is the sensor spectral response function, E(λ) the lamp irradiance, and M(λ) the monochromator
response.  This holds true for both the standard detector and the sensor under test.  Since we desire to find the
spectral response function of the test sensor we rearrange the terms and multiply by a unity term based on the
standard detector.
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The values of E(λ) and M(λ) can thus be canceled since they are constant in the short term.  The resulting data is
normalized to the highest value and is known as the relative spectral response r(λ) of that sensor.  Data is generally
used at 10 nm intervals.

r(λ) = normalized [SRFtest(λ)]

If a sensor is ordered with an "A/" prefix option, this data is provided.  In addition, a constant is provided which can
convert relative response to absolute spectral response.  This is based on the relation:

I = Ks ∫E(λ)  •  r(λ)dλ

where I is the sensor output current when measuring a lamp which produces E(λ).  This is solved for Ks, known as

the peak absolute responsivity.  The absolute spectral responsivity of the sensor is Ks  •  r(λ) for r between 0 and 1.0.

As mentioned earlier, a sensor will read in error (due to its non-ideal spectral response) when measuring a spectral
distribution Et(λ) different than that of the calibrating lamp Ecal (λ).  This error is calculated by:
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the output for an additional 5 to 15% of life to check for stability.  Lamps are always energized slowly to prevent
filament shock and are operated on direct current.

Data supplied with the NIST lamp has stated uncertainties of about 2% at 300 nm, 1% at 650, and 1.4% at 1100 nm,
is provided at intervals from 10 to 50 nm, and is based on the NIST 1973 scale of spectral irradiance.  For LI-COR
calibrations this data is interpolated using several overlapping polynomial functions so that the entire range is
covered by data at 5 nm intervals.  At each wavelength then, the spectral irradiance (E) of the working or test lamp is
found by:
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where (R) is the response value (i.e. the reading) of the measuring instrument. The same procedure is used when
comparing the lamps using fixed band sensors.  Small discrepancies (1% or less) can occur due to geometric size
differences between the sensors' and spectroradiometer's diffusers.  The spectral irradiance so determined is the
fundamental characteristic of the lamp.  Any other measurement units describing the lamp are mathematical
treatments of this data.

Derivation of Other Measurement Units
Calculation of illuminance in units of lux (lumen m-2) is accomplished by

lux 683 y( ) E( )d= •∫ λ λ λ

where y( )λ  is the CIE 1931 standard observer 2 degree Photopic response function.  The integration is performed
over wavelength λ in the form of a numerical summation from 370 to 760 nm with data at 5 nm intervals according
to the trapezoidal rule of numeric integration.

Photosynthetic Photon Flux Density (mmoles s-1 m-2) is calculated by
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where,

B = 6.02 * 1017 photons per micromole;
λ = wavelength in nm;
h = 6.62 * 10-34 watt s2 (Planck's constant);
c = 3.00 * 1017 nm s-1 (speed of light)

This is evaluated numerically by
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where E( ) are the lamp spectral irradiances at the specified wavelengths.

Irradiance (watts m-2) can be calculated by integrating over any desired interval in a similar manner using the basic
form

W E d= ∫ ( )λ λ
λ

λ

1

2

(results in watts m-2)
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Basis of Calibration

Standard Lamps
All LI-COR optical radiation calibrations are derived from lamp standards and spectral irradiance (Watts m-2 nm-1).
These lamps produce a known output when operated according to prescribed conditions.  LI-COR uses a standard
lamp calibrated directly by the U.S. National Institute of Standards and Technology as its primary standard.

The NIST standard lamp is used to calibrate two working standards, one used for calibration of LI-COR's 1800-02L
Calibration Lamps, and the other used for all factory calibrations of quantum and photometric sensors as well as
spectroradiometers.  Stability of these lamps is monitored regularly with test sensors to ensure less than a 1% change
between recalibration or retirement of the lamps.  Standard lamps have estimated drift rates of less than 1% in 50
hours of use.  Primary standards are used only for calibrating the working standards.  For an additional stability
check, lamps are occasionally compared to each other.

