Calibration and Characterization of Optical Radiometers
G. Zibordi, K. J. Voss, B. C. Johnson and J.L Mueller

[bookmark: _Toc483130744][bookmark: _Toc483131714][bookmark: _Toc483132165][bookmark: _Toc483132646][bookmark: _Toc483132723][bookmark: _Toc483132800][bookmark: _Toc535038505][bookmark: _Toc536582882][bookmark: _Toc26078891][bookmark: _Toc26765082][bookmark: _Toc535038508][bookmark: _Toc536582885][bookmark: _Toc26078912][bookmark: _Toc26765103]Chapter 3: Calibration and Characterization 
of Optical Radiometers 

Giuseppe Zibordi1, Kenneth J. Voss2, B. Carol Johnson3 and James L. Mueller4
1 European Commission, Joint Research Centre, Ispra, Italy
2University of Miami, Coral Gables, Florida, USA
3National Institute of Standards and Technology, Gaithersburg, Maryland, USA 
4Salinas, California, USA 

[bookmark: _Toc26078913][bookmark: _Toc26765104]1 INTRODUCTION
Procedures for calibrating and characterizing optical radiometers, including the determination of characteristics peculiar to underwater sensors, are presented in this chapter. These calibrations and  characterizations are essential to ensure compliance with specifications of those radiometers used to acquire field data for satellite ocean color validation.  The calibrations and characterizations required are:
1. Spectral radiometric responsivity (i.e., absolute response) traceable to National Measurement Institutes (NMI) standards;
2. Spectral response functions (i.e., bandpass) of the various radiometer bands;
3. Out-of-band response and stray light perturbations;
4. Responsivity change with the refractive index of the medium in which the radiometer operates;
5. Angular response, both in air or in water, depending on the medium in which the radiometer operates;
6. Linearity of response;
7. Integration time response;
8. Temperature response;
9. Polarization sensitivity;
10. Sensitivity decay;
11. Dark signal;
12. Temporal response;
13. Pressure effects.
Any field instrument providing suitable data for satellite validation should have a traceable history of calibrations and characterizations.  In particular, spectral radiometric responsivity should be determined before and after each major field deployment. Conversely, certain characteristics such as the angular response only need to be determined once (unless the instrument is modified). Further, among the different characterizations, some should be performed for each individual instrument such as the determination of the immersion factor of irradiance sensors. Others, such as linearity response, may be able to be confidently applied for each class of radiometers (i.e., those made of identical components for which it was proven that specific optical characteristics exhibit equivalent features within a given uncertainty). Table 3.1 summarizes instrument-specific calibrations and characterizations to be performed regularly (regular), occasionally (occasional) and tentatively once (initial), and those not strictly instrument-specific which can rely on characterizations performed for radiometers of the same class (class-based).  
2 RADIOMETRIC RESPONSIVITY 
The determination of the absolute radiometric response (i.e., responsivity) of irradiance and radiance sensors requires the availability of a properly furnished and staffed calibration facility.  Such a facility must be equipped with suitable stable sources, e.g., lamp standards of spectral irradiance calibrated by NMIs.  The facility must also have a variety of specialized radiometric and electronic equipment, including: reflectance plaques, spectral filters, integrating spheres, and highly regulated power supplies for the operation of lamps.  Precision electronic measurement capabilities are also needed, both for setting and monitoring lamp current and voltage.
Instrument manufacturers, and a few research laboratories, are equipped and staffed to perform these calibrations for the ocean color research community.  These facilities should perform frequent intercomparisons to ensure maintenance of the radiometric traceability to NMI standards.  An ambitious goal is to perform calibrations from 350 nm to 900 nm with 1 % target uncertainty (k = 1) for irradiance and slightly higher for radiance.

Table 3.1. Basic requirements on the type and occurrence of calibrations for the main characterizations of field radiometers supporting ocean color validations activities.
	
	Regular
	Occasional
	Initial
	Class-based

	Radiometric responsivity
	X
	
	
	

	Spectral response
	
	X
	
	

	Out-of-band & stray-light
	
	X
	
	

	Immersion factor (irradiance)
	
	
	X
	

	Immersion factor (radiance)
	
	
	
	X

	Angular response
	
	
	X
	

	Linearity
	
	
	
	X

	Integration time
	
	
	
	X

	Temperature response
	
	
	
	X

	Polarization sensitivity
	
	
	
	X

	Dark signal 
	X
	
	
	

		Temporal response
	
	
	
	X

	Pressure effects
	
	
	
	X



The main standards used for irradiance responsivity are FEL lamps[footnoteRef:1] exhibiting assigned scales of spectral irradiance that have been transferred directly, or indirectly via secondary standards, from the scales of radiometric standards maintained by NMIs.  The spectral irradiance scales of the FEL lamps are in turn transferred to spectral radiance scales using plaques of known bidirectional reflectance, or integrating spheres, or both.   [1:  “FEL” is an American National Standards Institute (ANSI) lamp type code.  The 1000 W FEL lamps used for spectral irradiance calibration are modified by welding on a special base, which has much larger terminals than are provided with the stock commercial bulbs (Walker et al. 1987).  Following this modification, the spectral irradiance output of each lamp is scanned with a high-resolution double monochromator, to assure that its spectrum is smooth and free from unwanted emission lines.  Finally, the candidate calibration source lamp is “seasoned” by initially burning it for approximately 24-hours, using a highly regulated current source; its spectral irradiance output and lamp terminal voltage are carefully monitored.  Lamps that do not achieve stable performance during the seasoning process are discarded.  Several commercial vendors offer both seasoned FEL lamps, and seasoned lamps with a certified scale of spectral irradiance transferred from another FEL secondary standard lamp acquired directly from the appropriate NMI.] 

The SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) Project Office initiated a series of SeaWiFS Intercalibration Round-Robin Experiments (SIRREXs) to assure internal consistency between the laboratories calibrating radiometers for SeaWiFS validation (Mueller 1993 and Mueller et al. 1994).  The outcome from SIRREX-3 (Mueller et al. 1996) and SIRREX-4 (Johnson et al. 1996), showed that with properly maintained FEL lamp secondary and working standards, thorough training of laboratory personnel, and careful attention to measurement setups, it is possible to maintain an uncertainty level below 2 % for spectral irradiance and 3 % for spectral radiance calibrations. Successively, round-robin comparisons of calibration coefficients determined for a reference set of field instruments were implemented to benchmark the internal consistency of calibrations performed at various labs.  In particular, SIRREX-6 showed a level of relative uncertainty of approximately 2 % across the involved laboratories (Riley and Bailey, 1998). Following this work, a new series of round-robin comparisons called SIMBIOS Radiometric Intercomparison (SIMRIC) based on a transfer radiometer (i.e., the SeaWiFS Transfer Radiometer (SXR)) directly calibrated by NIST (Johnson et al. 1998), were used to compare the radiance scales of the calibration sources at the various laboratories (Meister et al. 2002).  Results showed that laboratory and SXR scales agreed within approximately 2 % for most spectral bands considered (Meister et al. 2002).
         The above results clearly indicate some common calibration traceability must exist. In particular, multiple facilities (e.g., instrument manufacturers, and some research labs or government institutions) should make their standards and protocols directly traceable to NMI scales (Johnson et al. 1996).  As an example, Fig. 1 shows the schematic of such an organizational structure established within the framework of the SIMBIOS Project.

