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ABSTRACT 15 

The correction for temperature response of optical radiometers implies access to their 16 

working temperature (i.e., either the internal or ambient one, with the radiometers in thermal 17 

equilibrium). With specific reference to a class of widely used hyperspectral radiometers 18 

lacking a thermistor to measure the internal temperature, this work investigated the potential 19 

for operational corrections relying on the working temperature derived from the radiometer 20 

dark signal. With the objective to keep within approximately 1% the uncertainty for 21 

corrections in the 400-800 nm spectral range, findings show the applicability of the method 22 

for working temperatures higher than approximately 30°C. The complementary use of the air 23 

temperature, regardless of an expected error of several degrees with respect to the actual 24 

radiometer working one, appears a valid solution for temperatures lower than 30°C.  25 
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1. Introduction  26 

Satellite data products satisfy application needs and ensure return on investment when 27 

they meet users requirements. Therefore, the verification of these requirements is a 28 

mandatory step for satellite data products, which are often generated through complex 29 

processes involving remote technology, indirect sensor calibration, and a number of 30 

algorithms and models. This verification commonly requires access to in situ reference data 31 

of high accuracy entailing: state-of-the-art absolute radiometric calibration and 32 

comprehensive characterization of field radiometers; accurate implementation of 33 

measurement protocols; and finally, reduction of collected data applying severe quality 34 

control procedures.   35 

Temperature affects the performance of the optical, electrical and mechanical 36 

components of radiometers (Basher and Matthews 1977, Starks et al 1995, Hartmann et al. 37 

2001, Kuusk 2011, Pacheco-Labrador and Martín 2015). For instance, the temperature 38 

response of silicon photodiodes varies across the spectrum. It is quite moderate in the blue 39 

and green spectral regions, but significantly increases with wavelength (McCluney 2016).  40 

Because of this, in the absence of a thermal stabilization, the response to temperature of 41 

individual radiometers or alternatively of sample units representing classes of radiometers, is 42 

essential (Schaepman and Dangel 2000, Salim et al 2011, Zibordi et al 2017).  43 

With the objective to minimize errors in in situ radiometric measurements and best 44 

support the quantification of uncertainties affecting satellite data products, a specific 45 

investigation targeted the determination of the coefficients describing the change in response 46 

with temperature of a class of hyperspectral RAMSES radiometers (TriOS Mess-und 47 

Datentechnik GmbH; Rastede, Germany) widely applied by the ocean color community. Due 48 

to the lack of a thermal stabilization and also of a thermistor allowing to measure the internal 49 

temperature, their temperature response was determined with respect to the ambient one 50 

assuming the instrument was in thermal equilibrium with it. Characterizations performed in 51 

the 400-800 nm spectral range with radiometer working temperatures in the 10-40 °C 52 

interval, showed mean temperature coefficients varying from -0.04×10-2 (°C)-1 at 400 nm to  53 

+0.33×10-2 (°C)-1 at 800 nm.  The former findings, when assumed applicable to the specific 54 

class of hyperspectral radiometers, indicated the possibility to determine temperature 55 

corrections with an uncertainty of approximately 0.03×10-2 (°C)-1. 56 

This work primarily investigates the potential for determining the working 57 

temperature from the dark signal of the considered class of hyperspectral radiometers.     58 
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 59 

2. The radiometers  60 

RAMSES hyperspectral radiometers are built on ZEISS (Oberkochen, Germany) 61 

Monolithic Miniature Spectrometers (MMS-1) with the Hamamatsu (Ichino-cho, Japan) 62 

S3904 256-channel silicon photodiode array coupled to a concave image grating (Hamamatsu 63 

