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Abstract: The effects of spectral curvature (smile) on the co-registration of 
measured radiance spectra were analyzed for a dispersive imaging 
spectrometer. The spectra measured by the imaging spectrometer with 
spectral curvature were re-sampled using cubic spline Interpolation to 
mitigate the mis-registration of spectral radiance measurement. After 
correction, the co-registration of measured radiance spectra is distinctly 
improved. 
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1. Introduction  

Imaging spectrometers measure spectrum of each spatial scene element in an image. It is 
necessary to keep the co-registration of the measured spectra for all scene elements. It is 
significant to analyze the effect of spectral offset on the measured radiance spectrum. The 
co-registration of the measured radiance spectra have been broadly studied during the process 
of spectral and radiometric calibration of each system, such as Airborne Visible/Infrared 
Imaging Spectrometer (AVIRIS), EO-1Hyperion, Compact Airborne Spectrographic Imager 
(CASI) and Ocean PHILLS hyperspectral imager [1-4]. There are certain spectral offsets on 
the pixels along cross-track array for each system, which destroy the co-registration of the 
measured radiance spectra. The radiometric calibration accuracy of an imaging spectrometer 
is commonly better than 5% [5-7]. Robert O. Green pointed out that a spectral uncertainty 
approaching 1% is necessary to suppress the errors in measured radiance spectrum [8]. A 
prism or grating is used to separate light for a Dispersive Imaging Spectrometer (DIS) [9]. 
There is spectral curvature (smile) on an image plane because of dispersion with non-main 
cross-section [10]. A spectral curvature brings the offset in the center wavelength and the 
spectral response function between the pixels in the same array but not column. Furthermore, 
spectral curvature reduces the co-registration of the measured radiance spectra. This analysis 
presents the errors in the measured radiance spectra brought by spectral curvature between the 
pixels in the same cross-track array. And the spectral radiance measured by the imaging 
spectrometer with spectral curvature was interpolated via Cubic Spline Interpolation (CSI) to 
mitigate the mis-registration of the measured radiance spectra. 

2. The mis-registration of measured radiance spectra brought by spectral curvature 

For a spaceborne pushbroom imaging spectrometer, the measured radiance Φi,j of the detector 
pixel (i,j) is the convolution of the spectral response function f(λ-λi,j) with a high-resolution 
spectrum Li(λ) across the spectral band j [8]: 
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Where: A is the systematic parameter of imaging spectrometer. λi,j is the center wavelength of 
spectral band j of the scene pixel i. λi,ja and λi,jb are the starting and cut-off wavelength of 
spectral band j. 

If there were no spectral curvature, there would be the same center wavelength for all 
pixels in the same cross-track array j on the detector plane. λi,j=λj. While if there were spectral 
curvature on the detector plane, there would be certain center wavelength offset δm,j of the 
pixel (i+m,j) relative to the pixel (i,j) (See Fig. 1), λi+m,j=λi,j+δm,j. The integral range of Eq. (1) 
is also shifting δm,j. So there will present mis-registration for spectral measurement along 
cross-track direction.  
 

 
 

Fig. 2. Upwelling spectral radiance 
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Fig. 1. Sketch map of spectral curvature 
(smile) on detector plane 
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In order to analyze the effects of spectral curvature (smile) on the co-registration of 
measured radiance spectra, it assumes that all ground source pixels have the same spectral 
radiance. An upwelling radiance spectrum at the top of the atmosphere was modeled in the 
range of 0.45~1.0μm with conditions of a 45° solar illumination angle, a 0.25 reflection 
horizontal surface at sea level, and the 23-km visibility standard mid-latitude summer 
atmosphere model (See Fig. 2) [3, 8]. For this analysis, the specified Gaussian function of a 
channel spectral response function f(λ-λi,j) was evaluated for each wavelength of the 
high-resolution upwelling radiance spectrum. The spectral resolution of an imaging 
spectrometer is 5nm. In order to give prominence to the issue of mis-registration in spectral 
radiance measurement and its mitigation algorithm, the spectral curvature is assumed 
wavelength-independent. That makes calculation easy but dose not influence the validity and 
application. Using Eq. (1), the radiance spectra measured by each detector pixels in the 
columns i and i+m were calculated respectively. The relative percent error in measured 
radiance between the detector pixels (i+m, j) and (i, j) on can be express as  
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Equation (2) shows the mis-registration of measured spectral radiance in the spectral band j 
between the source pixels i and i+m. if there were no spectral curvature on image plane, Φi+m,j 