  [image: Fig 6.2.tif]
[bookmark: _Toc26078915][bookmark: _Toc26765106]Figure 3.1:  Organizational structure for radiometers characterization and calibration established by the ocean color research community within the framework of SIMBIOS Project.


Spectral Irradiance Calibration
Radiometric calibrations of irradiance sensors can be performed after ascertaining: conformity of the sensor angular response to the required cosine function, sensor linearity, spectral sensitivity, and also satisfactory out-of-band blocking or low stray light perturbations.
As already mentioned, radiometric calibrations mostly rely on FEL lamp standards of spectral irradiance.  These lamps can be provided by NMIs (e.g., NIST, PTB, NPL) as secondary standards with NMI-traceable spectral irradiance scales. Alternatively, they are available as working standards (i.e., with calibrations traceable to a secondary standard) from various commercial laboratories and manufacturers. The expanded combined uncertainty (corresponding to a coverage factor k=2 indicating a 95% confidence level) of a NIST-issued secondary standard FEL is approximately 1.7 % in the ultraviolet and 0.8 % to 0.5 % in the visible and near-infrared (Yoon and Gibson 2011).  
 NIST has delivered guidelines for the setup, alignment, and use of FEL lamp standards (Walker et al. 1987).  Additional user guidelines have been issued by vendors who manufacture and calibrate these lamps. The irradiance calibration procedure (Walker et al., 1987; Johnson, et al. 1996) is summarized as follows:
· The irradiance sensor and a suitable fixture for the FEL lamp are mounted on an optical bench (see Fig. 3.2).  The lamp space must be appropriately baffled and draped so that occulting the direct path between lamp and sensor results in a response of less than 0.1 % of the unocculted signal.  Best practice suggests the lamp and sensor are operated in separate spaces (e.g., rooms) with a variable sized aperture to confine the lamp flux near the edges of the irradiance collector. The size of the aperture, however, should be large enough to prevent diffractive fringes affecting the irradiance collection area. Curtains and partitions offer an alternative solution to baffle the light source. Regardless of how the baffling is accomplished, the most critical aspect is to eliminate on-axis reflections, e.g. as might result from a flat surface directly behind the lamp and perpendicular to the optical axis (Walker et al., 1987).  The alignment reference target for FEL lamps, i.e., an alignment jig made of a window with cross hairs etched to mark the location of the lamp filament, is mounted in the lamp holder (see Walker et al. (1987) for mechanical specifications).

[image: ]
Figure 3.2: Principle for absolute irradiance calibrations.

· An alignment laser beam is directed normal to the target window. The alignment is achieved when the retro-reflection from the window is directed back on the laser aperture.
· The sensor is mounted on the optical bench with the irradiance collector centered on the alignment laser beam, which marks the optical axis.  The collector is aligned normal to the beam using a mirror or a microscope slide held flat against the collector to reflect the beam back through the lamp-target cross hairs to the laser aperture.
· 
The distance r along the optical path between the collector surface and the terminal posts of the lamp alignment jig is accurately measured (ideally with an electronic ruler). The standard reference distance for all NMI traceable FEL lamp scales of spectral irradiance is cm, measured to the front of the FEL terminal posts.
· The FEL lamp spectral irradiance standard is inserted into the lamp-holder with its identification tag facing away from the sensor.  The lamp terminals are connected to a current-regulated, direct current power supply, with careful attention to ensure proper polarity (as marked on the lamp).  The power supply is turned on and ramped-up to the proper current for the particular lamp (as specified within the lamp calibration certificate).  A shunt and a voltmeter with an appropriate number of digits should be used to monitor the lamp current to the nearest 0.001 A.  Following a 15 min to 30 min warm-up, irradiance calibration measurements can be taken.  It is emphasized that any deviation from the nominal value of the lamp current will become the source of spectrally dependent biases. The voltage present across the lamp terminals should be measured at frequent intervals during each calibration run, and compared to the voltage measured when the lamp was calibrated (as detailed in the calibration certificate).  A significant change in the lamp operating voltage at the specified current indicates that the irradiance output of the lamp has probably changed and that the lamp is no longer usable as a standard of spectral irradiance.  It is anticipated that on completion of the calibration session, the lamp current should be ramped down to avoid thermally shocking the filament. 
· 

An occulting device (e.g., a rod) is placed to obstruct the direct optical path between lamp and collector, then the sensor response  to ambient light  is recorded in digital counts. This operation can be performed after 5 min to 10 min lamp warmup (i.e., when the lamp stabilizes at nearly its final value).  If the ambient response is appreciably higher than the dark response measured with the collector completely covered , then the baffling of the calibration setup is inadequate and should be improved. 
· 

The occulting device is removed from the optical path and the irradiance sensor response  is recorded. The sensor irradiance responsivity calibration factor  in air for each band identified by the wavelengths , is determined applying the basic equation 

	                    (3.1)





If the lamp is at the standard distance , , where  is the certified NMI-traceable scale of spectral irradiance rigorously determined at 50 cm.  The spectral irradiance responsivity coefficients can then be applied to in situ radiometric measurements to compute the related irradiance  as

	                        (3.2)

where  is the radiometer dark signal as determined in the field with the aperture  capped.
If the irradiance sensor saturates when it is illuminated by the lamp at the standard distance of 50 cm, it is necessary to reduce the irradiance level by increasing the distance r.

· 
To a first approximation, the irradiance scale  is then determined as 

	                     (3.3)



where  is the distance offset between the actual reference plane of the lamp filament and  the front plane of the terminal posts.  The magnitude of this offset is typically  (Biggar 1998) with an ±1 mm uncertainty (Yoon et al. 2012), but it may vary appreciably among FEL lamps.  The value ofcan be determined for a particular lamp by measuring the irradiance sensor response with the lamp positioned at 50 cm and additionally at a series of N  distances rn (with n = 1, …, N) between 50 cm and, for instance, 300 cm.  Assuming that the response of the sensor is linear

	.                                               (3.4)
The solution to Eq. 3.4 at each distance rn and center wavelength  of each spectral band is 

		                                        (3.5)

where .                                                       
The filament offset may then be computed as the average of the offsets determined at N distances times the number of bands.  
When a diffuser collector is used, in addition to the lamp filament offset f , the denominator of Eq. 3.4 should also take into account the distance offset d within the diffuser material representing its reference collection plane (which may vary with wavelength).  Further, Eq. 3.4 is only valid for ideal point sensor and source. Deviation from such an ideal condition would then suggest applying correction models accounting for the equivalent size of lamp and collector aperture (Manninen et al. 2008). Thus, accounting for the previous elements  

                   (3.6)
where rs and rd are the equivalent radii of the source and collector aperture. 
[bookmark: _Toc26078916][bookmark: _Toc26765107]Spectral Radiance Calibration
Radiance responsivity calibration requires a uniform and near-Lambertian source of known radiance that fills the field-of-view (FOV) of the sensor.  The two procedures that are most frequently used to calibrate ocean color radiance sensors are given below.
1. 