2006, Hamamatsu 2016). The optics of RAMSES ARC radiance sensors, exhibiting a 7 64 

degrees full angle field-of-view, is composed of an optical window and a lens coupled to the 65 

fiber-bundle supplying light to the spectrometer. Conversely, the RAMSES ACC irradiance 66 

sensors have a cosine collector coupled to the fiber-bundle. A steel case encloses optics, 67 

spectrometer and electronics. RAMSES radiometers have a spectral resolution of 68 

approximately 10 nm in the 320-950 nm interval with an average spectral sampling of 3.3 69 

nm. 70 

 71 

3. Dark signal dependence on temperature 72 

 The working temperature of radiometers largely affects their dark signal (i.e., the 73 

radiometer output in the absence of any input flux), as well as their response. When sensors 74 

do not allow for an automatic determination of the dark signal (e.g., in the absence of an 75 

internal shutter), dedicated measurements should be performed by occluding the sensor 76 

optics. An inappropriate quantification of the dark signal would lead to poor bias corrections 77 

of radiometric quantities with unavoidable impact on the final radiometric data products. 78 

Additionally, corrections for temperature response should be applied to any radiometric 79 

measurement accounting for dedicated characterizations. As already anticipated, this step 80 

requires access to the internal or alternatively to their external working temperature, 81 

depending how characterizations were performed.  82 

 The dark signal of RAMSES radiometers is operationally obtained from the output of 83 

a group of detector elements painted black (i.e., the array elements from 237 to 254). 84 

Alternatively, it can be determined for each element of the detector array by performing 85 

measurements with the optics occluded.  86 

Laboratory investigations of the dark signal for RAMSES radiometers confirmed a 87 

clear dependence with temperature and naturally with the integration time (see Fig. 1a).  88 

Consequently, when considering the possibility to quantify the radiometer working 89 

temperature from the dark signal, the most accurate information could be obtained with long 90 

integration times. Figure 1b illustrates such a dependence of the dark signal determined with 91 

diverse integration times. Remarkably, the temperature dependence on dark digital counts in 92 
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Fig. 1a, well documents a low sensitivity below tentatively 30 °C. This anticipates low 93 

accuracy for any radiometer working temperature quantified using the dark signal at 94 

relatively low temperatures.  95 

Figure 1b also shows that the charge overflow (i.e., the transfer of charge from 96 

saturated elements of the array to the nearby ones) prevents determining the dark signal from 97 

the dark-painted elements simply applying a high integration time without occluding the 98 

optics. In fact, the black-painted cells would be perturbed by charge overflow from the 99 

nearby elements affected by saturation due to over exposition to a light source.  100 

 101 

 102 

 103 

  104 

 105 

 106 

 107 

 108 

 109 

Fig. 1. (a) Dark digital counts normalized at T = 25 °C determined for RAMSES SAM-8508 110 

and RAMSES SAM-8516 with different integration times t,  and (b) dark digital counts DN 111 

determined from the black-painted elements of SAM-8516 with the entrance optics occluded 112 

(dashed lined) and alternatively illuminated by an integrating sphere with saturation 113 

occurring for t  >  256 ms (continuous line) (after Zibordi et al. 2017).  114 

 115 

4. Relationship between dark signal and temperature  116 

Dark digital counts DN for various RAMSES radiometers at diverse ambient 117 

temperatures T were obtained from laboratory measurements performed in a thermal tank 118 

with the entrance optics occluded and relying on the factory default integration time  (i.e., 119 

4096 ms for dark signal measurements). Results for SAM-8516 are summarized in Fig. 2 120 

through the fit of the working temperatures T as a function of DN  121 

𝑇𝑇 = −𝑇𝑇𝐶𝐶 + 𝑆𝑆 ∗ ln (𝐷𝐷𝐷𝐷 − 𝐷𝐷𝐷𝐷𝐶𝐶)                                                          (1) 122 

where the digital dark value 𝐷𝐷𝐷𝐷𝐶𝐶, the temperature 𝑇𝑇𝐶𝐶 and the slope factor 𝑆𝑆 are obtained from 123 

the fit.  124 
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The smallest changes in derived working temperatures from dark digital counts (i.e., 125 

the sensitivity) are displayed in Fig. 2b. These values further confirm the limits in 126 

determining accurate working temperatures from dark digital counts lower than 127 

approximately 3×103, which correspond to temperatures lower than approximately 30°C.  128 