would be equal to Φi,j, ΔΦm,j=0. Figure 3 shows the relative percent error in the measured 
radiance spectra between two source pixels i and i+m in the same cross-track array. Near the 
O2 absorption at 0.76μm and the atmosphere water-vapor absorption at 940μm, the measured 
radiance presents distinct errors. The errors in the measured radiance strongly depend on the 
spectral offset δm,j between the pixels in column i+m and i on the detector plane. In Fig. 3a, an 
offset of δm,j=1%Δλ (Δλ is spectral channel increment) for the pixels in the column i+m 

relative to the pixels in the column i results in the maximum ±2% error, the errors in 
measured radiance is very small. The mis-registration of measured radiance spectra can be 
neglected. But in Fig. 3(b), an offset of δm,j=10%Δλ for the pixels in the column i+m relative 

to column i results in the maximum ±15% error. The errors in measured radiance are larger in 
errors of 30%Δλ or 50%Δλ. The mis-registration of measured radiance spectrum is much 
serious, it needs to be corrected.  

   
(a)                                         (b) 

 
Fig. 3. Percent error in measured radiance for an imaging spectrometer with spectral curvature 
resulting from (a) spectral offset 1%Δλ, 3%Δλ, 5%Δλ and (b) spectral offset 10%Δλ, 30%Δλ, 
50%Δλ 
 

3. Correction 

In order to mitigate the mis-registration of measured radiance spectra, the spectral radiance 
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measured by the detector pixels in the column i+m was re-sampled to acquire the 
approximations of the measured radiance corresponding to the center wavelengths of the 
detector pixels in the column i. The common interpolation methods are Linear Interpolation 
(LI), Cubic Hermite Interpolation (CHI), Cubic Spline Interpolation (CSI) and so on [11]. 
Because the measured spectral radiances are varying strongly with respect to wavelength by 
the atmosphere and solar absorptions throughout the whole spectral range, it is necessary to 
choose a correct interpolation method. The comparisons of the capabilities of 
above-mentioned method are shown in Fig. 4. For the purpose of contrast, Fig. 4a shows the 
percent errors in measured spectral radiance with 10%Δλ spectral offset before correction. 
Figure 4(b) shows the percent errors in the measured spectral radiance that corrected with 
each interpolation method. It is obvious that using CSI to correct the errors in the measured 
radiance is much better than other two methods. The residual errors with CSI are small than 
that with LI and CHI in full spectral range. Especially, using LI method sometimes makes 
residual errors lager than that un-corrected at some wavelength, such as the red line close to 
0.94μm. The LI using first-order piecewise polynomial cannot make the curve well smooth. 
The CHI needs the interpolating function and its first derivative keeping continuous at 
piecewise nodes. The CSI needs the interpolating function and its first and second derivative 
keeping continuous at piecewise nodes [11]. So the CSI is chose to mitigate the 
mis-registration of spectral radiance measured by an imaging spectrometer with spectral 
curvature. 

  
(a) (b) 

 
Fig. 4. Comparisons of three interpolation methods. (a) shows the percent errors in measured 
spectral radiance with 10%Δλ spectral offset. (b) shows residual errors in the measured 
radiance corrected with each interpolation method. 
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(a)                                         (b) 

 
Fig. 5. The residual error in measured radiance after corrected by CSI. (a) spectral offset 1%Δλ, 
3%Δλ, 5%Δλ and (b) spectral offset 10%Δλ, 30%Δλ, 50%Δλ. 

 
The percent errors in the corrected measured radiance are shown in Fig. 5. Compared 

with Fig. 3, the positions that correspond to the distinct errors in the measured radiance are 
not change, but the magnitudes of the errors are averagely reduced 60%. In Fig. 5(b), for an 
spectral offset δm,j=50%Δλ, the residual error in the corrected measured radiance is less than 
15%. When the spectral offset is smaller than 5%Δλ, the errors in measured radiance can be 
suppressed well by re-sampling with CSI (see Fig. 5(a)). The mis-registration of spectral 
radiance measurement can be neglected. 