Reflectance Plaque Radiance Calibration:  An FEL lamp standard of spectral irradiance is used at a distance r, to illuminate a plaque of near-Lambertian reflectance with a known bidirectional reflectance distribution function (BRDF)  calibrated for normal incidence illumination, i.e., , and a viewing angle .  The setup is then identical to that described for Spectral Irradiance Calibration, with the reflectance plaque in place of the irradiance collector (see Fig. 3.3).  

[image: ]
Figure 3.3: Principle for absolute radiance calibrations.

All of the above comments pertaining to effective baffling, and determination of the lamp filament offset, apply to this calibration procedure as well.  The procedure (see also Johnson et al. 1996) is summarized as follows:
· The alignment of the lamp optical axis normal to the center of the reflectance plaque is best done using an alignment laser, an FEL alignment jig and a mirror placed against the plaque surface at its center, and adjusting the apparatus to achieve retro reflection of the laser beam from both the FEL target and plaque alignment mirror. To avoid damaging the plaque during alignment, a precision frame should hold a flat mirror in the same plane as the plaque.
· The FEL standard lamp is positioned on an axis normal to the center of the plaque at a distance r.  To assure a better uniform illumination across the surface of the plaque, r must typically be greater than 1.5 m. This minimizes the impact of inhomogeneity of the light projected on the plaque (Hooker et al. 2002).
· 

The filament offset  may be determined by the method described for Spectral Irradiance Calibration.  If this is done using measurements at varying distances with Eq. 3.5, the FOV of the radiance sensor must be small enough to subtend an area of diameter of a very few centimeters (tentatively 5 cm or less) located at the center of the plaque.  If a larger area of the surface is viewed, changes in the spatial distribution of illumination by the FEL may be confounded with the systematic variation associated with the filament offset.  It is recommended that, still ignoring the non-ideal point source, a default  (Biggar 1998), or an improved one locally determined including both FEL and plaque specific contributions, is applied for radiance calibrations (Meister et al. 2002).
· 

The radiance sensor is positioned to view the plaque at an angle measured from the plaque normal. Other angles at which the BRDF of the plaque is known are in principle acceptable.  It must be established, however, that the plaque fills the sensor FOV and that the presence of the sensor case does not perturb the irradiance on the plaque.  The angular alignment of the instrument aperture can be done by rotating the plaque about a vertical axis in the plane of the front surface (measured with an indexing column) by  and adjusting the instrument to achieve retroreflection (see, Meister et al. 2002).
· 

The lamp flux is carefully occulted to record the sensor ambient response . As opposed to the case of Spectral Irradiance Calibration, requiring the strict occultation of the flux along the sole optical path between lamp and collector, radiance calibration requires that any flux contribution reaching the plaque directly from the lamp is occulted. Finally, the occulter is removed and the response to radiance reflected from the plaque is recorded.
· The radiance reflected by the plaque and viewed by the sensor in this geometry is determined as

		                                                 (3.7)

where the spectral irradiance  is calculated using Eq. 3.3.
2. Integrating Sphere Radiance Calibration:  An alternative approach to calibrating radiance sensors is to view an integrating sphere that is uniformly illuminated by stable and appropriately baffled lamps, with an exit port large enough to completely fill the sensor FOV.  Also, sphere and exit port must be large enough to place the radiance sensor at a distance preventing any significant secondary illumination of the sphere internal walls due to reflections off the sensor entrance optics. In fact, if the sensor is too close, the reflected light increases and distorts the uniformity of the radiance distribution within the sphere.  The spectral radiance scale of the integrating sphere can either be determined by an NMI calibration or transferred from the spectral irradiance scale of a FEL lamp standard[footnoteRef:2] using the following procedure (Johnson et al. 1996): [2:  In some laboratories, the radiance scale of a sphere is assumed constant for relatively lengthy periods of time between infrequent scale transfers from an FEL source.  Often, these laboratories rely on monitoring the sphere output with detectors at one or more wavelengths.  A single wavelength monitor can give a misleading impression of sphere stability, however, as patterns of degradation in sources and optical coatings are often highly wavelength dependent (J. Butler and G. Meister, Pers. Comm.).] 

· 
An irradiance scale transfer radiometer, configured with an integrating sphere having a circular entrance aperture of radius  as its cosine collector, is calibrated using an FEL standard of spectral irradiance by the method outlined for the Spectral Irradiance Calibration.
· 
The irradiance scale transfer radiometer is positioned with the entrance aperture of its integrating sphere collector parallel to and centered coaxially at a distance d from the circular aperture with radius  of the integrating sphere.
· 
The spectral irradiance  of the integrating sphere exit port is measured using the irradiance scale transfer radiometer, taking care to subtract the ambient light collected with the source exit port occulted. 
· The spectral radiance scale in the exit aperture of the integrating sphere (Johnson et al. 1996) is calculated as 

	                         (3.8)

where .
· 
Finally, the radiance sensor to be calibrated is positioned in front of the sphere to view the center of the aperture.  Its response  is then recorded.
In either approach, the radiance responsivity calibration coefficients of the field radiometer are determined as

	                         (3.9)

where  is the laboratory ambient reading.

The radiance from in situ measurements is then computed as  

	                   (3.10)