 129 

 130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 

Fig. 2. (a) Working temperature T and (b) temperature sensitivity vs. dark digital counts DN 139 

as obtained for SAM-8516 from three independent characterizations performed with 140 

integration time t = 4096 ms by occluding the entrance optics. The fitted values in (a) result 141 

from the application of Eq. 1 with  𝑇𝑇𝐶𝐶 = 10.07,   𝑆𝑆 = 5.567 and DNC=1267, while the error 142 

bars indicate ±1 standard deviation.  143 

  144 

5. Temperature determination    145 

The need to apply corrections for the temperature response of RAMSES radiometers, 146 

which is necessary to meet uncertainty requirements for remote sensing applications (IOCCG 147 

2019), suggests to investigate operational solutions allowing to determine the radiometer 148 

working temperature from the dark signal. Figure 3 summarizes such an attempt through the 149 

average of the fits performed applying Eq. 1 the characterization data from four RAMSES 150 

radiometers: three irradiance sensors (serial numbers SAM-835C, SAM-82C1, and SAM-151 

8516) and one RAMSES radiance sensor (serial number SAM-8508). The standard deviation 152 

𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷) of the averaged values, which largely increases with a decrease of the dark digital 153 

counts, determines the uncertainties of the fitting function. In particular, whereas an 154 

uncertainty in the working temperature T expressed by 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷) is approximately 2°C with 155 

1×104 digital counts, its value approaches 5°C with 3×103 digital counts.  156 
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 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

Fig. 3. (a) Working temperature T and (b) related standard deviation 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷) as a function of  167 

the dark digital counts DN determined from the characterization of SAM-82C1, SAM-835C, 168 

SAM-8508 and SAM-8516. The error bars in (a) indicate ±1 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷).  169 

 170 

Mean temperature coefficients 𝑐𝑐(λ) as a function of wavelength λ with uncertainty 171 

defined by σc(λ)=0.03×10-2 (°C)-1 in the 400-800 nm spectral range for the 10-40°C interval 172 

for ambient temperature, were provided by Zibordi et al (2017) for the class of RAMSES 173 

radiometers. These coefficients are denoted as 174 

𝑐𝑐(λ) = 𝑘𝑘0 �1 −� [𝑘𝑘𝑖𝑖(λ− 400)]𝑖𝑖4
i=1 �                                           (2)  175 

with k0-4 = [-0.000347, +0.011266, +0.010078, -0.007950, +0.005386].   176 

Following Zibordi et al (2017), the relative spectral change 𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) affecting  177 

radiometric values due to the difference ∆T between the working temperature T during field 178 

operations and the laboratory one T0 recorded during the radiometer absolute calibration (i.e., 179 

∆T = T-T0), is given by        180 

𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) =  𝑐𝑐(λ) × ∆𝑇𝑇.                                                      (3) 181 

By introducing 𝜀𝜀𝑐𝑐(𝜆𝜆,Δ𝑇𝑇) and 𝜀𝜀𝑇𝑇(𝜆𝜆,𝐷𝐷𝐷𝐷), which determine the non-correlated relative 182 

uncertainties affecting c(λ) and Δ𝑇𝑇, respectively, with     183 

𝜀𝜀𝑐𝑐(𝜆𝜆,Δ𝑇𝑇) =  Δ𝑇𝑇 × 𝜎𝜎𝑐𝑐(𝜆𝜆)                                                          (4) 184 
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and  185 

𝜀𝜀𝑇𝑇(𝜆𝜆,𝐷𝐷𝐷𝐷) = 𝑐𝑐(λ) × 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷) ,                                                     (5) 186 

the combined uncertainty affecting 𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) is then given by  187 