Transfer Lamp Calibrations
Calibrating one lamp from another is always done by a direct comparison method, wherein the standard lamp and
the lamps to be calibrated are sequentially measured with a temperature stabilized spectroradiometer and various
fixed waveband sensors.  The whole procedure is performed as rapidly as possible, requiring only short-term
stability of the test instruments.  In addition, the wavelength accuracy, precision, and stray light performance needed
for the test instruments is minimized because of the following factors:

First, the measurement geometry remains constant: each lamp is mounted perpendicularly to and at the prescribed
distance from the instruments diffuser (which is its flux limiting aperture).  Diffuser, slit widths, and detector
position all remain fixed so that the optical throughput and monochromator spectral response (slit function) remain
fixed and optimized.

Secondly, all lamps have similar correlated color temperatures, in the range of 3100 to 3200 °K.  This gives them
very similar spectral compositions so that stray light performance is not as critical and a single monochromator with
pre-filtering absorbing glasses is adequate for measurement to the desired accuracy.  Color temperature differences,
spectral bandwidths used, and wavelength precision errors together amount to less than a 2% error at 300 nm and are
negligible above 400 nm.

Third, since all lamps to be measured have irradiances at any wavelength within less than a 25% spread, any effect
of photodiode nonlinearity is minimal.  The photodiodes used by LI-COR are of the same type and quality as those
that exhibit excellent linearity over 8 decades of operating current range when tested by national standards
laboratories.  At the end of the calibration procedure, the lamp that was measured first is again measured to ensure
that data is repeatable to 1% at the upper and lower wavelength limits.  Precision in the 400 to 900 nm range is better
than one percent.

An alignment laser and microscope are used on the calibration optical bench for precise angular and distance setup
to keep alignment errors under 0.1%.  Lamp current is controlled to 0.035% accuracy to reduce lamp irradiance
errors to under 0.35% at 300 nm and half that amount at 500 nm and above.  Stray light is reduced to 0.1% in the
300 to 700 nm range and less than 1% at 1100 nm by the use of blackened walls, baffles, and sufficient distance
between the lamp and walls.  Fixed sensor readings are taken by amplifying the signal with a chopper stabilized
amplifier and reading with a digital voltmeter.  The error contributed by this is less than 0.15%.  Standard and
working lamps are of the modified FEL type (1000 watt) and operate at a distance of 50 cm from the measurement
instrument.

Lamps to be used for working standards are first seasoned.  This consists of checking their irradiance uniformity at
the measurement position, burning the lamp for about 10% of its rated life to stabilize the filament, then monitoring
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where r(λ) is the relative spectral response of the particular sensor, compared to its ideal response IDEAL(λ).  These
calculations are repeated for each test spectral distribution (lamp or environmental condition) considered, with
evaluation normally being done numerically at 10 nm data intervals.

LI-200S Pyranometer Calibrations

The calibration procedures described in the above sections are not used to calibrate LI-COR pyranometers since they
can only be calibrated under the outdoor horizontal global sky conditions for which they were designed.  In addition,
the spectral response tests are not routinely done since the sensors do not contain any specially designed filter
glasses.  The uncertainty of calibration is ± 5%.

LI-COR pyranometers are calibrated against an Eppley Precision Spectral Pyranometer (type PSP) which has its
calibration periodically confirmed by the manufacturer.  All sensors are mounted horizontally outdoor in a location
without overhead obstructions.  The data collection and reduction is under computer automation except for several
key decisions made by a technician.  They are:

1) The definition of a "good" day in watt-hr m-2.  The value used is approximately 80% of a clear day value.
2) Time of day to start collecting data (usually 1 hour after sunrise).
3) Time of day to stop (usually 1 hour before sunset).
4) The total number of days to collect data.