where  is the radiometer dark signal determined in the field with the aperture covered.
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Spectral characterization aims to determine the spectral response functions of each band, and additionally determine the out-of-band response of filter-radiometers, or stray light in hyperspectral radiometers. These characterizations imply that the sensor aperture is filled by a monochromatic source.  In the case of radiance sensors, a diffuser placed in front of the optical window can be used to uniformly fill the instrument FOV.
Spectral Response Function
Center wavelengths and bandpasses of each band are required characterizations for any radiometer. These are determined by measuring the spectral response function, i.e., the passband, for each channel with a scanning monochromatic source exhibiting no stray light and a bandwidth tentatively less than 0.2 nm, which is suitable for most commercial radiometers. For convenience, response functions are commonly normalized to the maximum value. The (nominal) center wavelength is then determined as the wavelength halfway between those at which the normalized response is 0.5 (better quantified through the self-consistent approach detailed in Parr and Johnson (2011)). Similarly, the bandwidth is defined as the passband determined by the full-width at half-maximum (FWHM) intensity points. 
It is mentioned that detailed knowledge of spectral response functions is needed for accurate radiometric products requiring the convolution of quantities such as the extra-terrestrial solar irradiance in the spectral bands.  
It is recommended that the internal instrument temperature be monitored during these characterizations, and that they are repeated at two temperatures at least 15 oC apart, e.g., 10 oC and 25 oC.  If a shift with temperature greater than 1 nm is detected for either the center wavelength or bandwidth, additional temperature calibration points (i.e., close to 0 oC and to 40 oC) are recommended.  
Out of Band Response
Monochromator-based spectral characterizations are not able to adequately measure leakage of broadly distributed out-of-band radiation with high spectral resolution. However, out-of-band radiation can have a significant impact during both calibration and field operation of the radiometers.  Because the calibration sources typically have much more flux in the red than the blue, during calibration the concern is out-of-band long wavelength light scattering or being transmitted into the shorter wavelength channels. In the field, particularly for the radiometers viewing the surface, or operated in the water, the problem is more related to the flux in the shorter wavelengths, which leads shorter wavelength light scattering or being transmitted into the longer wavelength channels.  Thus, the out-of-band blocking of the radiometers must be occasionally tested.
In the case of blocking blue light for bands with center wavelengths beyond 540 nm, the lines at 488 nm or at 514.5 nm from a multi-line Ar-ion laser with a prism can be used to measure the out-of-band response.  
One recommended test that can be performed during absolute calibrations at center wavelengths lower than 640 nm, is the sequenced measurement of three Schott BG‑18 filters, each 1 mm thick, using an FEL lamp source.  The procedure is to measure the channel signal using each filter separately, then in combination, and comparing the transmitted flux.  If a significantly lower combined flux transmitted by the three filters (when they are used in combination) is measured relative to the flux from individual filters, then spectral leakage is present.  At center wavelengths greater than 640 nm, other filters that attenuate the wavelength of interest, with a transmission value of less than or equal to 0.1 and which pass shorter wavelength light with significantly greater transmission, should replace the BG‑18.
In the case of blocking red light, a convenient way to measure the leakage is to place a long wavelength-pass, sharp-cut, absorbing glass filter that does not exhibit fluorescence between a broadband (e.g., incandescent) source and the sensor.  A non-zero response indicates unwanted out-of-band red response and the need for an improved red blocking.
Consideration must also be given to unblocked fluorescence by filters or any other optical component, as an additional possible source of light.  In this case, laboratory tests could be performed using filters passing ultraviolet but blocking the visible and near-infrared lights components (e.g., UG1).
[bookmark: _Toc26078919][bookmark: _Toc26765110]Stray Light Perturbations
Equivalent to out-of-band response for multispectral radiometers, stray light is a major issue for hyperspectral radiometers calibrated using sources exhibiting a spectral distribution different than those of natural light. Stray light characterization implies determining the spectral stray light response distribution function across the full spectral range of spectrometers. In recent years these characterizations have been performed with high accuracy by NIST using the Spectral Irradiance and Radiance responsivity Calibrations with Uniform Sources (SIRCUS) system based on integrating spheres illuminated by an ensemble of tunable and fixed frequency lasers covering the visible and near-infrared range (Brown et al. 2000). This system was specifically applied to characterize stray light at the 10-6 level of the Marine Optical Buoy (MOBY) spectrographs of relevance for SVC (Feinholz et al. 2008). Alternative and more affordable stray light characterizations can be performed with double monochromators (Talone et al. 2016). While the first solution must be applied for each radiometer supporting applications requiring highly accurate measurements (e.g., System Vicarious Calibration (SVC)), the alternative solution is likely applicable for radiometers supporting validation activities. 
Common to the different characterization approaches, is the need to fill the entrance aperture of sensors with a pure light source having spectral width much smaller than the sensor bandwidth. This allows determining line spread line functions (LSF) for each band. The inversion of LSF matrices provide the basis for stray light corrections (Feinholz et al. 2008, Talone et al. 2016). 
Stray light characterization is a demanding task. Thus, when applicable, class-based characterizations can be considered for commercial instruments used in validation activities.  Some commercial instrument suppliers are capable of delivering spectrometers with stray light correction matrices built into their processing software. 
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Immersion factors account for responsivity variations resulting from changes in the refractive index of the medium in contact with the fore optics (i.e., the cosine collector and the optical window for irradiance and radiance sensors, respectively).   
Immersion Factor for Irradiance Sensors 
When a diffuser is immersed in water, its light transmissivity is less than in air.  Considering that the instrument irradiance responsivity is determined in air, a correction (i.e., the immersion factor) for the change in transmissivity must be applied to irradiance responsivity coefficients for underwater measurements.
The change in transmissivity of a collector when immersed, is the net effect of two separate processes both depending on the relative difference in refractive indices between the diffuser material (e.g., fused silica, opal glass) and the surrounding medium (i.e., air or water):  
1. the first is due to a change in the reflection of light at the external medium-collector interface, 
2. while the second is due a change in the reflection of light at the inner (i.e., inside the diffuser) collector-medium interface.
The refractive index of the collector material is always greater than that of either water or air, and because the refractive index of water is greater than that of air, the Fresnel transmission of the water-diffuser interface is greater than that of the air-diffuser interface.  Therefore, the initial transmission of light into the irradiance collector is greater in water than in air.  Conversely, the transmission of light out of the diffuser into the surrounding medium is greater when in water then in air.  Therefore, a larger fraction of the light scattered within the diffuser passes back into the water column than would be lost into air.  Because the increased flux leaving the diffuser exceeds the gain in the incoming flux, the net effect of these competing processes is a decrease in the transmissivity of the immersed collector (Westlake 1965).
Previous investigations have shown that the immersion factors for irradiance collectors must be experimentally characterized.  In fact, some manufacturers perform this characterization only for prototypes of a particular collector design and material specification, and successively provide nominal immersion factors for all production radiometers using that collector design.  In this respect, Mueller (1995) and Zibordi et al. (2004) applied the characterization procedure described below with repeatability better than 1 % and observed root-mean-square differences between immersion factors of radiometers from the same series exceeding several percent with values as large as 10 % in some spectral bands.  
To measure this effect, a suggested procedure (Aas 1968, Petzold and Austin 1988) is as follows (see the schematic of a measurement setup in Fig. 3.4): 
· The instrument is placed in a tank of water with the irradiance collector levelled and facing upward.
· A tungsten-halogen lamp with a small filament (to mimic a point source), powered by a stable power supply, is applied as a light source.  The measurement system (lamp, radiometer and water vessel)  must be carefully aligned and the distance of the lamp above the surface of the irradiance collector carefully measured. After lamp warm-up, an initial reading is taken in air before the water level in the tank is raised above the dry collector.  Lamp voltage and shunt current should be monitored throughout the duration of the characterization to ensure a stable output.  As a further assurance of lamp stability, the output flux can be continuously monitored with a separate in-air irradiance sensor (Zibordi et al. 2002).
· The water is raised initially to a carefully measured depth z above the collector surface and the radiometer outputs are recorded for all bands.  Achieving a repeatability better than 1 % implies careful attention to the cleanliness of the water and removal of any air bubbles from fore optics (Zibordi et al. 2002).  It is thus recommended that pure water and a relatively small water tank with an efficient internal baffling are used (Zibordi et al. 2003, Hooker and Zibordi 2005).
· The water level is then increased stepwise, e.g., in 5 cm increments, and the instrument response measured and recorded for each depth z.  A maximum water depth of a few tens of cm (e.g., 40 cm) is normally adequate to obtain data covering a sufficient response range.

[image: ]
Figure 3.4: Schematic of the measurement setup for the determination of the immersion factor for irradiance sensors (adapted from Zibordi et al. 2003). The small tank size, which allows for the use of affordable quantities of pure water, requires an efficient internal baffling to minimize stray light. 