4 Discussions  

The spectral radiance measured by dispersive imaging spectrometers spans a range of 
atmosphere, ground scene and observation conditions. For this analysis a single modeled 
high-resolution radiance spectrum and a simple model of systematic spectral curvature were 
used. Nevertheless, the mis-registration of the measured radiance spectra with spectral 
curvature and its mitigation algorithm discussed in this paper are generally applicable. There 
are three reasons. Firstly, the distinct errors in co-registration of the measured radiance spectra 
are all present at the atmosphere and solar absorptions. The strengths of the atmosphere 
absorptions vary with atmosphere composition and observation conditions, but the absorptions 
are always present and their positions are invariable. A uniform ground scene spectrum was 
used with a 0.25 reflection, but a true scene reflection spectrum just adds the distinct radiance 
errors in the regions of the scene absorptions. Secondly, using relative percent errors in the 
measured radiance to denote the mis-registration of spectral radiance measurement makes the 
results independent of the instrumental parameter A. the results are dependent on the offset in 
center wavelength and the FWHM of spectral response function that determines the 
convolution of the narrow spectral bands of the imaging spectrometer with the upwelling 
spectral radiance. Finally, the spectral curvature is a wavelength-dependent effect. In practice, 
the offsets in center wavelength and FWHM across the spectral bands in the same column can 
be calculated according to the dispersive properties of an imaging spectrometer. The measured 
radiance is the convolution of different spectral response function of each spectral band with 
the upwelling spectral radiance that contains narrow atmosphere and scene absorptions. The 
spectral offset in certain column with fix value in this analysis just makes the calculation easy. 
The issue and method discussed in this paper are generally applicable. 

For an observed area with the upwelling spectral radiance shown in Fig. 6 (modeled with 
grassland and subarctic winter atmosphere model), the percent errors in the measured radiance 
spectra between two cross-track source pixels i and i+m are shown in Fig. 8 with 5%Δλ and 
10%Δλ spectral offsets. The upwelling spectral radiance shown in Fig. 6 is much different 
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from that in Fig. 2 and the strengths of the atmosphere absorptions are weaker especially 
water-vapor absorptions, but the positions that correspond to the distinct errors in the 
measured radiance are still unchanged for Fig. 7 compared with Fig. 3. There are some new 
positions that correspond to the small errors present in Fig. 7(a). Because the spectral bands 
with Δλ=2.5nm narrower than Δλ=5nm would continue to be sensitive to the increasingly fine 
atmosphere and scene absorptions contained in upwelling spectral radiance. In Fig. 7(b), 
Apparently, the errors are just present at the strong atmosphere O2 and water-vapor 
absorptions because the wider spectral bands Δλ=10nm become less sensitive to the fine 
atmosphere absorptions. Figure 8 shows the corrected percent errors in measured radiance 
corresponding to Fig. 7. The positions that correspond to the distinct errors in the measured 
radiance spectra are not change, but the magnitudes of the errors are averagely reduced at 
least 60%. Especially, the mis-registration of the spectral radiance measurement is corrected 
well in Fig. 8(a). Because with narrow spectral bands Δλ=2.5 there are more data to be used to 
interpolate. When the spectral offsets are no more than 5%Δλ, the mis-registration of the 
spectral radiance measurement can be mitigated well via cubic spline interpolation. The 
residual percent errors are no more than 2% for Δλ=2.5nm, 5nm and 10nm. 

 
 

Fig. 6. The upwelling spectral radiance modeled with grassland and subarctic winter 
atmosphere model. 

 

  
(a)                                    (b) 

 
Fig. 7. Percent error in measured radiance for spectral offsets 5%Δλ and 10%Δλ, (a) spectral 
resolution Δλ=2.5nm and (a) spectral resolution Δλ=10nm. 
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(a)                                    (b) 

 
Fig. 8. Percent error in corrected measured radiance for spectral offsets 5%Δλ and 10%Δλ, (a) 
spectral resolution Δλ=2.5nm and (a) spectral resolution Δλ=10nm. 