𝑢𝑢𝑟𝑟(λ,∆𝑇𝑇,𝐷𝐷𝐷𝐷) = [ε𝑐𝑐(λ,∆𝑇𝑇)2 + ε𝑇𝑇(λ,𝐷𝐷𝐷𝐷)2]1/2.                                     (6)  188 

Figure 4 displays the values of 𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) obtained for the 0-50°C interval omitting any 189 

uncertainty contribution. These values are well within ±1% in the 400-500 nm spectral 190 

interval regardless of the working temperature (it is recalled that the working temperature is 191 

here the ambient one with the radiometer in thermal equilibrium). Nevertheless, the values of 192 

𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) at 700 nm reach +5% with T = 50°C and -4% with T = 0°C.   193 

Assuming both 𝜎𝜎𝑐𝑐(𝜆𝜆) and 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷) are representative for the class of RAMSES 194 

radiometers, Fig. 5a shows the separate contributions of ε𝑐𝑐(λ,∆𝑇𝑇) and ε𝑇𝑇(λ,𝐷𝐷𝐷𝐷) to the 195 

uncertainties affecting 𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) with T in the 0-50°C interval. While ε𝑐𝑐(λ,∆𝑇𝑇) is always 196 

within ±1% regardless of the value of T, ε𝑇𝑇(λ,𝐷𝐷𝐷𝐷) exceeds 1% beyond 550 nm for T 197 

tentatively lower than 30°C in agreement with the large values of 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷) (see Fig. 3b).  198 

Consistently, the combined uncertainties 𝑢𝑢𝑟𝑟(λ,∆𝑇𝑇,𝐷𝐷𝐷𝐷) displayed in Fig. 5b show values 199 

generally lower than 1% up to 550 nm regardless of T, but already approaching 2% at 700 nm 200 

for T = 20°C and further increasing for lower temperatures.   201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

Fig. 4. Class based values of 𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) determined assuming null both 𝜎𝜎𝑐𝑐(𝜆𝜆) and 𝜎𝜎𝑇𝑇(𝐷𝐷𝐷𝐷).  211 

 212 

 213 
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 214 

 215 

 216 

 217 

 218 

 219 

Fig. 5. (a) Spectral values of ε𝑐𝑐(λ,∆𝑇𝑇) and ε𝑇𝑇(λ,𝐷𝐷𝐷𝐷) and (b) corresponding 𝑢𝑢𝑟𝑟(λ,∆𝑇𝑇,𝐷𝐷𝐷𝐷). 220 

Computations were made for T0 = 20°C and T in the range of 0-50°C.  221 

  222 

6. Discussion    223 

Findings in Section 5 indicate that when targeting uncertainties lower than 1% for the 224 

correction of RAMSES temperature response across the 400-800 nm spectral range, the 225 

determination of the radiometer working temperature T from the dark signal obtained with 226 

integration time t = 4096 ms and entrance optics occluded, is only viable for T  > 30°C. This 227 

calls for alternative solutions allowing to estimate the radiometer working temperature during 228 

field operations.  229 

Definitively, accurate ambient temperatures T representative of the radiometer 230 

working one diverge from the air temperature Ta. In fact, the direct sun light affects the actual 231 

radiometer working temperature with impact varying with the instrument location and 232 

orientation. An estimate of the difference between air and RAMSES working temperatures 233 

was obtained by measuring the temperature in the proximity of the radiometer case inside a 1 234 

cm thick steel sleeve enfolding the radiometer itself. This approach showed differences 235 

between the ambient temperature measured inside the sleeve and the actual air one in the 236 

course of daily operations, ranging from negligible values up to approximately 5°C when the 237 

radiometer was exposed to the direct sun light during clear sky and air temperatures of 27°C. 238 