· The water level is then lowered, and data recorded, over a similar series of incremental depths. The lamp and shunt voltages must be regularly recorded to detect changes in the lamp power that may affect the measurement sequence.  The water temperature should also be recorded during the measurement sequence to accurately determine the water refractive index.
· A final reading is taken with the water level below the collector after drying it.  
A minimum water depth of tentatively 5 cm is recommended to avoid artifacts due to multiple reflections between the collector and water sub-surface.  These reflections would increase the transmitted flux, and therefore, decrease the apparent immersion effects.  The magnitude of this artifact increases with a decrease in the minimum depth and an increase in the diameter of the collector.  
The amount of flux arriving at the collector varies with water depth and is a function of several factors:
1. the attenuation at the air-water interface, which varies with wavelength;
2. the attenuation over the water pathlength, which is a function of depth and wavelength; and
3. the change in solid angle of the light leaving the source and arriving at the collector, caused by the light rays changing direction at the air-water interface, which also varies with wavelength and water depth.
Using the Fresnel reflectance equations and taking the index of refraction of air as 1, the normal transmittance through the water surface for a non-polarized light is

                                                   (3.11)

where  is the index of refraction of the water at wavelength .  
The change with water depth z of the refracted solid angle subtended by the collector, as viewed from the lamp filament, is given by 

	                                          (3.12)
where d is the distance of the lamp source from the collector surface.

The immersion correction factor  for irradiance is then calculated as

                                               (3.13)




where  andare in-air and subsurface irradiances in digital counts corrected for dark signals, respectively. The latter value is determined from the least squares fit as a function of the water depth zi above the collector of . Where the factor corrects for the geometric effects induced by the change in solid angle of the light leaving the source and arriving at the collector after crossing the air-water interface.



As already discussed, a high reproducibility of  determinations implies the use of pure water (e.g., Milli-Q by Millipore Corporation). The actual application of derived values to field measurements, then requires corrections accounting for differences in the refractive indices between pure and natural waters as a function of salinity and likely temperature. Because of the difficulty of generating and working with pure seawater, the correction to account for salinity and temperature effects, can only rely on experimental estimates of the correction factor to be applied to the pure water calibration. This approach, however, is not expected to appreciably increase the uncertainty assigned to the experimental determination of  .
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Equivalent to irradiance sensors, the absolute calibration for spectral radiance sensors is performed in air. Thus, when the instrument is submerged in water, a change in responsivity occurs and a correction must be applied. This change in responsivity is caused by
1. a change in transmission through the water-window interface with respect to the transmission of the air-window interface, and 
2. a change in the solid angle FOV relative to that in air.




Since  is a function of wavelength, the correction factor  is also a function of wavelength.  Given that the refractive index of air can be taken as unity at all wavelengths, if  is the index of refraction for the material constituting the optical window of the radiance sensor, the correction for the change in transmission through the window, , is given by (see Austin 1976)

	                                               (3.14)
and the correction for the change in FOV is

                                                     (3.15)

For an optical window made of fused silica, the spectral refractive index  can be conveniently computed using an empirical fit to the Hartmann formula, as (Ohde and Siegel 2003)

		(3.16)
where  is in units of nm.  For different materials commonly used for optical windows (e.g., BK-7) the refractive indices are provided by the manufacturers. 

The refractive index of seawater  can be similarly computed using an empirical fit of the data from Austin and Halikas (1976) for pure water at 22 C as

		(3.17)
An empirical equation by Quan and Fry (1995) provides an alternative solution to compute  as a function of both salinity and temperature.



By combining the corrections  and , the immersion factor for a radiance sensor is given by 

	                                     (3.18)

This equation ideally applies to Gershun tube radiometers with an optical window as foreoptics. Because of this, efforts were made to experimentally characterize  for radiometers exhibiting different optical designs (Zibordi 2006, Zibordi and Dareki 2006, Feinholz et al. 2017), where the interaction of light with the various components of the optical system may affect the responsivity. 


Two experimental methods were proposed and applied to determine  (see Zibordi 2006 and Feinholz et al. 2017). Following the method proposed by Zibordi (2006), the experimental characterization of for radiance sensors is made through in–air and in–water radiance measurements successively performed with a constant sensorsource distance and the sensor looking vertically down at a stable, homogeneous and near-Lambertian source immersed in pure water.  The measurement procedure is equivalent to that applied for the determination of the Immersion Factor for Irradiance Sensors, except that immersed measurements are taken with a single distance r between the optical window and source, while multiple in-air measurements are taken decreasing the water level zi and thus with diverse water depths r-zi between water surface and optical window (see the schematic of a measurement setup in Fig. 3.5). The diffuse light source can be obtained with an LCD flat-field source (Feinholz et al. 2017) operated underneath a water tank with the bottom made of a transparent material (e.g., optical glass), or alternatively a number of quality diffusers illuminated by a halogen tungsten lamp operated at an opportune distance to increase homogeneity of the resulting diffuse source (Zibordi 2006). 

Following Zibordi (2006)  is determined from 

                                                     (3.19)
where DNa() is the digital value related to the abovewater radiance corrected for the dark signal. This term is computed as the intercept of the least squares fit  as a function of the distance zi  of the optical window from the water surface  of in–air measurements made with diverse water levels r-zi. The term DNw(0-,) is the digital value related to the in–water radiance, corrected for the dark signal,  measured with the instrument immersed.  The terms a and w() are the in-air and in-water solid angle FOVs, respectively (their exact values are not needed because their ratio is known, i.e.,  a / w() = nw2(λ) ), while Twa(w,) indicates the water–air transmittance averaged over the solid angle w().



The experimental characterization of  for sample radiometers of the same series did not show appreciable sensor-to-sensor dispersion (Zibordi 2006). However, theoretical and experimental determinations exhibited appreciable differences for some radiometer series (Zibordi and Dareki 2006). These findings suggest that i. values of  can be confidently applied to radiance sensors of a given class, still, ii. the experimental characterization of  for sample radiance sensors of each class is desirable to detect differences between theoretical and experimental determinations. 

Finally, relative changes of  as a function of the refractive index of natural waters, can be easily quantified through Eq. 3.18 as a function of nw() for different temperatures and salinities (Zibordi 2006). 
[image: ]

Figure 3.5: Schematic of the measurement setup for the determination of the immersion factor for radiance sensors (adapted from Zibordi (2006)). 
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Radiance Field-of-View
The radiance FOV does not normally enter into the absolute calibration when the fore optics is fully filled by a uniform calibration source. However, the radiance FOV of the instrument must be determined during characterization. 