 
Besides the spectrum of the observed scene, the scene image corresponding to a center 

wavelength of spectral band can be obtained from the spectral data cube measured by an 
imaging spectrometer. Spectral curvature destroys the co-registration of spectral radiance 
measurement. It is inevitable to affect the scene image. Figure 9 shows the gray-scale images 
of a ground area corresponding to 0.765μm (a) and 0.93μm (b) spectral bands. The ground 
scene and atmosphere conditions are the same as that mentioned in section 2. Assume that the 
maximum spectral offset δ512,j is 50%Δλ (Δλ=5nm). All measured radiance data are 
normalized by the maximum of them measured by imaging spectrometer without spectral 
curvature. Figure 9(a) is the gray-scale images of ground scene measured without spectral 

curvature. According to the assumption, all ground scene pixels (512×512) have the same 
spectra. So the gray-scale images corresponding to 0.765μm (a) and 0.93μm (b) spectral bands 
are two planes with fixed gray level. When there are spectral offsets on the detector derived 
from spectral curvature, the gray-scale images of two spectral bands are not planes with fixed 
gray level any longer (see Fig. 9(b)). The differences of gray level between the cross-track 
pixels (0~512) become larger with the spectral offsets increasing. The imaging spectrometer 
with spectral curvature would obtain different gray-scale images corresponding to a certain 
spectral band for the same observed scene at different cross-track positions. For actual 
application, It is required that the instruments have the same response to the same observed 
scene no matter where the scene is along cross-track positions. Using CSI to mitigate the 
mis-registration of the spectral radiance measurement can also improve the uniformity of the 
gray-scale image of certain spectral band for the observed scene at different cross-track 
positions. Fig. 9C shows the gray-scale images corresponding to 0.765μm (a) and 0.93μm (b) 
spectral bands that the mis-registration of spectral radiance measurement has been mitigated 
via cubic spline interpolation. The images corresponding to 0.93μm (b) in Figs. 9(c) and 9(a) 
are nearly same. The image corresponding to 0.765μm (b) in Fig. 9(c) is more uniform than 
that in Fig. 9(b).  
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(A) 

 
(B) 

 
(C) 

 
Fig. 9. The gray-scale images of a ground area corresponding to (a) 0.765μm and (b) 0.93μm 
spectral bands. (a) Without spectral offset. (b) With spectral offset. (c) After correction.  

 
The spectral curvature is the intrinsic property of dispersive imaging spectrometer. It can 

be compensated during the process of optical design of the instrument. But the imaging 
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quality would become bad. In order to keep a high imaging quality, some spectral curvature 
would not be corrected by design. So the spectral offsets derived from residual spectral 
curvature will present on the detector plane of dispersive imaging spectrometer. In addition, 
the spectral offsets on the detector plane may occur when an imaging spectrometer is airborne 
or spaceborne due to vibrations, and to changes in instrument temperature and pressure [12]. 
Spectral offsets on the detector plane destroy the co-registration of spectral radiance 
measurement and bring errors in the spectral image. Fortunately, the values of spectral offsets 
can be determined according to the optical design parameters of the instrument or using the 
algorithm based on spectrum matching of certain atmosphere absorption from the data 
obtained by imaging spectrometer [12]. So the center wavelength with offsets can be 
determined. And then the measured radiance spectra with spectral offsets are re-sampled via 
cubic spline interpolation to obtain the approximations of the measured radiance 
corresponding to the original calibrated center wavelengths of spectral bands. Cubic spline 
interpolation can effectively correct the errors in the measured radiance and mitigate the 
mis-registration of spectral radiance measurement. 

5. Conclusions  

For a dispersive imaging spectrometer, spectral curvature destroys the co-registration of 
spectral radiance measurement and brings errors in measured radiance. Cubic spline 
interpolation can effectively correct the errors in the measured radiance and mitigate the 
mis-registration of spectral radiance measurement. The magnitudes of the errors in the 
measured radiance are averagely reduced at least 60%. When the spectral offsets are no more 
than 5%Δλ, the mis-registration of the spectral radiance measurement can be mitigated well 
via cubic spline interpolation for previous high resolution imaging spectrometer with spectral 
resolution about 5nm or 10nm. The residual percent errors are no more than 2%. This can 
loosen the requirement on spectral calibration accuracy and optical design parameters. This 
approach can be applied in other spectral ranges or other spectral offset brought by system 
vibration to improve the co-registration of the measured radiance spectra. 
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