Fully admitting that these differences are only indicative for actual field measurement, still to 239 

estimate the impact of applying corrections exclusively relying on the knowledge of Ta (i.e., 240 

assuming T ~ Ta), constant biases δT = +5°C and δT = +10°C are hereafter considered as 241 

tentative maximum differences between T and Ta (i.e., T  =  Ta+δT).  242 

 243 
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 By defining  244 

ε𝑇𝑇∗ (λ, δ𝑇𝑇) = 𝑐𝑐(λ) × δ𝑇𝑇                                                      (9) 245 

the contribution to the uncertainty affecting c(λ) and solely due to δT, the relative uncertainty 246 

𝑢𝑢𝑟𝑟∗(λ,∆𝑇𝑇, δ𝑇𝑇) for 𝑅𝑅𝑟𝑟(λ,∆𝑇𝑇) is then given by  247 

𝑢𝑢𝑟𝑟∗(λ,∆𝑇𝑇, δ𝑇𝑇) = [ε𝑐𝑐(λ,∆𝑇𝑇)2 + ε𝑇𝑇∗ (λ, δ𝑇𝑇)2]1/2.                                     (10)  248 

Figure 6a shows the impact of εc(λ,∆T) and ε𝑇𝑇∗ (λ,δT) on Rr(λ,∆T). Their combined 249 

contributions lead to uncertainties 𝑢𝑢𝑟𝑟∗(λ,∆T,δT) lower than approximately 1% up to 700 nm 250 

when quantified with δT = +5°C for T0 = 20°C regardless of T in the range of 0-40°C. For the 251 

same conditions, 𝑢𝑢𝑟𝑟∗(λ,∆T,δT) slightly exceeds 1% for the extreme working temperature        252 

T = 50°C. When considering δT = +10°C the values of 𝑢𝑢𝑟𝑟∗(λ,∆T,δT) already exceed 1% 253 

beyond 500 nm and approach 2% at 700 nm. This finding shows that when allowing 254 

uncertainties up to approximately 1% for the correction of temperature response, the 255 

assumption of equivalence between radiometer working temperature and that of the air is a 256 

valid solution for differences  δT = T-Ta  not exceeding +5°C.  Indeed, the combined use of 257 

both the working temperature determined from the dark signal for T > 30°C and alternatively 258 

assuming T = Ta for T < 30°C provides an adequate solution for operational field applications 259 

across the 400-800 nm spectral interval.  260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

Fig. 6. (a) Values of εc(λ,∆T) and ε𝑇𝑇∗ (λ,δT) and (b) corresponding 𝑢𝑢𝑟𝑟∗(λ, ∆T, δT). 269 

Computations were made for T0 = 20°C assuming the radiometer working temperature 270 

determined with biases δT  = +5°C and δT  = +10°C and T within the range 0-50°C.  271 

 272 
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7. Summary and conclusions   273 

Considering the lack of an internal thermistor, this study primarily investigated the 274 

potential for determining the instrument working temperature from the dark signal of 275 

RAMSES radiometers. The analysis was performed applying corrections assumed applicable 276 

to the class of instruments and determined with i. temperature coefficients and ii. 277 

relationships between dark signal and working temperatures. Results, based on dark digital 278 

counts obtained occluding the entrance optics of the radiometers and applying an integration 279 

time t = 4096 ms, indicate the possibility to perform temperature corrections with 280 

uncertainties lower than 1% in the 400-800 nm interval for working temperatures T higher 281 

than approximately 30°C. Uncertainties may exceed 3% at 800 nm for T lower than 282 

approximately 30°C due to the lesser sensitivity of temperature retrievals with the decrease of 283 

dark digital counts.  284 

Still recognizing that the working temperature T would exhibit differences with the air 285 

temperature Ta, the study shows that the basic assumption of T ~ Ta with T-Ta < +5% for        286 

T < 30°C, would allow to determine corrections with uncertainty within 1% up to 700 nm. 287 

This finding suggests that the complementary use of air temperature and temperature 288 

determined from the dark signal of RAMSES radiometers, would allow correcting 289 

temperature response with uncertainty constrained within 1% in the 0-50°C interval across 290 

the 400-800 nm spectral range.    291 
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