Excluding sensors with a very small FOV (i.e., typically smaller than 1), the determination of the FOV is performed with the instrument operated on a rotational stage with the entrance aperture of the radiometer aligned with the rotation axis. A stable light source with a small filament is placed in front of the instrument several meters away. The distance depends on the FOV of the radiometer and the size of the filament, but must be sufficient to have the apparent size of the filament be a small fraction (tentatively 1/20) of the radiometer FOV.  The on axis, i.e., , mechanical alignment can be performed using the surface of the optical window as the reference, by simply adjusting the rotation angle of the radiometer to get the reflection of the lamp filament to return on axis. Data should be ideally collected at increments approximately 1/20 of the estimated radiometer FOV over two planes with a positioning uncertainty better than 1/10 of the increment spacing. In the case of in-water characterizations, the in-air measurement angles  are converted to the corresponding in-water angles  using the relation (through the small angle approximation):

                                                   (3.20)
After normalization of the angular response function to the maximum value, the full-angle FOV is determined as the FWHM of intensity points. 
Cosine Response 
Irradiance sensors are equipped with collectors that should exhibit a cosine response as a function of the incidence angle . However, actual collectors always show angular response deviating from this ideal. This becomes a source of bias error in measurements. Because of this, the directional response of cosine collectors must be characterized.  
Due to the different refractive index of the medium in which the radiometers may be operated, the spectral directional response of Es sensors need to be determined in air, while the in-water Ed and Eu sensors need to be measured immersed. Considering the large variability affecting the cosine response of instruments within a manufacturing series (Mueller 1995; Zibordi and Bulgarelli 2007; Mekaoui and Zibordi 2013), the angular response of each radiometer should be characterized individually. 
A measuring set-up for the characterization of an in-water sensor, implies the use of a tank (see schematic in Fig. 3.6). Following (Petzold and Austin 1988), the instrument is operated either in air or in a tank filled with water while supported by a fixture designed to allow rotation about an axis through the surface and center of the collector.  A tungsten-halogen lamp with a small filament is enclosed in a housing with a small exit aperture and placed 1 m (or more) from a large optical window in the tank or from the collector.  The collector is placed approximately 25 cm (or more) behind this window.  A circular baffle should be placed immediately in front of the window to reduce stray light.  When performing characterizations of immersed radiometers, the use of pure water minimizes scattering effects.


The  alignment should locate the center of the collector on the axis of illumination with the collector surface oriented normal to the axis.  One method of achieving this alignment is to pass a laser beam through the location of the filament (with aid of a lamp jig) to the center of the collector.  The collector is rotated until a mirror held flat against it reflects the laser beam back on itself.  The rotational indexing scale should be zeroed in this position.  With  the beam should just graze the collector, while it should remain in the center of the collector at any other smaller angle.  The alignment and rotational apparatus should be adjusted until these angular alignment criteria are satisfied.  Note that success in this alignment procedure also depends on orienting the illumination axis normal to the tank window. A caveat alignment distance must be corrected by accounting for the actual collection plane of the irradiance collector (see section on Spectral Irradiance Calibration). 

  [image: ]
Figure 3.6: Schematic of a mesurement setup for the characterization of the angular response (i.e., assessment of the cosine response) of irradiance sensors (adapted from Mekaoui and Zibordi (2013)). Note that in this setup the lamp is replaced by a collimated source. 

Additionally, the alignment procedure and correction for the actual irradiance collection plane, should be performed for each collector of radiometers equipped with multiple collectors. 

Assuming an ideal cosine response, with a lamp-to-collector distance of 1.25 m the fall-off at the outer edge of a 6 cm diameter collector is 0.9994, or -0.06 %, when the diffuser is at  = 0.  The net effect over the entire area of the diffuser is 0.9997 or -0.03 %. When  = , with the diffuser edge-on to the lamp, the distance to the lamp varies for different points on the surface. The net error over the entire surface for this condition is 0.99997 or -0.003 %.  All other angles fall between these limiting cases.






The instrument response  is initially recorded for in the plane determined by the azimuth angle .  The instrument is rotated ideally with increments up to , and the instrument responsesrecorded at each angle .  The specific  value is acquired at the beginning, the middle, and the end of each run and examined as a measure of lamp and instrument stability over the time involved.  If the angular indexing mechanism allows rotation in either direction, the procedure should then be repeated for the azimuth + to complete the characterization of the directional response in one full plane perpendicular to the collector surface.  If the apparatus allows rotation in one direction only, then the instrument should be rotated about the optical axis (normal to the collector), and the procedure repeated to complete the plane.  At least two sets of such runs should be made for different planes through the surface of the diffuser.  The directional response of the instrument for each azimuth is expressed as 

,                                   (3.21)


For an ideal cosine collector,  should equal , regardless of  and . 

Note also that the ambient signal should be measured by occulting the direct path between source and collector for each viewing geometry defined by (,).


 For convenience, by fitting as a function of  to a third-order polynomial function  (or even higher order, depending on the features shown by the experimental data), the fitted  can be applied to compute the cosine error for any angle  

                                              (3.22)


or, when considering the average response  of values over different azimuth angles, 

                                              (3.23)

Applying, the error c() in measuring the irradiance for a uniform radiance distribution is computed from 

		(3.24)

Similarly, for a radiance distribution of the form , which may be applied to approximate the in-water upward irradiance, the error is given by 

		(3.25)
The asymmetry of the cosine response can be estimated as the ratio of sums of values at opposite azimuth angles in the same plane, i.e.,  and + , according to 

		(3.26)
Any offset of the average asymmetry with the mechanical axis could be due to any one of the following causes: poor alignment; tilt of the diffuser; a non-centered detector array; or nonuniformity of the diffuser or of internal optical components. Variations in asymmetry from channel to channel of the same radiometer may be due to the placement of the individual detectors behind the diffuser.
The German Institute of Standardization defined the following performance index (see DIN5032, German Institute of Standardization, 1978) for irradiance collectors determined by the integral of azimuth-independent absolute values of the cosine error for  in the 0 to  85 interval

                                        (3.27)

The value of the index is null for ideal cosine collectors, and increases with a decrease of the collector performance. Values in the range of 0.01 to 0.05 (i.e., 1% and 5%) were computed for collectors in commercial radiometers (Mekaoui and Zibordi 2013). 


By neglecting the sky light and thus only considering the direct sun component, an approximate impact of cosine errors in Es() is given by . However, validation activities imply the delivery of highly accurate values of Es(). It is then important to apply corrections to measurements performed with non-ideal cosine collectors, once these are carefully characterized. Following the scheme applied by Zibordi and Bulgarelli (2007) and originally proposed for the ultraviolet spectral region by Seckmeyer and Bernhardt (1993), errors affecting actual measurements can be computed from 

                        (3.28)

where  is the diffuse to direct irradiance ratio and 

.                                                  (3.29)

Cosine errors affecting field data  are finally corrected by applying the factor

                                                          (3.30)

An analysis by Zibordi and Bulgarelli (2007) showed an agreement generally better than 2 % between values of computed with the above equation and equivalent values determined with radiative transfer simulations accounting for atmospheric optical properties and the actual characterization of the angular response of the collector. Nevertheless, differences are well below 0.5 % for sun zenith angles lower than 65 and collectors exhibiting performance indices better than      2.5 %. 
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The standard method to characterize the linearity of radiometers is conveniently performed using a point source and applying the inverse-square law. This solution generates different irradiances by changing the distance between source and detector. Practically, it is recommended that characterizations rely on series of measurements ideally performed over the full dynamic range of each spectral band with fluxes incremented or decremented by 5 db (0.5 log).
It is mentioned that a variety of fluxes can be obtained with 1000 W tungsten-halogen lamps and additionally from 1000 W to 2000 W high pressure xenon arc lamps. These latter lamps can produce irradiance levels approximating the full sunlight.  
The straightforwardness of the characterization for sensor linearity, is however complicated by a number of elements. First, the inverse square law exactly applies to a point aperture and a point source. Thus, its inaccuracy increases with the size of the sensor aperture and the lamp filament, and additionally with a decrease of the distance between the two. This requires applying correction models accounting for the equivalent source and sensor aperture radii (Manninen et al. 2008). Further difficulties are created by the need to determine the actual reference planes for lamps and diffusers (see Irradiance Responsivity Calibration).  