The basic data unit is a 10 minute average that is formed by taking data once each minute for 10 minutes.  This 10
minute average may at times take longer than 10 minutes to complete but will be composed of an average of 10 data
points.

The reference sensor (Eppley PSP) is read once for each 5 readings of the LI-COR sensors so that each data point is
a data pair; one reference reading and one sensor reading.

Each time the reference channel is read during the one minute data scan the instantaneous value is compared to an
average of the other reference values for that minute.  If it deviates more than 20% from the average value, the one
minute scan is restarted from the beginning.  This minimizes the effect of temporary fluctuations such as passing
shadows.  This is also why a 10 minute sample may take longer than 10 minutes.  A one minute scan may be
restarted several times and thus take longer than 1 minute to complete.

Once the 10 minute average is complete, the standard deviation of all non-interpolated reference points is completed.
If it is greater than 100 Watts m-2, the 10 minute average is deleted and not used in further computation.

If the 10 minute average passes all the tests, it is stored as a data pair (reference and sensor) in the computer.

If the total solar irradiation for the day is less than the predetermined value for a "good" day (depending on the time
of year), the entire day's data is deleted and not used in further calculation nor counted toward the total number of
days to collect data.
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After the total number of days of data have been collected, the data is reduced using a least squares linear curve fit to
find the calibration constant.  The standard error (in Watts), the correlation coefficient (> 0.998), the percent error
(3% upper limit), and the offset of the curve are also computed and printed out.  The calibration constant is equal to
the slope of the best fit line.

NOTE: The above described calibration procedures and specifications used by LI-COR are subject to change
without notice as new technologies or methods may be utilized.
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Application Note #109

Calibration Procedures for LI-COR

Spectroradiometers, Radiation Sensors & Lamps

Introduction

This report summarizes LI-COR factory calibration procedures for all quantum sensors, photometric sensors, and
spectroradiometers.  Many concepts are explained in greater detail in other reports which are available upon request.
These include:

"Radiation Measurement" - a report on terminology, measurement errors, conversion between radiometric and
photometric units, units and conversions used for quantum, photometric, and radiometric data, and condensed
LI-COR calibration procedures.

"Radiation Measurements and Instrumentation" - a more detailed discussion of radiation theory, terminology,
radiation measurement, and colorimetry.

"Immersion Effects and Cosine Collecting Properties of LI-COR Underwater Sensors"

Relevant information can also be found in several LI-COR brochures and instruction manuals including the 1800-02
Optical Radiation Calibrator instruction manual and brochure.

Importance of Calibration

Calibration is an integral step in the manufacture and repair of all LI-COR optical radiation measuring instruments.
All sensors are designed to provide data in standardized and accepted measurement units.  Because of normal
variation in internal optical components, it is necessary to characterize each device by measuring its output on a
standardized source.  For fixed sensors, this calibration data is supplied as a "calibration constant" which indicates
the amount of sensor output for a given amount of measurable energy.  For spectroradiometers, the data is supplied
as a "calibration file" which is a collection of "calibration constants," one for each wavelength that the instrument
can measure.

There are two methods by which the readout device used with a sensor may be adjusted to the calibration constant to
provide a direct readout.  (1) the constant is numerically entered into the instrument's electronic "memory" via a
keypad.  (2) adjustment of internal potentiometers (electromechanical "memory") is done.  Instruments without any
provision for adjustment must have their data scaled by a factor determined from the calibration constant.
Spectroradiometric data is corrected by dividing the collected scan data by the internal calibration file, generally
automatically.

The characteristics of the optical components change with time and may also be affected by environmental
conditions.  Periodic recalibration should be seriously considered.  Data of a critical nature requires more frequent
calibrations than those suggested, as well as calibrating under conditions of actual use (e.g. same temperature).
Ultimately, the only way to verify performance is to recalibrate.