Defining  and  as the digital values corrected for ambient values corresponding to measurements performed at sensor-source distances r and r0, respectively, with  reference value conveniently determined to approximately match half of the counts range, the non-linearity error is given by 

                                       (3.31)




Where  and  indicate the filament and collector reference plane offsets, respectively (see section on Irradiance Responsivity Calibration).  It is mentioned that Eq. 3.31 neglects the effects of non-negligible size of sensor aperture and source and additionally, in the case of hyperspectral radiometers, assumes that and values are taken with the same integration time. 


By imposing a linear dependence of non-linearity with digital counts, the non-linearity factor l() can be derived from the linear regression of as a function  (see Talone and Zibordi 2018) so that   

                                    (3.32)

Once characterized, any departure from linearity must be incorporated into the calibration function and properly applied to field measurements. Practically, corrections of raw values   are obtained through the application of the factor    

                           (3.33)
It should be mentioned that there are other methods which rely on combinations of light sources, and allow the individual light sources to be uncalibrated (White et al. 2008: Hamadani et al. 2016).  These methods may be hard to physically implement, but may avoid the problem with non-ideal point sources and deviation from the ideal inverse square law. 
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For instruments such as hyperspectral radiometers based on detector arrays, which allow operation with different integration times, the variation in response with integration time must be characterized.  This is best done as a separate step after the sensor linearity is determined.  Specifically, the integration time characterization is performed in a straightforward manner by looking at a constant source and measuring this source at different integration times.  It is particularly important to characterize this at the short end of the integration times that will be used in either field or calibration, as this is the region where non-linear effects take place due to either mechanical shutter speed limitations, timing offsets, or any other factor related to charge handling from the elements of the detector array.

9 TEMPERATURE RESPONSE





The various components of a radiometer may be temperature dependent. For instance, silicon detectors commonly applied for ocean color applications, exhibit a significant temperature dependence in the near infrared spectral region. Because of this, in the absence of any temperature stabilization, the radiometer output may show changes in dark signal and responsivity. This requires that radiometers undergo a comprehensive temperature characterization at least for a few units of each class or series of instruments. Characterizations for underwater instruments should be performed over at least the 0  to 35 temperature range, which are easily achievable in controlled conditions.  In the case of Es radiometers, the temperature range should at least embrace 0  to 45 .  Sensors exhibiting temperature coefficients greater than 0.01 % per  over these temperature ranges, should be comprehensively characterized to establish the means and precision with which post-acquisition processing can be applied to correct for temperature dependence.  Although exact knowledge of changes in the dark signal with temperature is fundamental for working at the lowest radiances or irradiances, it should be emphasized that significant errors may be induced by temperature variations in responsivity. 
Possible responsivity changes with temperature must be individually determined across the spectrum.  Ideally, any correction should use the temperature of the affected element, which is normally in the interior of the instrument.  This is best accomplished by routinely monitoring temperature sensors at critical locations within the radiometer.  For the highest precision, dynamic temperature testing involving temporal transients relevant for profiling instruments, as well as possible temperature gradients within instruments, may be appropriate. In any case, at least one thermistor should be operated within the instrument near the detector. 
Temperature characterizations imply operating the radiometer in a temperature-controlled chamber while looking at a stable source. Following Zibordi et al. (2017), alignment of the different system components (i.e., source, optical window of the chamber, radiometer) should be performed with a laser. Stray light should be minimized using a diaphragm at the entrance window of the measuring chamber. Both the chamber and the internal instrument temperature should be measured to identify conditions of thermal equilibrium inside the instrument allowing measurements in stable conditions. This process should allow performing measurements when all the radiometer components have thermally stabilized. In the challenging condition created by the lack of any temperature measurement inside the instrument, extended time should be provided to the radiometer to stabilize. It is important to avoid direct illumination of the radiometer by the source between successive temperature tests (if operated at close distance) to avoid heating the foreoptics components. Measurements should be performed with increments of at least 5 C over the expected operating range of the instrument. 



The response to temperature of radiometers can be defined through the relative difference between values of  determined at temperature T and values of  obtained at the reference temperature T0 (typically set close to 20 C, which corresponds to the temperature at which radiometers are commonly calibrated for responsivity)

                                               (3.34)



where, assuming a linear dependence with temperature of the radiometer responsivity, the fitted values of are applied to determine the temperature coefficinet  in units of (C)-1 as a function of for each band, so that  

                                                 (3.35)

The dependence to temperature response in field data  is finally removed by applying the factor

                                                          (3.36)
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Light from the sea has a degree of polarization varying with water constituents and the atmospheric aerosols with impact more pronounced in above-water than in in-water radiometry.  Because of this, the polarization sensitivity of radiometers due to individual optical components (e.g., optical windows, lenses, dispersive elements) may become a source of uncertainty in measurements. Thus at a minimum, the polarization sensitivity of optical radiometers must be determined. Considering that the circular polarization of radiance in the atmosphere and natural waters is generally negligible, the characterization for polarization sensitivity reduces to linear polarization analysis. This can be achieved by incrementally rotating a linear polarizer positioned between a non-polarized source and the entrance optics of the radiometer.  The resulting polarization sensitivity, in percent, can then be expressed as 

                                                      (3.37)
where DNm(λ) and DNM(λ) indicate the minimum and maximum values recorded while rotating the polarizer and corrected for the ambient signal.  
In the case of sensitivity to linear polarization tentatively higher than 1 %, corrections should be applied for comprehensively characterized radiometers (Meister et al. 2005, Talone and Zibordi 2016). In general, best practice would suggest reducing polarization sensitivity through depolarizers placed inside the radiometer optics. 
11 SENSITIVITY CHANGE
Responsivity of radiometers may change over time because of aging of optical components (e.g., filters, fore optics). Tracking these changes is essential and imposes pre- and post-field absolute radiometric calibrations and, ideally, regular responsivity checks through portable and stable reference sources during field activities. Responsivity changes of a very few percent (e.g., 2 % or even larger when supported by regular checks) generally can be corrected assuming linear variations with time. However, if the change is within the expanded uncertainty of the radiometric calibration (Johnson et al. 2014), no adjustment is warranted. Conversely, caution is suggested while correcting responsivity changes reaching several percent. In fact, these could result from abrupt variations in the characteristics of optical components such as those subsequent to a deterioration of interference filters due to humidity effects or thermal stress of gratings. 


12 DARK SIGNAL
 Radiometers generally exhibit a non-null output signal in the absence of flux at the entrance optics. This signal, which largely varies with temperature and sampling time (i.e., integration time in the case of most hyperspectral radiometers), results from the photodetector dark current and additional contributions such as the electronic offset. Anticipating that the removal of the dark-signal from field data requires dedicated measurements performed during regular above- or in-water operations (see Chapters on In Water-Radiometry Measurements and Data Analysis and also Above-water Radiometry Measurements and Data Analysis), it is relevant to have at least an initialfrequent characterizations of the dark-signal for each radiometer. In fact, depending on the instrument design and procedures put in place to precisely determine the dark-signal during field activities, an initialfrequent characterizations could be relevant for any data processing requiring comprehensive knowledge of the radiometer performance with temperature and sampling time, or simplyand for the quality assurance of collected datameasurements.  
The dark-signal characterization must be performed with the entrance optics closed by measuring the output signal as a function of temperature and sampling time. 
 
13 TEMPORAL RESPONSE
The temporal response of a spectrometer may be examined by introducing a step function of near full-scale flux to the system using an electrically operated shutter and measuring the system transient response at 0.1 s, or shorter (depending on acquisition rate), intervals.  The response should be stable within one digital count, or 0.1 %, whichever is greater, of the steady state value in one second or less.
14 PRESSURE EFFECTS
Pressure can cause radiometric measurement errors by deforming irradiance collectors.  Pressure coefficients associated with polytetrafluoroethylene (PTFE) based irradiance diffusers are known to exist, but they are not uniform and there may be hysteresis effects.  It is recommended that each type of irradiance detector be examined for variations in responsivity with pressure.  If a significant effect is observed, then pressure-dependent responsivity coefficients should be determined separately for each instrument and collector.  The pressure characterization should also test for, and quantify, hysteresis and temporal transients in responsivity under a time varying pressure load.  The characterization of pressure effects on optical radiometers is not common practice, and the requisite procedures are not defined. 
15 SUMMARY OF TARGET UNCERTAINTY REQUIREMENTS
	This final section aims at summarizing the expected instrumental measurement uncertainty valuesuncertainties. Specifically, accounting that  each individual uncertainty affecting basic radiometric quantities from in- and above-water radiometry should be kept below 1-2 % (see Chapter 1 on Elements of Marine Optical Radiometry Data and Analysis). T, Table 3.2 lists the “best effort”best effort uncertainties achievable with current technology and expertise. 	
Table 3.2. Target uncertainties at k = 1 for most relevant radiometric quantities.
	
	Lu
	Li
	LT
	Ed
	Eu
	Es

	Responsivity [%]
	2
	2
	2
	1.5
	1.5
	1.5

	Out of Band Response [%]
	1
	1
	1
	1
	1
	1

	Stray Light [%]
	1[1]
	1[1]
	1[1]
	1[1]
	1[1]
	1[1]

	Immersion Factor [%]
	0.2
	
	
	0.5
	0.5
	

	Cosine Response [%]
	
	
	
	31[2]
	32[2]
	0.5[1,2]

	Linearity [%]
	0.1[1]
	0.1[1]
	0.1[1]
	0.1[1]
	0.1[1]
	0.1[1]

	Polarization Sensitivity [%]
	1
	1
	1
	0.2
	0.2
	0.2

	Sensitivity change [%]
	0.2[1]
	0.2[1]
	0.2[1]
	0.2[1]
	0.2[1]
	0.2[1]


		[1] Corrected in the relevant range of variation
		[2] With sun zenith angle in the range of 0-65 

[bookmark: _GoBack]Table 3.3 summarizes some requirements for spectral bands and for radiometer attitude during field operations. 
 
Table 3.3. Maximum deviations from the nominal values of center wavelengths and width of spectral bands, and additionally, tolerance on radiometer pointing (i.e., attitude) achievable through best practice.
	
	Lu
	Li
	LT
	Ed
	Eu
	Es

	Center wavelength [nm]
	1
	1
	1
	1
	1
	1

	Band width [nm]
	1
	1
	1
	1
	1
	1

	Attitude [deg-1]
	5
	5
	2
	2
	2
	1



16 FUTURE DIRECTIONS
	In addition to continuously improving protocols for a comprehensive characterization of radiometers and the implementation of correction schemes reducing uncertainties in field data, it would be relevant to construct libraries of characterization parameters determined across different laboratories for commercial radiometers widely used by the scientific community.  Additionally, there is the need of new blue-rich calibration sources better matching the spectral shape of natural light. 
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1 INTRODUCTION


 


P


rocedures for 


calibrating and 


characterizing 


optical 


radiometers, including


 


the determination of 


characteristics 


peculiar 


to 


underwater


 


sensors


, 


are presented in this chapter. 


The


se


 


calibrations and 


 


characterizations are essential to 


ensure compliance 


with 


specifications 


of


 


th


ose


 


radiometer


s


 


used to 


acquire field data for 


satellite


 


ocean color 


validation.  


The


 


calibrations and 


char


acterizations


 


required


 


are


:


 


1.


 


Spectral 


radiometric


 


responsivity 


(


i.e.


, absolute response)


 


traceable to National 


Measurement Institutes (NMI) standards


;


 


2.


 


Spectral 


response functions (


i.e.


, 


bandpass) of the various 


radiometer bands


;


 


3.


 


O


ut


-


o


f


-


band 


response and


 


stray 


light


 


perturbations


;


 


4.


 


R


esponsivity 


change 


with


 


the refractive index of 


the 


medium in which the radiometer 


operates


;


 


5.


 


Angular 


response


,


 


both


 


in 


air or 


in 


water


, 


depending on


 


the me


dium in which the radiometer 


operate


s


;


 


6.


 


L


inearity of r


esponse;


 


7.


 


Integration time response;


 


8.


 


Temperature response;


 


9.


 


Polarization sensitivity;


 


10.


 


Sensitivity decay;


 


11.


 


Dark signal;


 


12.


 


Temporal response;


 


13.


 


P


ressure 


effects


.


 


A


ny 


field


 


instrument 


providing


 


suitable data for 


satellite validation


 


should have 


a 


traceable 


history o


f calibrations and


 


characterization


s


.  


In particular, s


pectral 


radiometric 


responsivity should 


be 


determined 


before and after each major field deployment


. Conversely, c


ertain 


characteristics


 


such 


as 


the


 


angular response only need to be determined once


 


(


unl


ess the instrument is modified


)


. 


Further, 


among the different characterizations, some should be performed for each individual instrument such 


as the determination of the immersion factor of irradiance sensors. Others, such as linearity response


,


 


may 


be 


abl


e to be 


confidently applied for each class of radiometers


 


(


i.e.


, 


those


 


made of identical 


components for which it was proven that specific optical characteristics exhibit equivalent features 


within a given uncertainty)


. 


Table 


3


.1 summarizes


 


instrument


-


speci


fic calibration


s


 


and 


characterizations


 


to be performed 


regularly


 


(regular)


, 


occasionally (occasional)


 


and


 


tentatively once 


(initial), 


and


 


those 


not strictly 


instrument


-


specific which


 


can rely on


 


characterizations performed for 


radiometers of the same class


 


(class


-


based). 


 


 


2 RADIOMETRIC RESPONSIVITY 


 


The d


etermination of the absolute radiometric response (


i.e.


, responsivity) of irradiance and 


radiance sensors requires the availability of a properly 


furnished


 


and 


staffed 


calibration facility.  Such 
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